


STP 977 

Advanced Triaxial Testing of 
Soil and Rock 

Robert T. Donaghe, Ronald C. Chaney, and Marshall L. Silver, 
editors 

II! 
ASTM 
1916 Race Street 
Philadelphia, PA 19103 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Library of Congress Cataloging-in-Publication Data 

Advanced triaxial testing of soil and rock/Robert T. Donaghe, Ronald 
C. Chaney, and Marshall L. Silver, editors. 
(STP; 977) 
"The symposium on advanced triaxial testing of soil and rock was 

presented at Louisville, Kentucky on 19-20 June 1986 sponsored by 
ASTM Committee D-18 on Soil and Rock"—Foreword. 

ASTM publication code number (PCN) 04-977000-38. 
Includes bibliographies and index. 
ISBN 0-8031-0983-0 
1. Soils^Testing—Congresses. 2. Rocks—Testing—Congresses. 

I. Donaghe, Robert T. II. Chaney, Ronald C. III. Silver, Marshall 
L. IV. ASTM Committee D-18 on Soil and Rock. V. Title: Advanced Triaxial 
testing of soil and rock. VI. Series: ASTM special technical 
publication: 977 
TA710.5.A38 1988 88-19070 
624.1'5136'0287—dcl9 CIP 

Copyright © by AMERICAN SOCIETY FOR TESTING AND MATERIALS 1988 

NOTE 

The Society is not responsible, as a body, 
for the statements and opinions 

advanced in this publication. 

Peer Review Policy 

Each paper published in this volume was evaluated by three peer reviewers. The authors 
addressed all of the reviewers' comments to the satisfaction of both the technical editor(s) 
and the ASTM Committee on Pubhcations. 

The quality of the papers in this publication reflects not only the obvious efforts of the 
authors and the technical editor(s), but also the work of these peer reviewers. The ASTM 
Committee on Publications acknowledges with appreciation their dedication and contribution 
of time and effort on behalf of ASTM. 

Printed in Baltimore 
November 1988 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Foreword 

The symposium on Advanced Triaxial Testing of Soil and Rock was presented at Louisville, 
Kentucky on 19-20 June 1986 sponsored by ASTM Committee D-18 on Soil and Rock. 
Robert T. Donaghe, U.S. Army Corps of Engineers, Ronald C. Chaney, Humboldt State 
University, and Marshall L. Silver, University of Illinois, served as chairmen of the sym
posium and editors of the resulting publication. 
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Overview 

Although the triaxial compression test is presently the most widely used procedure for 
determining strength and stress-deformation properties of soils, there have been no books 
published on triaxial testing since the 1962 second edition of the landmark work The Mea
surement of Soil Properties in the Triaxial Test by Bishop and Henkel. It is apparent there 
is a need to document advances made in triaxial testing since publication of Bishop and 
Henkel's book and to examine the current state of the art in a forum devoted solely to 
triaxial testing. Because of increasing versatility brought about by recent developments in 
testing techniques and equipment, it is also important that the geotechnical profession be 
provided with an up-to-date awareness of potential uses for the triaxial test. 

Along with a better understanding of the current state of the art of triaxial testing is the 
need to evaluate whether recent developments should be incorporated in standard triaxial 
test methods. Although modern equipment allows testing to be customized to fit many types 
of design problems, most triaxial testing is still routine and follows standardized procedures. 
Procedures for standard triaxial tests have been developed by authors of texts, university 
laboratory instructors, federal and state agencies, and many engineering consulting firms. 
A major objective of ASTM is to eliminate possible design problems resulting from mis
leading interpretation of results obtained through the use of different testing procedures by 
developing widely used standard test methods. To achieve this objective, it is important to 
keep ASTM standard test methods current and to develop new standard test methods when 
research and use indicate a need. 

With the preceding in mind. Subcommittee D18.05 on Structural Properties and Subcom
mittee D18.09 on Dynamic Properties suggested to the Executive Committee of Committee 
D-18 on Soil and Rock that ASTM sponsor a symposium on triaxial testing. As a result, 
the symposium on Advanced Triaxial Testing on Soil and Rock was held in Louisville, 
Kentucky on 19-20 June 1986. 

The symposium was held in four sessions (two sessions per day) with an evening poster 
session held at the end of the first day. Topics for the poster session papers were taken from 
those for the daily sessions. The daily session program format and participants were as 
follows. 

Session 1—Equipment 

Chairman Willard L. DeGroff, McClelland Engineers, Inc., Houston. 
State-of-the-art Marshall L. Silver, University of Illinois, Chicago 

speakers 
F. Tatsuoka, University of Tokyo, Tokyo, Japan 

Invited D. Negussey, University of British Columbia, Vancouver, B.C. 
speakers H. W. Olsen, U.S. Geological Survey, Denver 

C. K. Chan, University of California, Berkeley 

Copyright 1988 by AS FM International www.astm.org 
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2 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

Session 2—Test Methods 

Chairman Richard S. Ladd, Woodward-Clyde Consultants, Clifton, New Jersey 
State-of-the-art S. LaCasse (for Toralv Barre), Norwegian Geotechnical Institute, Oslo, 

speakers Norway 
G. Baldi, ISMES, Bergamo, Italy 

Invited R. S. Ladd, Woodward-Clyde Consultants, Clifton, New Jersey 
speakers P. C. Lambe, North Carohna State University, Raleigh 

J. C. Evans, Bucknell University, Lewisburg, Pennsylvania 
J. L. CoUiat, Institut de Mecanique de Grenoble, France 

Session J-^Test Interpretation and Errors 

Chairman 

State-of-the-art 
speakers 

Invited 
sp»eakers 

H. F. Hanson, Los Angeles City Department of Water and Power, Los 
Angeles 

J. F. Peters, U.S. Army Corps of Engineers, Waterways Experiment Sta
tion, Vicksburg, Mississippi 

J. T. Germaine, Massachusetts Institute of Technology, Cambridge, Mas
sachusetts 

R. JCitamura, Kagoshima University, Kagoshima, Japan 
N. D. Dennis, U.S. Military Academy, West Point, New York 
H. Dendani, Institut de Mecanique de Grenoble, Grenoble, France 
W. Z. Savage, U.S. Geological Survey, Denver 

Session 4—New Varieties of Tests 

Chairman Ronald C. Chaney, Humboldt State University, Areata, Cahfomia 
State-of-the-art A. S. Saada, Case Western Reserve University, Cleveland 

speakers J. R. F. Arthur, University College London, London, England 
Invited G. F. Bianchini, Case Western Reserve University, Cleveland 

speakers V. Janoo, University of Colorado, Boulder 
V. Silvestri, Ecole Polytechnique, Montreal, Canada 

Papers are presented in this STP under the topics of the four sessions. State-of-the-art 
papers are given first, followed by invited and poster papers. Papers include examples of 
equipment designed to meet unusual applications, as well as the most recent examples of 
the use of computers and special equipment to automate standard tests. In the area of test 
methods, there are papers detaihng methods for testing hard to handle soils such as marine 
clays and contamiijated soils. Also under this topic are papers relating the latest information 
on routine test methods developed by some of the best laboratories in the world. Under 
test interpretation and errors are papers on the influence of test conditions and specimen 
preparation techniques on results. In addition, there are papers on the meaning of results 
relative to design conditions. In this context, an important finding pointed out in several 
papers is that results from stcuidard unconsolidated undrained triaxial tests on saturated soils 
may be meaningless relative to the design problems for which they are normally used. Finally, 
there are papers describing new varieties of tests including true triaxial, directional shear, 
and hollow cylinder tests. 

It is the hope and belief of the organizers of this symposium, that this STP will serve as 
a valuable tool for engineers and researchers who seek knowledge concerning tricixial testing 
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OVERVIEW 3 

and its application, and that it will serve as a basis for improving existing and developing 
new ASTM triaxial testing standards. 

The editors wish to thank all those who participated in the symposium and who contributed 
to this STP. Special thanks go to the reviewers of the papers, to ASTM Committee D-18 
on Soil and Rock for sponsoring the symposium, and to members of Subcommittees D18.05 
on Structural Properties and D18.09 on Dynamic Properties. Finally, the editors would like 
to thank the ASTM staff for their assistance in preparing for the symposium and in the 
preparation of this STP. The high quaUty of ASTM publications would not be possible 
without their efforts. 

Robert T. Donaghe 
U.S. Army Corps of Engineers, Waterways 

•Experiment Station, Vicksburg Miss.; 
symposium cochairman and coeditor 

Ronald C. Chaney 
Telonicher Marine Laboratory, Humboldt 

State University, Areata, California; sym
posium cochairman and coeditor 

Marshall L. Silver 
Department of Civil Engineering, University 

of Illinois, Chicago, Illinois; symposium 
cochairman and coeditor 
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Fumio Tatsuoka} 

STATE-OF-THE-ART PAPER 

Some Recent Developments in Triaxial 
Testing Systems for Cohesionless Soils 

REFERENCE: Tatsuoka, R, "Some Recent Developments in lYiaxial Testing Systems for 
Cohesionless SoOs," Advanced Triaxial Testing of Soil and Rock, ASTM STP 977, Robert T. 
Donaghe, Ronald C. Chaney, and Marshall L. Silver, Eds., American Society for Testing and 
Materials, Philadelphia, 1988, pp. 7-67. 

ABSTRACT: The stress states and their changes that can be attained in the conventional 
triaxial testing method are reviewed and compared to those attained in other more sophisticated 
testing methods. These advanced tests have been developed to extend the ranges of the stress 
states and the changes in these states that can be controlled. In conventional triaxial testing 
on solid cylinder specimens (ji is equal either to a / or to a,' and only a jump rotation of 90° 
in the principal stress directions can be achieved. It is argued that in spite of this hmitation 
the triaxial testing method is still a useful means to measure the strength and deformation 
characteristics of soils. The results, however, should be corrected to account for the actual 
states of stress in the field. Furthermore, some recent advances in the methods and equipment 
for triaxial testing and other related kinds of testing are reviewed with an emphasis on the 
importance of automation and simplification. Several examples are presented where automated 
controlled stress and/or strain path tests can be performed by means of a simple triaxial 
apparatus using various electronic transducers, microcomputers, and pneumatic pressurizing 
systems. 

KEY WORDS: soils, shear strength, laboratory testing equipment, triaxial test, plane strain 
test, simple shear, torsional shear, true triaxial, anisotropy, triaxial cell, electronic transducers, 
automated measurements, controlled stress paths, external pressure cell 

Nomenclature 

A; cross-sectional area of sample 
a sealing area of piston rod 
b (a,' - cr3')/(<T/ - a,') 

DP differential pressure measured with a differential pressure transducer 
e void ratio 
p ( a / + 2o-3')/3 in triaxial compression, (CT,' + 2CT,')/3 in triaxial extension 
q CT,' - CT3' in triaxial compression, CT3' — o-,' in triaxial extension 
R a,7CT3' 

M(M„) pore water pressure 
UA pore air pressure 

AM excess pore water pressure 
y e, + 2€3 in triaxial compression, €3 + 2e, in triaxial extension 
"Y €[ - 63 in triaxial compression, €3 — e, in triaxial extension 

7„, shear distortion in torsional shear 
7to shear distortion in direct simple shear 

' Associate professor. Institute of Industrial Science, University of Tokyo, 22-1, Roppongi 7, Minato-
ku, Tokyo 106, Japan. 
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8 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

8 angle of CTJ direction from bedding plane ( = 90° - w when ^ = 90°) 
6], €2, €3 principal strains (positive in compression) 

e„, e, axial and radial strains in a sample 
£, angle of normal to bedding plane from a i ' - (X2' plane 

ff,', 1J2', CT3' effective principal stresses (positive in compression) 
ff„', CT/ effective axial and radial stresses in a sample 

CTc cell (air) pressure 
VBP back (air) pressure 

CT„, <Jh vertical and horizontal stresses in direct simple shear 
T„, shear stress in torsional shear 
Tto shear stress in direct simple shear 

<f a r c s i n {(ff/ - CT3')/(cri' + ^3')}™" 
0) angle of normal to bedding plane from a / direction ( = 90° - 8 when g = 

90°) 

Introduction 

The objective of this paper is to review some recent advances in testing methods and 
equipment mainly of the triaxial testing method. The plane strain and simple shear testing 
methods are also reviewed but to a lesser extent. In the first part of the paper , laboratory 
strength testing methods for soils are classified in terms of stress states and their changes 
that can be achieved in each testing method (refer to Refs 1 and 2 for a comprehensive 
review). This classification is presented to show the extent and limitation of the conventional 
triaxial testing method. In the second par t of the paper , some recent progress in both the 
structure of apparatus and the methods of controlling and measuring loads, pressures, 
displacements, and volume change is discussed. In some cases, equipment or testing methods 
have become very complicated in order to extend the stress or strain states that can be 
attained. Consequently they have failed to achieve widespread use. Therefore , examples in 
which equipment and testing methods have become simplified without losing both the ac
curacy and the versatility of testing are discussed as well. 

Because the details of equipment and testing methods are not fully described in most of 
the reviewed l i terature, many important examples may be missed in this paper . Fur thermore , 
most of the equipment and testing methods discussed can be applied equally to clays and 
to sands. The scope of the present paper is restricted, however, to cohesionless materials. 

Stress States in Laboratory Strength Testing of Soils 

In laboratory shear tests such as the triaxial compression and extension tests, the plane 
strain tests, and the true triaxial tests, only normal stresses are controlled or measured. 
While the normal stresses are not exactly equal to principal stresses due to friction at rigid 
or flexible boundaries , these normal stresses can be approximated as principal stresses on 
the average in most cases. In these testing methods , the principal stress direction does not 
rotate continuously, that is, only a jump rotation of 90° can be achieved. In other types of 
tests, such as the simple shear tests, the torsional shear tests, and the tests by means of the 
directional shear cell [3,4], the directions of two among three principal stresses can be 
continuously rotated in a subjective or controlled manner . These two principal stresses can 
be defined when normal and shear stresses on two orthogonal planes are given. Accordingly, 
different laboratory shear testing methods may be classified in terms of the relative mag
nitudes and the directions of principal stresses and the manner of their changes which can 
be attained in each testing method. 
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TATSUOKA ON RECENT DEVELOPMENTS IN TRIAXIAL TESTING SYSTEMS 9 

Most soils have anisotropic strength and deformation characteristics. When an anisotropic 
soil element is stressed, the magnitudes and directions of principal strain increments of the 
soil element depend on the directions of both current principal stresses and principal stress 
increments. When a soil element has an axis or axes of symmetry in the sense that the 
properties of the soil element are the same in all directions at right angles to the axis, then 
the directions of the axis or axes of symmetry can be defined in terms of angles relative to 
the principal stress directions. Most inherently anisotropic soils have one axis of symmetry 
and in this case these soils are called cross-anisotropic. Typical examples are sands produced 
either by pluviating sand particles through static air or static water, or by one-dimensional 
static or dynamic compaction. 

For cross-anisotropic soils, the direction of the axis of symmetry can be defined only by 
such two angles as w and £, as shown in Fig. la; w and | are the angle of the axis of symmetry 
from the CT]' direction and the angle of its projection On the Wz'-aj' plane from the CT2' 
direction. When oj = 0°, the angle | need not be defined. Further, when o-/ = aa', the 
direction of the axis of symmetry can be defined only by a single angle 6 = arcsin {sin 
Q) • sin i}. The relative magnitudes of three principal stresses can be represented by, among 
others, the following two parameters: (1) the principal stress ratio R = CT'I/CTS' and (2) the 
b parameter = (CTJ' - (T3')/(CTI' - 0-3'). Because R is the common variable in all laboratory 
shear tests, the stress states of soil in these tests can be classified in terms of the parameters 
(b, (0, and Q and their increments (b, w, and i) as shown in Table 1 and Figs, lb and Ic. 

In Table 1 and Fig. 1, the direct shear testing method is excluded although some interesting 
work has been done studying the strength anisotropy of sands (see for example, Refs 65 
and 66). This is because both strains and principal stresses are difficult to evaluate in this 
testing method. True triaxial testing methods with the use of cubic samples are thoroughly 
reviewed by Arthur [2] and are not discussed here. 

The ring shear apparatus developed by Yoshimi and Oh-Oka [67] is another version of 
the torsional shear apparatus where plane strain condition is mechanically achieved by means 
of a stack of inner disks and outer rings. However, this is not classified either as TSI (for 
explanation of this and other classifications, see Table 1) or as TSD in Table 1 because both 
inward and outward horizontal stresses are not measured. 

In Table 1, figures without the asterisk (*) mean the parameters which can be controlled 
to be so at will, whereas those with the asterisk (*) mean the parameters which are subjective 
(cannot be controlled to be so at will). Only representative references among many others 
are hsted in Table 1. In Figs, lb and Ic, only the stress states in terms of b, to, and ^ at 
failure are shown and the state paths in the {b, w, Q space during shear are not shown for 
simplicity. Each solid hne segment having two arrows at both its ends either on the w = 0 
plane or on the ft = 0 plane represents a testing method where the angle | cannot or need 
not be defined. Each broken hne segment having two arrows at both its ends represents the 
range of possible stress state in each testing method. Furthermore, the coordinates of b in 
the testing methods denoted as PS, PSA, and SS (see Table 1) are rather arbitrarily given 
because this value is subjective in these tests. 

In the tests denoted as TTH, TSI, and TSD, hollow cyhndrical specimens are used. 
Therefore, the stress distribution across the wall thickness of the sample is inherently non
uniform. In TSI, the stress nonuniformity across the thickness can be minimized by making 
the walls as thin as possible. However, in TTH and TSD, the degree of stress nonuniformity 
across the wall thickness of the sample becomes very large when the pressures apphed inside 
and outside the cylinder vary greatly. In this case, only stresses averaged across the thickness 
of the sample can be defined. 

It is to be noted that another kind of anisotropy, different from the inherent one, is 
induced by straining the soil element. The axis of symmetry for the induced anisotropy, if 
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10 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

a , - D I R E C T I O N 
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FIG. 1—Stress states at failure of soil in various laboratory shear testing methods. 
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it exists, may be different from that for the inherent anisotropy. When both kinds of ani-
sotropy, inherent and induced, have different axes of symmetry, the stress state cannot be 
represented only by (b, w, and Q and {b, w, and 4), that is, other parameters are needed. 

Fig. 2a shows the angle of internal friction 9 = arcsin {(CT/ - 0-3')/(a' + ffaOLax of air-
pluviated dense and loose Toyoura sand, in the plane strain condition at ^ = 90°, as a 
function of <o. In Fig. 2a, 8 is equal to 90° - w. All the samples were sheared from the 
isotropic stress condition at various confining pressures a/ by using the apparatus shown in 
Fig. 25. In Fig. 2a, <p at a certain angle w = 90° - 8 is divided by the value at w = 0° 
(8 = 90°). It may be seen that the strength anisotropy is considerable and is rather inde
pendent of aj' for a wide stress range (CTJ' = 0.05 to 4.0 kgf/cm^). Figure 2b shows 9 of 
air-pluviated dense Toyoura sand at cr, =1 .0 kgf/cm^ represented as a function of b, w, 
and ^, and Fig. 2c shows the values of <j) in the plane strain compression [17]. The void ratio 
value eo.05 or 0̂.3 is defined when the specimen is isotropically compressed at as' = 0.05 or 
0.3 kgf/cm .̂ These values of b, (o, and £, shown in Figs. 2b and 2c are the ones at the failure 
of sand. 

In general, the effect of the strain and stress history on cp, in addition to the effect of the 
stress state at failure in terms of fc, w, ̂ , and others, cannot be completely ignored. However, 
the effects of the strain and stress history prior to failure on <p can be considered small as 
shown by Tatsuoka and Ishihara [68], Right et al. [49], and Wong and Arthur [62]. The 
results presented in Fig. 2ft were obtained by means of drained strain-controlled tests denoted 
as TC, TE, PS, TCA, TEA, and PSA in Table 1. 

Three values of cp were obtained for ft = 1.0 (that is, triaxial extension, TE and TEA); 
one is the lowest strength value when a shear band is formed through two opposite flexible 
ff/ planes, the second is an intermediate strength value when a shear band intersects with 
either the top or the bottom rigid v,' plane, and the last is the highest strength value when 
a shear band intersects with both the top and bottom rigid (T^' plane. Because the strength 
data were obtained only when either w or ^ was 0 or 90°, strength values when both w and 
^ were neither 0 nor 90°, shown in Fig. 2c, were estimated by interpolation. It may be seen 
from Figs. 2a, 2b, and 2c that 9 is, at least, a complicated function of ft, u>, and ^. This 
result clearly indicates that to take into account solely the effect of ft parameter or strength 
anisotropy is not sufficient to define the value of <p but at least both should be considered 
in a combined manner. It may also be seen in Figs. 2ft and 2c that very limited values of 9 
can be obtained by means of the conventional testing methods, which are denoted as TC, 
TE, and PS in Table 1 and are represented by ®, ®, and (D in Figs. 2ft and 2c. 

In most field loading and unloading problems, the principal stress directions rotate con
tinuously with varying magnitudes of rotation. This continuous rotation can be attained only 
in limited testing methods. These methods are generally much more sophisticated than those 
in which the continuous rotation of principal stress direction cannot be attained. The first 
examined deformation mode where principal stress directions rotate continuously is the 
simple shear deformation which is considered prevailing in the field condition. Among other 
research organizations, simple shear tests in which the magnitudes and directions of principal 
stresses can be defined have been performed at the Cambridge University by means of a 
series of box-type simple shear apparatus [39,42,43,46]. Figure 3a shows a typical result of 
drained simple shear test performed by Stroud [39]. It may be seen that in this monotonic 
loading test the angle o) rotates very fast in the early stage of straining, that is, co starts from 
zero and approaches a constant value of 50 to 55° before shear distortion a becomes 1%. 
Figure 3ft shows the rotation of CT/ direction during a drained cyclic straining simple shear 
test with a constant shear distortion amplitude of ±5% performed by Budhu [42] and Wood 
and Budhu [69]. In Fig. 3ft the angle co is the measured one and the angle <\i is the one 
predicted as (|J = arctan {T^J(T^)/K with a constant value of 0.575 for K. A good coincidence 
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between the two angles w and i|/ means that the equation proposed by Oda and Konishi 
[70] for monotonic simple shear deformation 

^ = K tanw (1) 

(K = a constant) is also valid for cyclic simple shear deformation. 
We obtain from Eq 1 the following equation 

ffi'/ffj' = (1 + K • tan2(o)/(l - K) (2) 

The relationship between aj'/aj' and w obtained from Eq 2 is similar to the one shown in 
Fig. 3a in the sense that w increases very fast only at low CTI'/CTJ'. The result seems to suggest 
that under cycUc loading, as well as under monotonic loading, a major part of plastic strain 
is induced at a rather constant angle of w. 
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FIG. 2fl—<p = arcsin {(wj' - CT3')/((TI' + <J3')}ma of air-pluviated dense Toyoura sand in 
plane strain at ^ = 90'' as a function of a [24]. 
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FIG. 2c—<p = fl?-a'/« {(CT/ - cr3')/(ff,' + ai')},^ of air-pluviated dense Toyoura sand in 
the plane strain compression [17]. 
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It may further be seen in Fig. 3b that the value of w changes very fast after the loading 
direction is reversed. This means that the principal stress directions rotate largely only when 
the principal stress ratio a/Zo-s' is low; however, they rotate at a very small rate at higher 
levels of ai '/aj ' . It can also be seen from Fig. 36 that the value of w changes between around 
+ 45° and around -45°. This behavior is similar to that in the cyclic triaxial test where both 
the triaxial compression and extension stress conditions are attained in the sense that the 
directions of principal stresses change by 90° (or around 90°). 

The behavior of sand in the constant-volume cyclic simple shear deformation has been 
studied using the Cambridge University simple shear apparatus by Finn and his co-workers 
[44,71,72] (see Fig. 4). The boundary stresses are measured by a stiff load transducer and 
pressure transducers. This testing method was developed to reduce to a very low value the 
errors due to system compliance. 

The cyclic undrained simple shear behavior of sand can be examined also by cyclic torsional 
shear tests. Because a detailed comparison of the torsional shear test and the simple shear 
test has been given in Ref 1, this will not be discussed here. It seems worthwhile to point 
out, however, that a cychc undrained torsional shear test on a saturated sample can be 
performed in a rather simple manner as in the cyclic undrained triaxial testing, together 
with sensitive stress measurements with an accuracy of, say 1.0 gf/cm^ as shown below. 

This paper will examine results of two cyclic undrained torsional shear tests on loosely 
and densely packed sand samples in which the test material does not change the volume 
and the length, as shown in Figs. 5 through 18. This testing method has been used by Saada 
and his coworkers for clays [7]. In such tests, the cross-sectional area of the hollow cylindrical 
sample is kept constant as in the simple shear test. This feature is not completely the same 

Looding boll 

^Somple 

O—O 
FIG. 4—Constant volume cyclic simple shear apparatus at the University of British Columbia 

[72]. 
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FIG. 5—Effective stress path in terms of-r,, and tx^' in a cyclic undrained torsional test on 
air-pluviated loose Toy aura sand [73]. 

as that in the simple shear deformation because the two orthogonal normal strains are zero 
in the horizontal plane in the simple shear deformation whereas this condition is not ensured 
in the torsional shear tests. However, it is very likely that in this kind of torsional shear test 
horizontal normal strains are much smaller than shear strain. Therefore, an idea as to the 
stress state in the field cyclic undrained simple shear deformation may be obtained from 
this test result. In fact, it has been confirmed by the author and his co-workers that the 
results shown in Figs. 5 through 18 are very similar to those obtained by the cyclic undrained 
torsional shear tests where the condition of simple shear deformation was satisfied rather 
rigorously. The results will be reported elsewhere in the future. 

Figures 5 through 18 show the results of two strain-rate-controlled cyclic undrained tor
sional shear tests (y„ = 0.5/min) with a constant shear stress amplitude in each test using 
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FIG. 7—Shear stress/effective axial stress ratio versus shear distortion {refer to Fig. 5). 
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air-pluviated Toyoura sand [73]. Fully saturated hollow cylindrical loose and dense specimens 
with a height of 10 cm, an outer diameter of 10 cm, and an inner diameter of 6 cm were 
first anisotropically compressed to a stress state with an axial stress of a„' = 1.69 kgf/cm^ 
and a lateral stress of a/ = 0.66 kgf/cm^ for the loose sample, or CT/ = 1.78 kgf/cm^ and 
cr/ = 0.62 kgf/cm^ for the dense sample. The ratios are similar to the K^ values measured 
for this kind of specimen by Okochi and Tatsuoka [74]. The consolidated void ratios were 
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0.734 and 0.663 as compared with e„^ = 0.977 and e^,^ = 0.605. Great care was exercised 
in measuring all the stresses; axial and radial effective stresses aj and CT/ and shear stress 
T̂  (for further details refer to Ref 59), as will be discussed again in the later part of this 
paper. In these tests, the length of a sample was kept constant by means of a simple cramping 
device shown in Fig. 236. The falling of the loading ram was prevented by a thrust bearing 
which allowed free rotation of the loading ram. The upward movement of the loading piston 
was prevented by applying a sufficient amount of axial load to the top end of the loading 
piston. The same method has been used for load-controlled cyclic undrained torsional shear 
tests [55,75,7(5]. 

1.0 

0.8 

„ 0.6 
CM 

E 
.̂  0.4 

m 
to 

• 

i 
1 

SP_i/ 

SN 

(ii m 

1 / IN 

/ 1 / 

l/iP_ 

y 

• / / 

A A A /'i A A 

/nAAA . 
i ^ M / / / / 

1^1 / / / 
-_L-'^ 5M 

• 

0.0 

S -0.2 
a. 
S -0.4 
I 
CO 

- 0 . 6 

- 0 . 8 

- 1 . 0 ^ 

- 4 - 3 - 2 - 1 0 1 2 3 4 

AVERAGE SHEAR STRAIN, I 'gtf^) AT r=4c in 

FIG. 13—Shear stress versus shear distortion {refer to Fig. 12) [73]. Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



26 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

-1 .0 

a 
• 4 - 3 - 2 - 1 0 1 2 3 4 

AVERAGE SHEAR STRAIN. )^,,(%) AT r = 4 c m 

1.0 

0.8 

0.6 

0.4 
* el 

S 0.2 
!.'« 
K 0 0 

2-0.2 

^ 

5 N / / 

/ A N 

/ /*''-
SP_ 

A 

4M> 

4P ^P 

111 
/ / 

/ s M 

• 
** -0.6 

-0.8 

- 1 . 0 

- 4 - 3 - 2 - 1 0 1 2 3 4 
*> AVERAGE SHEAR STRAIN, f'atC*) AT r=4cni 

FIG. 14—Shear stress/effective axial stress ratio versus shear distortion (refer to Fig. 12) 
[73]. 

Figures 5 and 12 show the effective stress paths in terms of shear stress T^ and effective 
axial stress cr„' defined at the midheight of the specimen. Figures 6 and 13 show the stress-
strain relationships in terms of shear stress T^ and shear distortion ya,- Figures la, lb, and 
14 show the stress-strain relationships in terms of TJOJ and "y„. It may be seen in these 
figures that the relationshlj^ are of strain-hardening type as those obtained by a drained 
(or CT„'-constant) cyclic shear test. Note that to obtain such relationships the stress mea
surements should be extrernely accurate when effective stresses are extremely low. 
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Figures 8 and 15 show the relationships between the angle of CTI' direction from the vertical 
0) and stress ratio tj^a, and Figs. 9 and 16 show those between to and shear stress T„,. 
Figures 10 and 17 present the relationship between w and shear distortion 7̂ , as shown in 
Fig. 3fc ("Va is equivalent to a in Fig. 3). All these figures indicate that both in the first 
loading fi^om the point S to the point IP + for the loose and dense samples and during cyclic 
straining at small strain amplitudes in the first seven cycles for the loose sample, the angle 
0) changes almost in proportion to the change in T„/CT„'. On the other hand it may be seen 
that during cyclic straining at larger strain amplitudes, for example, larger than about ±1%, 
the angle w is rather constant around ±45° as in the case of drained cyclic simple shear test 
(Fig. 3fe). It may also be seen that at larger strain amplitudes most of the rotation of principal 
stress directions occurs just after the loading is reversed and is associated with very small 
shear distortion. The reason for this phenomenon is that at larger strain amplitudes the 
effective stress ratio CT/ /CT„' at the neutral stress condition (T„, = 0) has changed from Ko to 
approximately unity with cyclic straining (see Figs. 11 and 18). 
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Furthermore, the reason why the dense sample the angle w becomes larger than 45° at 
smaller values of TJV^' in the third and subsequent cycles is that a/ becomes larger than 
(jj at T„/a„ = 0 as represented by the points 3M through 6M in Fig. 18. Such a phenomenon 
as that a/ becomes larger than aj with the decrease in effective stresses is similar to the 
one observed in a static Ko-rebound test. It has also been found that in cyclic undrained 
simple shearing on a Ko-consoHdated sample, principal stress directions rotate at a very 
reduced rate at high principal stress ratios a/Zaj'. (ITie results will be reported elsewhere 
in the future.) 

In summary, in triaxial tests and plane strain compression tests, which are considered to 
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be rather established conventional testing methods, the ranges of stress states which can be 
attained are very limited with respect to the b value, its change, and the continuous rotation 
of principal stress directions. In spite of this limitation, these testing methods have an 
advantage that stresses or strains or both can be controlled in relatively simple and accurate 
ways. 

Continuous rotation of principal stress directions and changes in the relative magnitude 
of the intermediate principal stress are features of the stress paths associated with most field 
loading and unloading problems. In the simple shear deformation among various field 
deformation modes, principal stress directions rotate and the b value changes in a subjective 
manner. The behavior of soils in the simple shear deformation can be examined only by 
means of well-controlled simple shear tests or in an approximated way, by means of torsional 
shear tests. Tests with controlled variable b values or principal stress directions can be 
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performed only by means of very sophisticated testing methods which seem very difficult 
to perform as routine testings. On the other hand, it has been found for the simple shear 
deformation in monotonic loading that in the first stage of shearing the rotation of principal 
stress directions is not associated with a large change in the principal stress ratio CTI'/CTJ' and 
further these directions rotate only very slightly at large plastic strains. It has also been 
found that under cychc simple shear loadings, fast rotation of around 90° in the a / and 0-3' 
directions occurs just after the reverse of shear direction from a relatively high level of stress 
ratio (Tj'/ffs' associated with very small magnitude of plastic strains. Consequently, it may 
be reasonable to consider that in most field problems the effects of the change of the principal 
stress ratio R = (TI'/V, on the shear deformation and strength characteristics of soils are 
still much larger than those of the continuous rotation of principal stress directions, which 
of course cannot be totally ignored. Therefore, it seems that major features of the defor
mation and strength characteristics in both monotonic and cyclic field loading problems can 
be examined even by a simple means of the triaxial tests where no rotation or only a 90° 
jump rotation in principal stress directions is attained. Usually, in practice, the field strength 
and deformation characteristics of soils have been examined first by the triaxial tests and, 
if necessary, with the results being corrected for the effects of the b value, its change, the 
principal stress directions, and their continuous rotation. To clarify the extent of these effects 
more research work is needed. 

Structure of the IViaxial CeU 

Only one major feature of the triaxial cell's structure will be discussed. To attain the 
triaxial extension condition, to prevent the cap rotation, or to apply torque to a specimen 
for a torsional shear test, it is necessary to fix the cap to the loading piston. For such a 
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FIG. 19—The triaxial cell for 1-1/2-inch-diameter samples [7]. 

triaxial cell, as illustrated in Fig. 19, the loading piston is connected, if needed, only after 
the remaining parts of the triaxial cell, including the pressure cell, have been assembled. 
This remote connection may cause sample disturbance when the alignment between the 
loading piston and the sample is not good. Furthermore, for this triaxial cell, without this 
connection, the change in sample height during isotropic compression cannot be measured 
accurately. Many methods for this remote connection technique have been developed for 
triaxial extension tests as described by Bishop and Henkel [7]. A method utilizing a suction 
cap (see Fig. 20) was also developed at Imperial College by Skinner [77]. A connection 
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• T o p cap 

O rings 

FIG. 20—An exaggerated view of a triaxial sample before connection of load cell and suction 
cap developed by Skinner [77]. 
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method using three pots filled with a liquid polyester resin placed on the sample top plate 
for torsional shear tests is described in Hight et al [49]. The bolts from the loading piston 
enter the pots after the triaxial cell is assembled. The hardened resin transmits the required 
forces between the loading piston and sample. This connection method seems appropriate 
for research purposes. 

Another type of triaxial cell is illustrated in Fig. 21. It has been used in many laboratories 
mainly for routine and research-oriented cycHc undrained triaxial testing. For this type of 
triaxial cell, the pressure cell is located outside the internal three or more tie rods. Con
sequently, the loading piston can be connected to the sample cap in any manner, that is, 
either rigidly or allowing rotation by direct hand operation before the pressure cell is as
sembled. For triaxial testing, generally the sample cap has been connected to the piston cap 
before a specimen is set in the cell. This type of triaxial cell has been built not only for 
samples having a diameter less than 10 cm but also for samples having a larger diameter. 
Alva-Hurtado and co-workers [78] built a triaxial cell of this type for samples with a diameter 
of 15.24 cm. Figure 22a shows a similar type of triaxial cell for samples having a diameter 
of 30 cm [79]. This triaxial cell was built for both static and cyclic tests. Figure 22fl shows 
a Toyoura sand sample prepared for a cyclic undrained triaxial test standing under a suction. 
Figure 22ft represents a typical result of a test performed at a loading frequency of 1/20 
Hz. A pneumatic cyclic loading system similar to the one developed by Chan [80] was used 
with an increased capacity using giant boosters, large air-pressure accumulator tanks, and 
a large double-action air cyUnder. The structure and tubing arrangement of this triaxial cell 
and its associated testing method are principally the same as for the smaller triaxial cells. 
A 35-mm-diameter piston is used for fast cyclic tests; this is replaced by a 50-mm-diameter 
piston for static tests. 

The same type of small triaxial cell with an external pressure cell has been widely used 
for torsional shear tests as well (at least in Japan); Fig. 23 shows a typical example [59]. In 
this case the pressure cell is assembled after the load cell (LC) is connected to the sample 

PEDESTAL 

FIG. 21—The triaxial cell with a pressure cell outside tie rods. 
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34 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

cap by direct hand operation. Note that the triaxial cell shown in Fig. 23 was designed so 
that both triaxial and torsional shear tests, which may be static or cyclic, can be performed 
by changing only the loading piston, the bearing house, the sample cap, and the pedestal. 

The problem of improper alignment between the loading piston, the sample cap, and the 
sample, which is sometimes associated with a type of triaxial cell such as that shown in Fig. 
19, can be effectively avoided for a triaxial cell with an external pressure cell. In the case 
where the loading piston is connected to the sample cap, proper axial load should be applied 
to the loading piston to compensate for the uplift by the cell pressure so as to ensure the 
isotropic stress condition. This procedure is not needed when a triaxial cell such as that 
shown in Fig. 19 is used and the loading piston is not connected to the cap. When the loading 
piston has such a small diameter as shown in Figs. 21-23, this compensating axial load can 
be applied simply by dead weight. It should be noted that such triaxial cells have a slightly 
complicated structure and are somewhat larger in size for the same sample dimensions than 
that shown in Fig. 19. In addition, one may consider that a specimen that has been connected 
to the loading piston may be disturbed by possible deformation of the triaxial cell associated 
with the assembling of the pressure cell. This kind of disturbance can be reduced to a 
negligible value by proper design and careful manufacturing of the triaxial cell. Furthermore 
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FIG. 23a—Triaxial cell built at Institute of Industrial Science, University of Tokyo for both 
triaxial and torsional testing. In this figure a hollow cylindrical sample is set for a torsional 
shear test [59]. 
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FIG. 236—Loading system for static torsional shear testing [59]. 

this disturbance can be avoided by assembling the pressure cell with unclamping the loading 
ram against the piston guide [87]. 

In summary, triaxial cells having external pressure cells outside the internal tie rods are 
getting more popular primarily because the connection of the loading piston and the sample 
cap can be achieved in a very simple manner, and thereby the proper aUgnment between 
the loading piston, the cap, and the sample can be ensured easily. 

Pressure and Load Measurements 

Only methods of measuring pressures and loads by means of electronic pressure trans
ducers and load cells (load transducers), respectively, will be discussed because manual 
measuring methods are becoming less popular. 

Pressure Measurement 

The effective confining pressure of a saturated sample can be measured accurately and 
directly by a liquid-liquid differential pressure transducer (DPT) such as those shown in 

" 1 0.25 (UNIT IN mm) 

^ ^ ^ ^ f e 
A l l B — STRAIN Q A G E — C ' * " 

i. 40 

S^ 

FIG. 23c—Two-component (axial load and torque) load cell. The upper portion is for 
measuring torque and the lower portion is for measuring normal load {see Fig. 25) [59]. 
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FIG. 24—Schematic diagram oftriaxial apparatus with the use of an HC-DPT and an LC-
DPT. 

Figs. 23, 24, 276, and 49. In Figs. 23« and 24, this transducer is denoted as HC (high 
capacity)-DPT because another kind of DPT having a lower capacity (LC-DPT) is used in 
this case for the automated volume change measurement. This direct method of measuring 
the effective confining pressure has been used by Castro [82\ for the study of liquefaction 
of sands. When both cell liquid and pore liquid in a sample are water, the effective confining 
pressure CT/ at any level in a sample is defined in the case shown in Fig. 24 as 

a,' = p^ - u + A(T„ (3) 

where 

Ph = (Tc -^ {Ki + f'op)y„, the hquid pressure apphed on the high pressure face of the 
HC-DPT 

CTc = cell air pressure 
hci = height of cell water from the sample bottom 

hop = distance of the HC-DPT down from the specimen bottom 
y„ = unit weight of water 
u = (Tgp + {hs + hDp)y<^, the pore water pressure applied on the low pressure face of 

the HC-DPT 
(TBP = back air pressure 
HB = height of burette water surface from the sample bottom 

A{T,„ = stress correction for membrane forces 

It is obvious that a highly accurate measurement of a/ may not be ensured either when the 
values of Oc and OBP are measured separately or when the values ofp^ and u are measured 
separately. On the other hand, the differential pressure DP measured by the HC-DPT is 
given as 

DP = ps- u 

Consequently, the value of cr,' is obtained as 

a / = DP -t- ACT,. 

(4) 

(5) 
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This measuring method is superior especially for a test at a high back pressure, because the 
resolution in the output of DPT is independent of the back pressure whereas the accuracy 
of measured value of CT/ decreases when the pressures p^ and u are measured separately. 

At the Geotechnical Laboratory, Institute of Industrial Science, University of Tokyo, 
several units of liquid-liquid DPT of capacitance type having a capacity of differential 
pressure either between 0.32 and 3.2 kgf/cm^ or between 3.0 and 30.0 kgf/cm^ have been 
used over 5 years for triaxial compression tests at a/ = 0.02 to 2.0 kgf/cm^ [83], for plane 
strain compression tests at a/ = 0.05 to 1.0 kgf/cm^ [24], and for torsional shear tests (TSI) 
at CT/ = 0.3 to 2.0 kgf/cm^ [59]. Note that for the same value of a/ the accurate measurement 
of CT/ is more important in the torsional shear tests than in the triaxial or plane strain 
compression tests because in the torsional shear test, CTJ' can be much less than CT/; for 
example in the case of TSI where p„' = p,' (Table 1), CTJ' = CT/ - T„, is obtained. 

The effective axial stress w/ at a level z from the sample bottom is obtained by means 
of a load cell, which is placed either outside or inside a triaxial cell, as 

CT/ = (CT„ at z) - (M at z) + ACT„„ (6) 

where 

ACT„„ = stress correction for membrane forces, 
(CT„ at z) = total axial stress at the level z, and 
(M at z) = OBP + (hs — z)y„, pore water pressure at the level z. 

When the value of DP is measured, aj is given for the same cross-sectional area of the cap 
and the sample as follows: 

1, For an external load cell [83]: 

or/ = (P„ + W ± F,)/A + DP - (CT, + 8 • •i„)alA, - A • 7„ + 7/ • {K - z) + ACT„„ 

(7) 

where 

Pa = load cell reading 
W = combined weight of cap, loading piston, and other attachments 
F, - loading piston friction 

A, = cross-sectional area of the specimen and the cap 
A = thickness of the cap 
8 = depth of cell water above the cap 
a = cross-sectional area of the loading piston (the same sealing area is assumed) 

•y/ = effective unit weight of the sample 
hs = length of the sample 

2. For an internal load cell: 

CT/ = LCI A, + DP -b-y„- a/A, - ^ • y„ + r' • {K - z) + ACT,„ (8) 

where LC is the load cell reading of which the zero value is defined in the atmosphere with 
the cap and the other attachments being fixed to the load cell. For example when the strength 
of sand is measured in terms of /?„„ = (CT/ZCTJ'),^ by the triaxial or plane strain compression 
tests, the axial stress CT„' is equal to CT/. Therefore, it is not so difficult to ensure the accurate 
measurement of CT/ as compared to the accurate measurement of CT/. Of course, great care 
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should be exercised in measuring a,' in compression tests at low stress levels. On the other 
hand, in triaxial or plane strain extension tests, even at relatively high levels of a/, Oa 
should be measured very carefully because it is equal to a-^ which is needed more accurately. 
For example, suppose that in a triaxial extension test â  = 4 kgf/cm^ o-gp = 2 kgf/cm ,̂ and 
thereby CT/ = CT/ = 2 kgf/cm^ (Awr̂  is ignored). In this case aj' = a„' may decrease to a 
value of the order of 0.3 to 0.5 kgf/cm^ which is much less than the values of â  and Q^P. 
As has been shown it is very difficult to ensure the accurate measurement of CT„' when a^ 
and a^p are measured separately, that is, without the use of a DPT. In this case, the 
measurement based on Eq 8 seems appropriate. 

Load Measurement 

Various types of load cells have been developed in many laboratories to measure (1) axial 
load in triaxial testing and plane strain testing, (2) horizontal normal load in plane strain 
testing, (3) normal and tangential loads in simple shear testing, or (4) axial load and torque 
in torsional shear testing. Desirable features of load cells may be summarized as follows: 
(1) high linearity, (2) small hysteresis, (3) small zero drifting, (4) high resolution, (5) high 
rigidity (low compliance), (6) low coupling effect (low effect of load components other than 
the one to be measured), (7) temperature insensitivity, (8) tightness against pressurized 
water, (9) compactness, (10) high degree of versatility (the same basic structure can be 
adapted for many different testing purposes), (11) high durabihty, (12) insensitivity against 
hydrostatic pressure, (13) ability to measure multiple load components, if needed, (14) 
simple calibration procedure, (15) low cost, and (16) simple structure (easy to design and 
manufacture). Many load cells that satisfy most, if not all, of the above requirements are 
now available. Pressure-insensitive load cells built based on the original idea of Tani et al. 
[84] have been used over 5 years at the author's laboratory for many different testing 
purposes, such as static and cyclic triaxial tests, static plane strain tests (Fig. 25), static and 
cyclic torsional shear tests (Fig. 23), and model tests. The results shown in Figs. 5 through 
18 were obtained from tests using the load cell shown in Fig. 23c. In Fig. 25 the following 
notation is used: LCI is for axial load, LC2 is for horizontal load, and LC3 and LC4 are 
for vertical friction on the vertical surfaces of the confining plates. It may be seen in Fig. 
25 that with the use of these compact load cells the plane strain compression apparatus has 
been very much simplified. 

Any load cell shown in Figs. 23 and 25 is comprised of four active gauges in a full 
Wheatstone bridge configuration, without using dummy gauges, and thereby the rigidity as 
compared to the capacity is considerably increased and the coupling effects are remarkably 
reduced. The load cells currently used at the author's laboratory have compliances of the 
order of 2.4 x 10"^ mm/kgf (2.4 x 10" mm/N) for a capacity of 20 kgf (200 N), 2.0 X 
10" mm/kgf (2.0 x 10"^ mm/N) for a capacity of 300 kgf (3 kN), and 2.5 x 10"' mm/kgf 
(2.5 x 10* mm/N) for a capacity of 5 tonf (50 kN). These values seem to be comparable 
to those reported as low compliance values in literature (for example, Ref 77). Figure 26 
shows the result of calibration for a one-component (normal load) load cell having a capacity 
of 20 kgf, LCI shown in Fig. 25 [81]. It may be seen that the output of the Wheatstone 
bridge consisting of the four active gauges, denoted as a, b, c, and d, is very insensitive to 
either load eccentricity or thrust force, although the output of each individual gauge is 
influenced by these. This low coupling effect has two advantages as compared to other 
multicomponent load cells which have a large coupling effect (for example, load cells de
veloped at the University of Cambridge [39,43]). First, the calibration becomes very simple. 
Second, the load components to be measured can be shown on real time without any data 
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FIG. 26—Result of calibration loading for a toad cell LCI shown in Fig. 25 [81]. 

processing on such displays as digital voltmeters or a visual display unit after analog-to-
digital (A-D) conversion. Also, one can see that the structure of these load cells is very 
simple. Further details are described in Refs 24, 59, 81, and 84. 

Another advantage in using an internal load cell is the abihty to control the stress path 
of a specimen at extremely low stress levels, for example less than 5 kN/m^ (0.05 kgf/cm^), 
during the sample preparation stage before isotropic compression. Figure 27« shows such a 
stress path which was controlled and measured during the sample preparation stage for an 
air-pluviated sample tested in a highly accurate triaxial system (Fig. 27b), developed at Delft 
Soil Mechanics Laboratory (now called Delft Geotechnics) [85-87\. The numbers in Fig. 
27fl indicate the following distinct stages: (1) pluviation of the sand, (2) application of the 
cap contact force, (3, 4) before and after clamping of the piston, (5) application of a small 
vacuum pressure to the sample, (6) removal of the mold, (7) assembhng the cell, (8) filling 
of the cell with water, (9) replacing the vacuum pressure with cell air pressure, (10, 11) 
before and after saturation of the sample, (12) closing the drainage valve, (13) connection 
of the drainage line to the balance, and (14) unclamping the piston (this is the end of the 
preparation stage). A similar result has also been obtained by Tatsuoka et al. [81]. Such 
great care as outlined above is needed to study the deformation and strength characteristics 
of sands at low stress levels. Furthermore even for shear tests at relatively high stress levels 
this care is necessary because the strain history of the sample during the sample preparation 
stage does not completely fade by a small amount of compression, especially for sands. It 
is the author's opinion that a significant part of large unaccountable scattering in data, if it 
exists, can be attributed to uncontrolled different stress and strain histories during the sample 
preparation stage. 
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Others 

Stress corrections for membrane forces are needed for tests at low stress levels. For 
example, it may be seen in Figs. 28 and 29 that the dependency of cp on CTJ' of Toyoura sand 
is very small for v,' < 0.5 kgf/cm^ when stresses are corrected for membrane forces in both 
triaxial compression tests and torsional shear tests whereas it is not the case otherwise [59, SJ]. 
These stress corrections were made based on the theory of elasticity together with the 
assumption that the membrane has not buckled. The equations are given in Refs 59 and 

- EFFICTIVE HORIZONTAL STRESS Oh ( 
m2 

FIG. 27a—Typical stress conditions during the various stages of the preparation of a sample 
as calculated both for top and bottom level of the sample. 
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FIG. 276—Schematic view of the triaxial apparatus [85-87]. 

83. A similar result has been obtained for plane strain tests (Fig. 30). The results shown in 
Figs. 5 through 18 have been corrected for membrane forces as well. This problem has been 
discussed by many researchers (see Refs 83, 88 to 92 among others for triaxial testing, Refs 
24 and 89 among others for plane strain testing, and Ref 59 for torsional shear testing). 

The lubrication of end platens is also very important in reducing the end restraint. The 
method employing grease layer(s) and latex rubber disk(s) used by Rowe and Barden [93] 
and Bishop and Green [6] is known to be very effective. It is, however, to be noted that 
the errors in both boundary axial displacements and volume change associated with this 
lubrication method should be accounted for if necessary. Furthermore, it is very important 
to examine the quality of a lubrication layer under the test condition for which î  is used in 
an element test. The effects of normal stress, duration of loading, displacement'rate, stress 
history, and others on the lubrication quaUty were investigated by means of a direct shear 
test by Lee [94], Arthur and Dahli [95], Tatsuoka et al. [96], and Tatsuoka and Haibara 
[97]. This experimental confirmation is essential because no universal method of good 
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FIG. 28—Effects on <p of membrane restraint in triaxial compression tests (D = 7 cm, H = 
15 cm with lubricated fixed ends [83]). 
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FIG. 29—Effects on <p of membrane restraint in torsional shear tests (Do = 10 cm, D, = 6 
cm, n = 20 cm [59p. 
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FIG. 30—ip in plane strain compression; the values of if have been corrected for membrane 
restraint [24]. 

lubrication, which is always effective at varying test conditions, exists. The composition of 
lubrication layer (the number of grease layers and latex rubber disks, the thickness of grease 
and latex disk, the amount, dimensions and properties of fine fillers in grease, the viscosity 
of oil in grease, and others) should be carefully selected depending on the test condition. 

Displacement and Volume Change Measurements 

Axial Displacement 

The necessity for very accurate measurement of extremely small axial strains, say less 
than 10", has increased during the last two decades, primarily for the following two purposes: 
(1) small deformation analysis of soil masses under monotonic loadings, and (2) earthquake 
response analysis of soil masses. To accomplish accurate measurement of very small axial 
deformation of a sample, two main methods have been developed: (1) to measure the vertical 
relative displacement between the cap and the pedestal, with corrections for bedding errors 
if needed, and (2) to measure the local vertical compression on the sample lateral surface. 
Figure lib shows an example of the first method in which average vertical displacement of 
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the cap is obtained from the readings of three displacement transducers located at 120° 
centers in a horizontal plane. When lubricated ends are used, the correction for bedding 
errors is essential. This point, however, is beyond the scope of this paper. 

Figure 31 shows another example of a technique developed to obtain equivalent shear 
moduli and hysteretic damping coefficients of clays and sands under cyclic loading for a 
wide range of strain (between 10"^ and 10" )̂ [98]. The cap displacement is measured by 
means of a pair of two diametrically opposed proximity transducers. In this method, ends 
are not lubricated so as to minimize the bedding error at the ends. Figure 32a shows a typical 
hysteresis curve for a very soft Tokyo Bay clay sample at an axial strain in single amplitude 
of 2.12 X 10"^, obtained by a cyclic undrained triaxial test at a loading frequency of 0.1 Hz 
[99], using the same testing method as shown in Fig. 31. The sample had a diameter of 7.3 
cm and a height of 15 cm. For this data, the equivalent shear modulus G„ is 35.7 kgf/cm^ 
and the hysteretic damping coefficient h is 0.037. Suppose that the axial load is measured 
by means of a load cell outside the triaxial cell and an error of as small as ±5 gf is involved 
due to the piston friction. The measured values of G,, and h increase then to 37.6 kgf/cm^ 
and 0.054, respectively. Note that this test was performed in a framework of routine soil 
testing, using a commercially available load cell with a capacity of 20 kgf and two proximity 

Inner 
Load Cel 
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(Stroke ±30mtn) 
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Slide Ball Bearing 

Bellow-phragm 

High Sensitivity 
Gap Sensor 

Cap {"^50mm) 
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FIG. 31—Triaxial cell with an internal load cell and two proximity transducers developed 

to measure cyclic deformation properties for a wide strain range [98}. 
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FIG. 32—a. Typical hysteresis loop, b, G-y relation, and c, h~y relation of soft Tokyo 
Bay clay obtained by cyclic triaxial tests [99]. 

transducers with measuring ranges of 1.5 mm and 8 mm. Figures 32b and 32c show the 
summary of the results for three similar tests. 

It is clear now that even in routine soil testing using conventional triaxial apparatus, 
accurate cyclic deformation properties of various types of soils subjected to strain levels less 
than lO'* can be obtained. It is known, however, that the deformation properties of soils 
at small strain levels are rather strain-rate independent (see, for example, Ref 100) (Fig. 
33). Consequently, quasistatic or slow cyclic testing methods are now replacing such djmamic 
soil testing methods as the resonant-column testing method and the pulse method. This is 
true at least in Japan. This change is because quasistatic cyclic testing methods are much 
simpler both in instrumentation and in testing operation than the dynamic testing methods. 
Furthermore, these tests are versatile in the sense that by using the same device and type 
of sample, other kinds of cyclic test, such as liquefaction test or static loading test, can be 
performed. 

For evaluation of cyclic deformation properties of soils, quasistatic cyclic triaxial testing 
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FIG. 33—Frequency-independence of deformation properties by cyclic simple shear tests for 
a, a clay (CT.' = 1.68 kgflcm\ e = 1.75, PI = 63.7) and b, a sand (CT/ = 0.31 kgflcm\ 
e = 0.67) [100]. 

has been widely performed. However, quasistatic cyclic torsional shear testing or simple 
shear testing are occasionally performed mainly for research purposes (see, for example, 
Refs 47, 100 to 102). Figure 34 presents typical quasistatic test results for a partly saturated 
sand utilizing the apparatus shown in Fig. 35 [103\. These tests were performed for the 
response analysis of shaking table tests on small models of earthfill dams. Therefore the 
stress levels at these tests were very low. Because the apparatus shown in Fig. 35 has been 
used primarily for stress-controlled liquefaction tests of sands [58,75,76], the part prepared 
particularly for this property test is the device to measure the rotational displacement by 
means of a proximity transducer which is designated by the number 12 in Fig. 35. The load 
cell denoted as 11 is the same as the one shown in Fig. 23c. 

In testing rock samples, bedding errors at sample ends can induce large unaccountable 
errors. These errors may occur even with the use of ground cyhndrical seated platens at 
sample ends because of possible poor flatness and parallelism of specimen ends [104]. 
Burland and Symes [105] and Jardine et al. [104] developed a new technique to avoid the 
above errors (Fig. 36). The mean axial strain over a central gauge length is given by half 
the sum of the output of two diametrically opposed electrolytic levels, and the sample tilt 
is given by half the difference of the outputs. The device can resolve to less than 1 jjim over 
a range of 15 mm and is not damaged when the sample is taken to failure. 

While the method shown in Fig. 36 is very powerful for highly accurate measurements of 
axial deformation of the sample, this method may be overly sophisticated to be used in a 
laboratory. Compared with this method, the method shown in Fig. 37 is much simpler [706] 
and can be reproduced in most laboratories. In this method two strain gauges are attached 
to each of two thin strips of phosphor bronze to measure the bending strain of the strips. 
This simple device can resolve to around 1 ftm without large difficulties. However, the 
measuring range is not large (about 1.5 mm in the case shown in Fig. 37). For larger axial 
compression, the strips should be taken off by some measures in order not to damage the 
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FIG. 35—Load-controlled cyclic torsional shear apparatus: a, general and b, specimen ( 
load cell and @ proximity transducer) [76]. 

® 

device. Furthermore, the relationship between the local axial compression of sample and 
the output of the device is nonlinear. In spite of the above drawbacks, very accurate small 
local axial strains can be measured with this device. 

Horizontal Displacement 

It is extremely difficult to accurately measure local radial deformations of a sample by 
methods similar to those shown in Figs. 36 and 37 because the horizontal planes of the 
sample at the ends are usually not exposed. Hight et al. [49] used the method illustrated in 
Fig. 38 to measure radial displacements of the inner and outer surfaces of a cylindrical 
sample for torsional shear tests. This method seems to be very accurate unless the sample 
deformation is nonuniform and the bedding error between the target aluminum foil and 
sample is large due to the change in the effective stress. The bedding error should be very 
carefully evaluated because the cyUnder wall thickness or sample diameter is usually small. 
This kind of bedding error can be reduced to a much smaller value by using a location stud 
shown in Fig. 39 [107\. Boyce and Brown [107] attached small LVDTs to the studs to measure 
axial strain and flexible strain-gauged rings to measure radial strain of a triaxial sample. 
Targets for proximity transducers can be attached to these studs also if needed. However, 
the use of such a location stud seems to complicate sample preparation very much. 

Volume Change 

The automated volume change measurement by means of an electronic transducer is the 
most difficult among other kinds of automated instrumentation in triaxial testing and others. 
Various automated methods of measuring the volume change of a saturated specimen are 
reviewed in Ref 108. One simple automated volume change measurement method, which 
is appropriate for a back-pressurized saturated specimen, utilizes a low-capacity differential 
pressure transducer (LC-DPT) as shown in Figs. 23a, 24, and 25a. The one shown in Figs. 
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FIG. 37—A simple method to measure local axial compression of sample [106]. 

23fl and 25a is of capacitance type and has an adjustable measuring range of differential 
pressure between 2.5 cm and 25 cm in water head [109]. While this method seems to be 
getting popular in practice primarily due to the simplicity in handling and its relatively high 
accuracy, the following two points should be noted. First, the evaporation of water in a 
burette induces an error especially in a long-duration test. The rate of water evaporation 

Locking nut 

Elevation ol proximity transducers 

FIG. 38-
[49]. 

-Method of measuring horizontal displacement by means of proximity transducers 
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FIG. 39—Location stud embedded in a sample [107]. 

in a burette, however, can be reduced by applying a back pressure [110]. Furthermore, this 
problem can be effectively solved by using a reference tube as shown in Fig. 24. Because 
the effects of the water evaporation in the burette and the reference tube are canceled out, 
the output of the LC-DPT is compensated for evaporation. In the method shown in Fig. 
24, the measured differential pressure can be kept in the measuring range by adjusting the 
vertical position of the reference tube. Second, some hysteresis effect may occur in this 
method largely due to the friction between water and tube wall above the point denoted as 
A in Fig. 24. This effect can be reduced to a negligible value by reducing the tube length 
between points A and B or by increasing the tube diameter [110]. 

Errors in measured volume change due to membrane penetration at the sample lateral 
surface and bedding error at the sample ends should be considered for accurate volumetric 
strain determination. This point, however, is beyond the scope of this paper. 

A more direct method for the volume change measurement of a saturated sample is the 
one in which the weight of water expelled or soaked in by the sample is directly measured 
by means of either a load cell [HI] or an electronic balance such as shown in Figs. 27b and 
49 [85,86,110]. Other advantages of a weighing system with an electronic balance are that 
the ratio of measuring capacity/measuring accuracy can be easily increased to a value larger 
than IC and that evaporation of the pore water can be prevented without influencing the 
measurement accuracy by covering the water with a layer of suitable oil (see Fig. 276). 
Because this method is complicated as compared to the method using the LC-DPT, the 
latter method is preferable in most practical cases unless an extremely accurate volume 
change measurement is needed such as for cyclic drained tests. 

Measuring the volume change of partly saturated soil is more complicated. In the method 
shown in Fig. 40, a sample is surrounded with mercury to avoid transfer of air between the 
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pore space of the soil and water in the triaxial cell [7]. This is needed for a test in which 
both air and water are undrained. To measure sample volume change, the rise and fall of 
the mercury level is measured by a cathetometer on a nylon or stainless steel float. The 
mercury level can be measured by reading a pressure difference between the cell water 
surrounding the inner perspex cyhnder and the mercury by means of a differential pressure 
transducer. In many practical cases associated with partly saturated soils, the pore air is 
under the drained condition and the pore water is under the drained or partly undrained 
or fully undrained condition. In this case, the transfer of air between the pore space of the 
soil and the cell water is not a serious problem because air can drain at will. The mercury 
shown in Fig. 40 can be replaced with water and thereby many technical problems associated 
with handhng mercury can be avoided. Then the volume change of a sample can be deter
mined by measuring a pressure difference between the cell air pressure and the cell water 
within the inner perspex cylinder by means of a LC-DPT in the same manner as shown in 
Fig. 24 (refer to Fig. 46). Figure 41 shows an example of triaxial compression test results 
on partly saturated sand samples where both air and water were drained and the sample 
volume change was measured by the method described above [112]. The LC-DPT used had 
a measuring range of 25 cm in water height. 

Automated Strain and Stress Control 

The automated data acquisition with the use of electronic transducers and a microcomputer 
has been reviewed in Ref 113 and will not be repeatedly discussed here. Many difficulties 
in apparatus design, manufacturing, and testing operation associated with manual control 
of stresses or strains can be solved by using both a microcomputer and a pneumatic stress 
control system. One important advantage of introducing the above improvement is that a 
simple triaxial cell, which had been used for routing soil testing without an automated strain-
or stress-controlling system, can also be used for tests with automated control. Another 
advantage is that many complicated mechanical devices become unnecessary. 

Scaled coMpof 
screw 

^Displacement transducers 

(or dlalgsujes) 

Two-stage reduction Kopp variator A 

FIG. 42—Differential hydraulic stress path control system developed by Bishop and Wesley 
[114]. 
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The hydraulic triaxial apparatus for controlled stress path testing (Fig. 42), developed by 
Bishop and Wesley [114], has two main features. First, the stress path is controlled hy-
draulically by means of a mechanical method without the use of a microcomputer. Second, 
a special triaxial cell (the Bishop and Wesley stress path cell) is used of which the sealing 
portion of the loading piston is achieved with the use of Bellofram seals. In this case the 
axial stress a„ is given by 

cr„ = p — + <T J 1 -
As 

W 
A. (9) 

where CT, is the cell pressure, p is the pressure in the lower pressure chamber. A, is the 
sample area, a is the Bellofram seal area for both seals, and W is the weight of the loading 
ram. The advantage claimed is that both the triaxial compression and extension stress 
conditions can be attained by controlUng only one pressure {p). Disadvantages of using 
Bellofram seals are (1) the structure of triaxial cell becomes complicated, (2) the friction 
of Bellofram seal is not small (in general, of the order of 0.5 kgf), generally much larger 
than that for a small-diameter loading piston guided by two Unear-motion bearings (Figs. 
22a and 23a), and (3) the frequent need for maintenance. It is to be noted that if the seal 
has the same area as the sample (̂ 4, = a), o-, becomes independent of v, (see Eq 9). The 
mechanical parts of this stress-controUing system have been simplified by replacing the 
hydraulic pressurizing method with a pneumatic one which is controlled electrically either 
with or without a microcomputer [775] (see Fig. 43). The triaxial cell used is the Bishop 
Wesley stress path cell. 

Although triaxial cells with a piston sealing area the same as the sample are more com
plicated to design and manufacture than triaxial cells having pistons with smaller diameters, 
these cells have been used for the ease of independent control of axial and radial stresses 
in Ko-consoUdation tests [74,116] (see Figs. 44 and 45). The apparatus shown in Fig. 44 has 
a special, very rigid, pressure cell. The cell water should be well deaired so that the lateral 
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FIG. 43—Loading method for a hydraulic cell for triaxial stress-controlled and strain-
controlled tests and for stress path tests [115]. 
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FIG. 44—Ko triaxial apparatus with an internal pressure cell developed by Campanella and 
Vaid [116]. 

Strain of sample is kept at zero during axial loading or unloading with a constant cell water 
volume. In the apparatus shown in Fig. 45 the condition of compression with zero lateral 
strain is achieved by maintaining the level of the deaired water in the annular space between 
the inner cell and the top cap which is the same cross-sectional area as the sample. This is 
the similar method as used by Bishop at al. [6], but Bishop used mercury. The change in 
the water level at the annular space is detected by a LC-DPT. These apparatuses are not 
versatile because the sample diameter cannot be different from the piston sealing diameter. 

On the other hand, when such a pneumatic circuit as shown in Fig. 46, which is in principle 
similar to the one developed by Saada et al. [5i-56], is introduced into a system with a 
triaxial cell having a smaller diameter piston, the axial stress becomes independent of the 
change of the lateral stress. In both systems shown in Figs. 45 and 46, the condition of axial 
compression with zero lateral sticiin was achieved by the manual controUing of the cell air 
pressure so that the output of the LC-DPT was constant. However, this operation can be 
automated by controlling the cell air pressure cr̂  responding to the change of the LC-DPT 
using a microcomputer and an electric-to-pneumatic transducer (that is, a complete servo 
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FIG. 45^Double-celt triaxial cell having a seal area equal to sample area used for Ko-
compression test [74]. 
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sectional area: 
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FIG. 46—Schematic diagram of double-cell Ko triaxial apparatus having a smalt-diameter 
piston [74]. 
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FIG. 47—Automated double-cell Ko triaxial apparatus having a small-diameter piston; the 
air-regulator denoted as 2 in Fig. 46 has been replaced by the air-circuit denoted as AC in Fig. 
50. In this particular test a short sample is used [117]. 
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system). Currently the system shown in Fig. 47 with the regulator denoted as 2 (shown in 
Fig. 46) replaced by the air circuit denoted as AC (shown in Fig. 49) is used in the author's 
laboratory. 

Figure 48 shows typical results of automated Ko-compression tests on partly saturated silty 
clay samples (D = 7.5 cm, H = 7.5 cm, silty clay; LL (liquid limit) = 34%, PI (plasticity 
index) = 13) performed by means of an apparatus shown in Fig. 47 [i]. Both samples A 
and B are Ko-compressed from the point S to the points Ai and B, by increasing the total 
axial stress a„ and decreasing the pore water pressure Uy, at a constant pore air pressure 
UA = 2.0 kgf/cm^ Then the sample A was Ko-unloaded from the point Ai to the point A2 
by decreasing a„ at constant values of u^ and M^ (= 1.4 kgf/cm^). The sample B was Ko-
unloaded from the point Bi to the point B2 by increasing Uy, at constant values of a„ and 
UA. This process is called "collapse" in the one-dimensional deformation. At the stress point 
B2, the sample became almost saturated. It may be seen that the effective stress path in 
terms of a J = CT„ - M^ and a/ = &, -«« , during collapsing is different from that during 
Ko-rebounding by the unloading of axial stress. 

Automated stress path control tests, other than Ko-compression tests, can be performed 
by means of this system (Fig. 47). In particular, the method of volume change measurement 
by means of a double-cell triaxial cell is appropriate for partly saturated soils. For saturated 
soils, this method of volume change measurement can be replaced by other methods where 
the change of pore water volume is measured (Fig. 49). 

When a soil specimen is strained at a controlled axial displacement rate along a controlled 
stress path, a pneumatic circuit for controlling axial load independently of CT, (shown in Fig. 

j j . 1.0 
IC 

o 

0.0 
0.5 1.0 

a ' F0R7'= 1.0 (kgf/cm= ) 
FIG. 48—Typical results of automated Ko-compression tests of partly saturated silty clay by 

means of the apparatus shown in Fig. 47 [117]. 
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it it i i 16d--< 
16a 16d 

FIG. 49—Schematic diagram of servo system for controlled stress path tests 1119]; la = 
reversible motor, lb = controller of reversible motor, 2 = control cylinder, 3 = double-action 
cylinder, 3a = regulated air pressure, 4 = internal load cell, 5 = displacement transducer, 
6 = soil sample, 7 = HC-DPT, 8 = electronic balance, 9 = electric-to-pneumatic (E/P) 
transducer, 10 = booster, 11, 12 = bias-relay, 13 = air pressure regulator, 14 = high house 
air pressure, 15 = microcomputer + analog-to-digital (AID) converter + digital-to-analog 
(DIA) converter, 16a-16d = outputs from transducers to microcomputer through amplifiers, 
17a, b - outputs from microcomputer. 
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FIG. 50—Schematic diagram of servo system for controlled stress path tests [118]. 
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46) becomes unnecessary even when a small-diameter piston is used. Among many variations, 
Law [118] and Molenkamp et al. [85-87] have developed such systems (Fig. 50). Figure 49 
shows another example developed by Mohri et al. [119]. This system has two main features: 

1. The triaxial cell has a small-diameter piston and is not a special one. This cell can be 
used for ordinary triaxial compression tests and cyclic triaxial tests and for static and cyclic 
torsional shear tests by replacing only the piston, the piston guide, the cap, and the pedestal. 

2. Physical quantities are measured very accurately in a similar way as shown in Fig. 27b. 

Figure 51 shows typical results of a controlled stress path test at a controlled axial strain 
rate. It may be noted that very smooth results have been obtained. Post-peak stress paths 
as well as pre-peak ones can be accurately controlled by this method. 

More recently, a simpler pneumatic control system with a stepper motor has been de
veloped for the pneumatic pressurizing control (see, for example. Fig. 43, Refs 49 and 115). 
In this method, the rotation of the ranged screw of an air regulator is controlled by the 
stepper motor, which, in turn, is controlled by a microcomputer. The air circuit denoted as 
AC in Fig. 49 can be replaced by a set of stepper motors and air regulators. 

1 2 

mean principal stress p ' = ( a i ' - | - 2 a 3 ' ) / 3 (i^gf/cm^) 

/ / ' 

v^ 

,1 

- ^ 4 

2 

^^^ 3 

(b) 

• 

" \1 
(c) \ 

2 r 
shear strain v = e i ~ e 3 (%) 

10 0.5 0.0 _o.5 

volumetric strain v = e i - l " 2 s 3 (%) 

FIG. 51—Typical results of controlled stress path test at a controlled axial strain rate: a, 
measured stress paths, b, q/p - 7 relations (q = o-,' - o-,', P = (ffa' + 2a,')l3), and c, 
q/p-v relations (D = 7.5 cm, H = 75 cm, Toyoura sand, e = 0.83 to 0.87, fixed regular ends 
[119]). 
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Conclusions 

The following remarks regarding the triaxial testing apparatus and method may be drawn 
based on the information presented herein and the author's experience. 

The stress states and their changes that can be achieved in the triaxial testing method 
with the use of solid cylinder specimens are restricted: a-l is equal to either o-^ or CT/ and 
the principal stress directions cannot rotate continuously. Several sophisticated testing meth
ods to extend the ability of controlling stress states or strain states have been developed. 
Such very sophisticated equipment is not often used in practice largely owing to (1) a lack 
of simple stress- or strain-controlling and measuring system, and (2) a relatively high cost 
for manufacturing and operating such equipment. 

There are data showing that the effects of continuous rotations of principal stress directions 
on the strength and deformation characteristics cannot be ignored. At the same time, some 
other data have shown that the continuous rotation of principal stress directions become 
small at larger plastic strains under the monotonic and cyclic simple shear loading. Therefore, 
it seems still very useful to perform triaxial testing in practice. However, the effects of the 
h value and the continuous rotation of principal stress directions, based on the results 
obtained from research work by means of more sophisticated testing methods, should be 
accounted for. Of course, such sophisticated testing should be performed in practice when 
its use is justified. 

Triaxial systems with pressure cells located outside the tie rods are becoming popular 
mainly because of the convenience in connecting the loading piston and the sample cap. 

Automated measurements of loads, pressures, displacements, and volume change are now 
prevailing in practice as well as in research works. Some new but simple methods for accurate 
measurement of these physical quantities were discussed. The methods presented herein 
may be introduced into ordinary triaxial testing systems without large modifications. The 
importance of evaluating errors in stress and strain measurements due to membrane restraint, 
bedding errors, and membrane penetration at top and bottom ends and at lateral surfaces 
was discussed only to a hmited extent. 

The method of automated stress and strain path controlling was also discussed. By means 
of a microcomputer together with a pneumatic pressurizing system, a mechanically simple 
system, with an ordinary triaxial cell having a small-diameter piston, can be used for au
tomated stress or strain control tests. 
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ABSTRACT: New testing capabilities can be added to a conventional triaxial system by using 
a commercially available flow pump to control the rate and amount of pore fluid movement 
to or from the ends of a test specimen. These capabilities include measurements of equipment 
compliance, constant-rate-of-deformation consolidation, very-small-strain compressibility, 
permeability, coefficient of consolidation, and strain-path control with arbitrary combinations 
of vertical and volumetric strain rates. These capabilities are of interest not only in themselves; 
they facihtate a testing strategy that reduces the amount of equipment and the number of 
rephcate specimens needed to define the permeability, compressibility, and strength of a soil. 

KEY WORDS: flow pump, triaxial, compliance, consolidation, compressibility, permeability, 
coefficient of consolidation, strain-path control, K„ consolidation, shear strength, stage testing 

This paper presents an overview of capabilities that can be added to a conventional triaxial 
system by using a commerdally available flow pump to control liquid movement to and 
from the ends of a test specimen. The paper includes flow pump applications that can be 
achieved by generating arbitrary constant flow rates without the use of servo-mechanisms 
and computers, but it does not address complex applications of digitally controlled flow 
pumps, such as the digital pressure controller developed by Menzies, Sutton, and Davies 
for automation of laboratory consolidation and triaxial testing equipment [7]. 

The applications described here arise from the ability of a flow pump to control volume 
change and pore-fluid transport processes in a test specimen. Volumetric control of these 
processes has a fundamental advantage over the stress-controlled approach employed cur
rently. The generation of very low flow rates and the measurement of pressures and forces 
with transducers in the volume-controlled approach can be accomplished more easily and 
accurately than the measurement of very low flow rates and the control of pressures and 
forces involved in the stress-controlled approach. 

This advantage was first exploited with the introduction of the flow pump method for 
conducting permeability measurements on a rigidly confined test specimen [2-4]. Subse
quently, the flow pump method has been used in both research and practice for conduct
ing permeability tests in oedometers [5-7]. The technical and practical advantages of the 
flow pump method for permeability measurements in a triaxial system were demonstrated 
recently [8]. 

During and since the latter study, the authors recognized several additional applications 
of a constant-rate flow pump in triaxial testing. This paper describes the applications we 

' Research civil engineer, research geophysicist, and civil engineering technician, respectively. United 
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have identified to date, and summarizes our progress in their development. These appli
cations include measurements of equipment compliance, constant-rate-of-deformation 
(CRD) consolidation, very-small-strain compressibility, permeability, and the coefficient of 
consolidation. They also include strain-path control with arbitrary combinations of vertical 
and volumetric strain rates. 

Equipment: Set-up and Testing 

Figures 1 and 2 present a photograph and a scheme, respectively, of the authors' exper
imental equipment. A triaxial cell (T), mounted in a loading frame, is equipped with a 
permeant control manifold which interconnects the base pedestal and top cap of a test 
specimen (E) with the flow pump (P), the differential transducer (D), the gage transducers 
(G), and the permeant-fluid standpipes (S). The triaxial cell is also connected to the chamber-
fluid standpipe (C). A deaired solution reservoir (V) is connected to the manifold and to 
the permeant-fluid standpipes. Details concerning the flow pump and the differential trans
ducer are documented elsewhere [8], The left and right sides of the manifold are symmetric, 
and they are connected, respectively, to the base pedestal and to the top cap of the test 
specimen within the triaxial cell. Each side of the manifold is connected to a gage transducer, 
a standpipe, and one side of the differential transducer. The flow pump is connected so that 
it can infuse liquid into or withdraw liquid from either side of the manifold, or both sides 
simultaneously. 

The triaxial system is tested for leaks by determining whether the system can retain 

FIG. 1—Photograph of the equipment. 
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c s 

Î̂  

FIG. 2—Scheme of the equipment. 

elevated pressure or vacuum for substantial periods of time, for example a few days. Leaks 
are located by using the valves and transducers to isolate and test zones within the system. 

Before mounting a test specimen, the entire permeant subsystem is filled with deaired 
permeant and tested for undissolved air as follows. First, vacuum is applied simultaneously 
to the reservoir of permeant solution and to the permeant subsystem, to remove dissolved 
air from the permeant solution and entrapped air in the subsystem. Second, while the vacuum 
is maintained on both the deaired solution reservoir and the subsystem, the deaired solution 
is allowed to flow under gravity from the reservoir into the subsystem. Third, the vacuum 
is removed from, and pressure apphed to, the subsystem to drive any remaining undissolved 
air into solution. Fourth, the subsystem is tested for undissolved air by measuring its com
pliance, as described below. Finally, the subsystem design enables any undissolved air, if 
identified in the compliance measurement, to be dissolved either by further elevating the 
pressure in the permeant, or by exchanging the permeant with fresh deaired solution from 
the reservoir. 

Compliance of the Permeant System 

The compUance of the permeant system is defined herein as the amount by which the 
volume of liquid contained within the system {dV) varies in response to a change in the 
head within the system (dh). It follows that the compliance can be measured by using the 
flow pump to introduce liquid into or withdraw liquid from the manifold at a constant rate, 
Q = dVldt, and monitoring the consequent head variation with time, dhldt, with the 
transducers. Thus, letting the compliance of the permeant system be represented by 5̂ ,̂ 

" dh (cm H2O) 
dVldt (cmVs) 
dhldt (cm/s) (1) 

Figure 3 illustrates data from a compliance measurement wherein the left side of the 
manifold is connected to the flow pump and the right side is connected to its pressure-
controlled standpipe. The time scale on the abscissa in Fig. 3 shows when the flow pump 
is shut off, is infusing liquid into, or is withdrawing liquid from, the left side of the manifold. 
The ordinate shows the pressure difference between the left- and right-hand sides of the 
manifold, which was measured directly with the differential transducer. When the data in 
Fig. 3 are introduced into Eq 1, the compliance, Sp,, equals 2.39 x 10"* cmVcm H2O. 

A basis for using such a compliance measurement to evaluate the presence of undissolved 
air in the permeant system is presented in Fig. 4, which shows compliance measured as a 
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Elapsed Time In Minutes 

FIG. 3—A typical compliance measurement. 

function of the pressure in the manifold. The compliance decreases with increasing pressure 
and approaches a constant value asymptotically. The minimum value is the compliance of 
the system when it is fully saturated and free of undissolved air. 

Constant-Rate-of-Deformation (CRD) Consolidation 

Figure 5 presents CRD consolidation data on a triaxial specimen of soft and silty clay. 
The vertical axis shows the volume decrease of the specimen generated by withdrawing pore 
fluid from the base of the specimen with a flow pump. The horizontal axis shows the effective 
stress calculated from periodic readings (usually daily) of the gage transducers connected 
to the cell pressure and the pore pressure at the base of the specimen. The table in Fig. 5 
shows that the data were obtained in a sequence of steps wherein different flow rates (Q) 
were used to change the volume of the specimen. This table also shows, for each step, the 

200 300 400 500 

Pressure in jtN/m^ 

FIG. 4—Variation of compliance with pressure. 
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FIG. 5—Constant-rate-of-deformation consolidation data. 

pore-pressure difference (AM) induced across the specimen by the applied flow rate (Q). 
Note that the values of AM are very small compared with the effective-stress values plotted 
on the abscissa. Hence, the variation of effective stress within the specimen is also very 
small compared with the effective-stress values calculated from the gage transducer readings 
of the cell pressure and the pore pressure at the base of the specimen. 

The data in Fig. 5 are generally consistent with published data obtained using step loading 
attd existing CRD consolidation methods in that the sample volume varies linearly with the 
log of the effective stress for a given rate of loading, and the position of the volume change 
versus log effective-stress relation shifts to the left with decreasing rates of pore-fluid with
drawal or volumetric deformation [9]. 

Very-Small-Strain Compressibility and Temperature Effects 

During and following the period when the data for step 5 in Fig. 5 were being obtained, 
the differential-pressure transducer was used to monitor the variation of the pore pressure 
at the base of the specimen relative to a constant external reference. Therewith, substantially 
more sensitive consolidation, rebound, and recompression data were obtained; these data 
are presented in Fig. 6 together with data on the associated ambient temperatures in the 
laboratory. 

Figure 6 shows that the slopes of the consolidation and rebound curves are clearly defined. 
However, the effective stress varies not only with the decrease in volume of the specimen 
but also cyclically in direct response to variations in the ambient temperature of the labo
ratory. Thus, it appears that a flow pump is a convenient tool for conducting very-small-
strain compressibility measurements on a triaxial specimen in both normally consolidated 
and overconsoUdated states. But the usefulness of this capability is limited by the temperature 
control of the environment in which it is located. 

Another important phenomenon shown in Fig. 6 is the extent to which the rebound and 
recompression data are reversible. Between effective stresses of 230 and 245 kN/m^, re
versibility occurs while the room temperature is decreasing. In contrast, the deformations 
are irreversible at effective stresses above 245 kN/m^ When the room temperature begins 
to rise, the deviations from reversibility grow with succeeding cycles of ambient temperature 
variations. It appears that the irreversibility arises from the deformations caused by variations 
in effective stress which are caused by variations in the ambient temperature. These cyclically 
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FIG. 6—Very-small-strain compressibility data. 

induced irreversible deformations may be experimental artifacts which are clearly evident 
in the highly sensitive data in Fig. 6, but which cannot be distinguished in less sensitive data, 
such as those in Fig. 5, and those customarily obtained in engineering practice. 

Permeability and Response Time 

Compared with conventional constant-head and falling-head methods, a flow pump pro
vides the following advantages for conducting permeability measurements in a triaxial sys
tem: (1) direct flow-rate measurements are avoided, together with the associated errors that 
arise from the effects of contaminants on capillary menisci and the long periods of time 
involved in flow-rate measurements; (2) permeability measurements can be obtained much 
more rapidly and at substantially smaller gradients; (3) errors from the small intercept in 
the otherwise Unear flow rate versus hydraulic gradient relationship, and also from seepage-
induced permeability changes, can easily be recognized and avoided or minimized; and (4) 
the initial transient response of a specimen preceding the steady-state condition needed for 
a permeability measurement can extend over a substantial period of time, and errors in 
permeability measurements from this transient response can easily be avoided with the flow 
pump method, but not with constant-head and falling-head methods [8]. 

We have learned that the sensitivity of the flow pump method for low-gradient permeability 
measurements is fundamentally limited by experimental errors caused by environmental 
temperature variations such as those shown with the consolidation and rebound data in Fig. 
6. In addition, we have been investigating the significance of the transient response that 
precedes the steady-state condition needed for a permeabiUty measurement. The following 
summarizes our current understanding of these issues. 

Figures 7 and 8 illustrate the results of flow-pump permeability tests on sand and silty 
clay specimens, respectively. A flow pump was used to generate arbitrary constant flow 
rates across the base of each specimen while the pore fluid at the top of the specimen was 
maintained at a constant pressure and the head difference induced across the specimen was 
monitored with the differential transducer and continuously recorded as a function of time. 
Figure 7 shows that the response time for sand is very short and that very small head 
differences across the specimen, on the order of a few centimeters of water or less, can be 
measured with both high resolution and accuracy. In contrast. Fig. 8 shows that the response 
time for clays can be substantial. Moreover, the measured head difference across a clay 
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FIG. 7—Flow-pump-permeability and coefficient-of-consolidation data for sand. 

specimen also includes a small head difference, on the order of a few centimeters of water, 
which is present during the zero-flow condition. Furthermore, this residual head difference 
can vary somewhat with time. 

Our recent experience shows that the small residual head differences shown in Fig. 8 
arise, in large measure, from room temperature variations such as those shown in Fig. 6. 
It has also been suggested that they could be generated by geochemical sources of osmosis 
within a test specimen [10]. Unfortunately, these sources of experimental error limit the 
sensitivity of the flow-pump method for very low gradient permeability measurements on 
clays. Nevertheless, these experimental errors are not of sufficient magnitude to compromise 
the very substantial advantages of the flow pump method, compared with conventional 
methods, for conducting permeability measurements on clays in a triaxial system. 

Response Time and the CoeEBdent of Consolidation 

Regarding the response time, its cause in constant-head permeability tests was recognized 
as seepage-induced consolidation nearly 20 years ago [11-13]. For example, Al-Dhahir and 
Tan [12] showed how Terzaghi's [14] governing equation for one-dimensional consolidation 
can be used, with analogous heat-conduction theory from Carslaw and Jaeger [15], to 
interpret the coefficient of consolidation from the initial transient phase of a constant-head 
permeability test. For a flow pump permeabihty test, the response time can be similarly 
described with analytic solutions in Carslaw and Jaeger [75] of Terzaghi's governing equation 
for the models in Fig. 9. The flow model on the left side of Fig. 9 represents a test wherein 
the flow rate to or from the specimen is changed instantaneously from zero to a constant 
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FIG. 8—Flow-pump-permeability and coefftcient-of-consolidation data for clay. 

value, and the head difference induced thereby across the length of the specimen changes 
with time from an initial value of zero to a final constant value when the steady-state condition 
has been established. This latter condition also serves as the initial condition for the decay 
model illustrated on the right side of Fig. 9. Therein, the flow rate is changed instantaneously 
from a constant steady-state value to zero, and, thereafter, the head difference across the 
length of the sample decays with time until the head difference due to the initial steady-

Flow Decay 

h = ho constant 

h=h(t) 

i=q°^° 
h = ho=constant 

h :h ( l ) 

0 = 0 , no How t t 
constant f lowQ 

FIG. 9—Models for analyzing flow-pump transport-property test data. 
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state flow rate has fully dissipated. According to Carslaw and Jaeger [15], the analytic 
solutions for these models are: 

For the flow model, 

For the decay model, 

where 

OI r 8 ^ g-<.(2n + l)Vl/4L2l 

k = permeability (cm/s) 
s = compressibility (cm~') 
a. - kis = the coefficient of consolidation (cm^/s) 

AA = differential head across sample, (h — h„) (cm) 
A/jj = steady-state differential head across the sample, {hi - h„) (cm) 

t - time (s) 
L = length of sample (cm) 
Q = constant flow rate (cmVs) 
A = cross-sectional area of sample (cm )̂ 

Figure 10 illustrates that the time response behavior for the flow model in Fig. 9, according 
to Eq 2a, is governed by the coefficient of consohdation, a, which equals the permeability, 
k, divided by the compressibility, s. Equation 2b shows that the same parameters govern 
the time response for the decay model in Fig. 9. 

In applications of the above, the nature of the seepage-induced deformations that occur 
when a flow pump is used to conduct permeability and coefficient-of-consolidation tests 
needs to be considered \16-18\. These deformations are illustrated in Fig. 11. During an 
infusion test, the pore pressure increases and the effective stress decreases at the base of 
the specimen until a steady state is reached. In consequence, the specimen expands both 
axially and radially by an amount that varies from zero at its top to a maximum at its base. 
Conversely, a withdrawal test causes deformations similarly distributed but opposite in sign. 
In other words, a test specimen rebounds during an infusion test and reconsolidates when 
the infusion test is terminated (decay). Similarly, a test specimen consolidates during a 
withdrawal test and rebounds when the withdrawal test is terminated (decay). 

Experimental data shown in Fig. 12 illustrate the above concepts. The data are from the 
same specimen used to obtain the consolidation and compressibility data in Figs. 5 and 6. 
The upper part of Fig. 12 shows an infusion test conducted shortly after the data in Figs. 5 
and 6 were collected. Subsequently, after further consolidation of the specimen using the 
flow pump, the withdrawal test shown in the lower part of Fig. 12 was run. In Fig. 12, the 
effective stress, a', and the permeability, k, are noted to indicate the changes in the state 
of the specimen during the course of these experiments. 

Figure 12 shows that the time response for the withdrawal test is relatively long, compared 
with the time responses for the infusion test and also for the decay parts of both the 
withdrawal and the infusion tests. This difference clearly reflects the high compressibility 
of the specimen in virgin compression during the withdrawal test, compared with the rel
atively low compressibility of the specimen in rebound and recompression during the infusion 
test and also during the decay parts of both the withdrawal and infusion tests. 
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FIG. 11—Variation of specimen deformation with flow direction. 
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FIG. 12—Variation of time response with flow direction for normally consolidated and 
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Figure 12 further shows analytic approximations of the experimental data based on Eq 
2a and 2b. The fitted response curves are displayed for comparison with the experimental 
curves. The discrepancies between the experimental and fitted response curves appear to 
be caused by the same room temperature variations responsible for the small residual-head 
variations in Fig. 7, and the cyclic variations in effective stress in Fig. 6. 

The above applications of Eq 2a and 2b are not exact, at least in part, because they are 
solutions of a one-dimensional diffusion equation, whereas the deformations in the test 
specimen during flow pump permeability tests involve both axial and radial components. 
Nevertheless, the use of Eq 2a and 2b appears to be reasonable, at least as a first approx
imation. This is suggested by the consistency of the theoretical curves with the experimental 
data in Fig. 12, and further by the results in Table 1. 

Table 1 shows the compressibility values interpreted from flow pump permeability and 
coefficient-of-consoUdation tests in Fig. 12 are generally consistent with those obtained from 
the direct measurements in Fig. 6. For both the direct and indirect determinations, the 
compressibihty for virgin compression is on the order of 10 x 10^* cm" \̂ whereas the 
compressibility for rebound and recompression is on the order of 2 x 10"* cm". The ratio 
of the compressibility for virgin compression to that for rebound or recompression is on the 
order of about five for both the direct and indirect measurements. 
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TABLE 1—Comparison of compressibility values from direct measurements and from flow 
pump transport-property measurements. 

Values from 
direct measurements 
in Fig. 6 

Values from the 
flow pump transport 
data in Fig. 12 

Effective Stress, 
kN/m' 

250 

258 
373 

Compression 

8.69 X 10-' 

9.88 X lO-"* 

Compressibility, cm 

Rebound 

1.59 X W" 

1.84 X 10-'* 
2.16 X 10-' 

' 1 

Recompression 

2.14 X 10-' 

Other Potential Applications 

The use of a flow pump to control the rate and amount of pore fluid movement to the 
ends of a test specimen also enables capabilities other than those described above. Additional 
capabilities can be obtained by applying a constant rate of vertical deformation to a triaxial 
specimen (using, for example, a controUed-deformation-rate loading press) while simulta
neously changing its volume with a flow pump [8]. Arbitrary combinations of vertical and 
volumetric deformation rates can be used for controlling strain paths during either consol
idation or shear phases of a triaxial test. 

One special case of strain-path control, which yields one-dimensional consoUdation of a 
triaxial specimen (the K„ condition), can be achieved by synchronizing the rate of vertical 
deformation with the rate at which the specimen volume is reduced such that the average 
cross-sectional area of the specimen remains constant during the consolidation process (that 
is, the rate of volume change produced by axial deformation equals the rate of volume 
change produced by the flow pump). This case follows when the ratio of the volume change 
rate (dV/dt) to the axial-length-change rate {dzldt) equals the average cross-sectional area 
{A) of the test specimen. In other words, 

f = ̂  (f) 
The significance of this criterion becomes evident when it is compared with the general case 

f - ( f ) - ( f ) 
It follows from Eq 3 and 4 that 

f - 4 l - = ' f 
and hence that A remains constant. 

Conclusion 

The capabilities of a conventional triaxial system can be expanded by using a commercially 
available flow pump to control the rate and amount of pore fluid movement to or from the 
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ends of a test specimen. These capabilities include measurements of equipment compliance, 
constant-rate-of-deformation consolidation, very-small-strain compressibility, low-gradient 
permeability, and coefficient of consolidation. Additional capabilities can be obtained by 
combining the use of a flow pump with established methods for controlling axial deformations 
in a specimen. Arbitrary combinations of vertical- and volumetric-deformation rates can be 
used to control strain paths. One special case of strain-path control yields one-dimensional 
consolidation of a triaxial specimen (the K„ condition). 

These flow pump apphcations are of practical interest, in part, because they facilitate the 
acquisition of data of better quality than can be obtained with conventional methods. Ex
amples of this advantage include (1) the capabihty to obtain one-dimensional consolidation 
test data on a triaxial specimen free from the side friction that occurs in a conventional 
oedometer and (2) the capability to obtain rapid permeability and compressibility data in 
response to low gradients and very small deformations. 

These flow pump applications reduce the equipment and the number of replicate specimens 
needed for determining the permeability, compressibility, and strength of a given soil. For 
example, the above applications enable the permeabihty and the compressibility of a single 
triaxial test specimen to be determined over a range of conditions while being consolidated 
under K„ conditions prior to shear. Thereafter, stage testing can be used to determine 
strength parameters on the same specimen. 
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ABSTRACT: A computer controlled hydraulic triaxial testing system is introduced. A desktop 
computer is linked to a hydraulic triaxial cell via three microprocessor controlled hydraulic 
actuators and two subsystems, one for the measurement of axial deformation and the other 
for the measurement of pore pressure. The separate system elements and subsystems are 
described in detail. The operation of the system is described, and control algorithms are 
explained with particular reference to K„ consolidation and swelling and automatic testing rate 
by controlled hydraulic gradient. System performance is illustrated by reference to published 
data describing Ko, stress path, cyclic loading, and triaxial extension tests. The advantages of 
the system are summarized. 

KEY WORDS: computer control, digital controller, saturation ramps, isotropic and aniso
tropic consolidation, conventional tests, triaxial extension, ^o consolidation and sweUing, stress 
paths, cyclic loading, automatic drained testing rate, data presentation, repeatability, software 
based 

System Layout 

As shown in the schematic diagram in Fig. 1, a desktop computer is linked to a hydrauhc 
triaxial cell via three microprocessor controlled hydraulic actuators called "digital control
lers" [1-4]. The controllers precisely regulate pressure and volume change of deaerated 
water suppUed to the cell to control axial load or axial deformation, cell pressure, and back 
pressure. The system also measures axial deformation indirectly by volume change into the 
lower chamber of the cell or by direct measurement of displacement using a digital indicator. 
Pore pressure may be measured by the back-pressure controller (locked for the undrained 
condition so there is no volume change) or by a sohd state pressure transducer plumbed 
directly into the base pedestal. The digital controllers, pore pressure indicator, cixial defor
mation indicator, printer, and plotter are connected by interface bus cables to the IEEE 
488 standard parallel interface of the computer. 

System Elements 

The Triaxial Cell 

The triaxial compression/extension cell is based on the design of Bishop and Wesley's [5] 
hydraulic triaxial apparatus for controlled stress path testing developed at Imperial College 

' Director, GDS Instruments Ltd., Unit 12 Eversley Way, Thorpe Industrial Estate, Egham, Surrey, 
England TW20 8RG. 
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FIG. 1—Diagrammatic layout of the system. 

of Science and Technology, London. Note that any test, including a conventional test, may 
be referred to as a "stress path test." 

Although Bishop and Wesley set out to design "a simple form of triaxial apparatus in 
which the stress paths encountered in engineering practice can be approximated more readily 
than in conventional equipment," their versatile cell is equally adept at carrying out classic 
"standard" tests as well as advanced tests. 

As shown in the schematic diagram in Fig. 2, axial force is exerted on the test specimen 
by means of a piston fixed to the movable base pedestal. The top cap of the test specimen 
is fixed in position by an adjustable rod passing through the top of the cell. The piston 
moves vertically up and down in a linear guide comprising a cage of ball bearings housed 
in a turret joining the cell to the base. The piston is actuated hydraulically from an integral 
lower chamber in the base of the cell which contains deaerated water. The piston is sealed 
into the upper cell and the lower chamber by matched Bellofram rolling diaphragms which 
sweep equal volumes of water. Accordingly axial ram friction is very small and normally 
less than 5 kPa of deviator stress. 

The statics of the cell are very simple. By considering the equilibrium of the loading ram, 
the following relationship is obtained: 

a„ = p{a/A) + CT,(1 - a/A) - W/A (1) 

where 

a„ = the average axial total stress, 
a, — the radial total stress or cell pressure, 
p = the pressure in the lower chamber, 
A = the current average cross-sectional area of the test specimen (defined as the area 

of the volumetrically equivalent right cylinder), 
a = the effective area of the Bellofram rolling diaphragm, and 

W = the weight of the loading ram. 

The computer continuously computes the average axial total stress using Eq 1, and so an 
external or internal load cell is not required and not supplied with the system. 

As can be seen from the photograph in Fig. 3, there are two versions of the cell—the 
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FIG. 2—Diagrammatic layout of the hydraulic triaxial apparatus (after Bishop and Wesley 
\P\)' 

smaller one for test specimens of 38-mm diameter, and a larger cell which accommodates 
50-, 70-, and 100-mm diameter test specimens by interchangeable base pedestals and top 
caps. 

The Extension Device 

The extension device is fitted to the triaxial cells in place of the redundant load cell. The 
object of the extension device is to allow axial stress to be reduced below radial stress. In 
conventional triaxial cells this is normally not possible because the radial stress or cell 
pressure acts vertically on the top cap. Indeed, in many types of conventional cell, a small 
hole is drilled through the side of the loading ram and into the conical end socket to avoid 
any possibility of partial pressures between the end of the ram and the ball seating of the 
top cap. This ensures that the vertical component of cell pressure acts with equal intensity, 
thus simplifying the statics. 

As shown in the schematic diagram in Fig. 4, the hollow adjustable reaction rod passes 
through the top of the cell. Fixed to the bottom of the rod is a truncated conical fitting 
which mates with the plane top cap of the triaxial test specimen. The top cap is fitted with 
a bell mouthed surgical PVC dip molded sleeve. 

The cell is filled with water, with air being purged out through the hollow reaction rod. 
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FIG. 3—Hydraulic triaxial cells for test specimen diameters of 38 mm {small) and 50, 70, 
100 mm (large) by interchangeable base pedestals and top caps. 
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FIG. 4—The extension device. 
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The reaction rod is then adjusted to dock the plane and conical parts together. Lightly 
smearing the angled surfaces with soft silicone grease ensures good contact. A small suction 
can then be applied to the top of the hollow reaction rod to cause the sleeve to seal the 
interface. Cell pressure is then applied. As the top cap is now sealed to the fixed reaction 
rod, cell pressure does not act vertically on the test specimen. Accordingly, axial stress can 
be reduced to below cell pressure. 

Provided axial stress always remains positive, there is always a positive load between the 
mating parts which, therefore, will not move apart. Smooth transitions between compression 
and extension of course are essential in an advanced triaxial testing system, for example, 
for stress paths simulating excavations, surcharge removal, emptying of storage tanks, and 
so forth, or for ^o consolidation and swelling to a high overconsohdation ratio during 
SHANSEP procedures. 

The Digital Controller 

The digital controller shown in the photograph in Fig. 5a is a microprocessor controlled 
hydraulic actuator for the precise regulation and measurement of liquid pressure and liquid 
volume change. For the triaxial testing of soils the volumetric capacity is 200 or 1000 cm^ 
and the pressure range is 0 to 2000 kPa. Pressure measurement is resolved to 0.2 kPa, and 
pressure is controlled to 0.5 kPa. For rock mechanics applications the volumetric capacity 
is nominally 200 cm^ and the pressure ranges are 7, 10, 20, 32, and 64 MPa. 

The principles of operation are shown in the schematic diagram in Fig. 5b. Deaerated 
water in a cylinder is pressurized and displaced by a piston moving in the cylinder. The 
piston is actuated by a ball screw turned in a captive ball nut by a stepping motor and 
gearbox that move rectihnearly on a ball slide. 

Pressure is detected by means of an integral solid state pressure transducer. Control 
algorithms are built into the programmable memory to cause the controller to seek to a 
target pressure or step to a target volume change. Volume change is measured by counting 
the steps of the stepping motor. Knowing the number of steps per revolution of the motor, 
the gearbox ratio, and the pitch of the ball screw, the bore of the pressure cyhnder may be 
found such that one step of the motor equals 1 mm'. 

•a/'.i'/.U'". ^/Mi^j/H^li^-r 

FIG. 5 (a)—Digital controller. 
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FIG. 5 (b)—Diagrammatic layout of digital controller. 

In stand-alone mode the instrument is a general purpose constant pressure source, a 
volume change gauge, a pore pressure measuring system, a flow pump (or screw pump), 
and a digital pipette. As a constant pressure source it can be used to replace mercury column, 
compressed air, pumped oil, and dead weight devices. It can be programmed through its 
own control panel to ramp and cycle pressure and volume change linearly with respect to 
time. 

In computer control mode it is a computer peripheral via the standard IEEE 488 computer 
interface. The user interface is a control panel comprising a Uquid crystal display and 
membrane touch keypad. This is used in stand-alone mode for entering target pressure, 
target volume, ramping data, and other functions including access to on-board diagnostics 
for checking out each of the major hardware components of the system. 

The Axial Deformation Digital Indicator 

The axial deformation digital indicator is similar in size and appearance to a conventional 
dial gauge. In place of the dial is a Uquid crystal display. In place of the indicating pointer 
there is an internal optoelectronic linear encoder and large-scale integration (LSI) counter 
gauging the movement of a finely graduated glass plate actuated by the external spindle. 

The advantages of the axial deformation digital indicator over conventional displacement 
transducers of the inductive, resistive, and capacitive type are: 

• The indicator is an inherently digital device and not subject to thermal and electronic 
drift. 

• The digital indicator displays its own reading. 
• The digital indicator does not require any calibration whatsoever. 

The subsystem uses an axial deformation digital indicator connected to a multiplexer with 
an IEEE interface. Axial deformation is resolved to 0.001 mm over a range of 12.7 mm. 

Pore Pressure Measuring System 

A solid-state pressure transducer is plimibed directly into the pore water ducts leading to 
the base pedestal. The transducer is connected to a digital pressure indicator with an IEEE 
interface. The subsystem resolves pore pressure to ±0.2 kPa over a range of 2000 kPa. 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



88 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

System Operation 

Test Control 

Continuously and at a frequency typically less than once a second, the computer: 

• takes a set of readings from the digital controllers and the axial deformation and pore 
pressure measuring subsystems, 

• calculates the current test parameters and stores them as required, and 
• gives new commands to the digital controllers to keep the selected test on the chosen 

stress path or strain path. 

Using this general approach in a series of standard subroutines, a range of tests can be 
made available by selection from a test menu. 

Test Menu 

The test menu of the system is as follows: 

• saturation by simultaneous ramps of cell pressure and back pressure; 
• incremental and ramped evaluation of pore pressure parameter B; 
• isotropic and anisotropic consolidation; 
• unconsolidated-undrained compression/extension; 
• consolidated-undrained compression/extension with pore pressure measurement; 
• consohdated-drained compression/extension, volume change resolved to 1 mm ;̂ 
• Kg consolidation and swelling for saturated soils; 
• continuous linear stress paths, mixed drained and undrained, mixed compression and 

extension; 
• cyclic loading by axial stress controlled square, sinusoidal, and triangular wave forms; 

periods down to sea wave periods; and 
• permeability by constant hydraulic gradient or by constant rate of flow [6]. 

The system has a "loop-round" faciUty enabling any series of the above tests to be 
sequentially carried out on the one test specimen with changed height and diameter being 
passed on from the end of one test to the beginning of the other, for example, unconsolidated-
undrained after ^o gives a SHANSEP capability. 

Test Control Algorithms 

The on-board intelligence of the digital controller provides useful functions (seek to target 
pressure, step to target volume change, ramp pressure, ramp volume change) which facilitate 
the design of the test control algorithms. Generally, for tests most simply described by a 
stress path, the controllers are continually set and reset to ramped pressure control (for a 
stress path test per se, this refers to the axial and radial stress controllers). For tests most 
simply described by a strain path (for example, a U-U test) the controllers are continually 
set and reset to ramped volume change control (for the U-U test this would be the axial 
controller only). There are two notable exceptions to this approach—K^ consolidation and 
swelling, and automatic drained testing rate by controlled hydraulic gradient, as discussed 
below. 
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Ko Consolidation and Swelling 

Here the test control rule is that the volume change in the pore water duct must at all 
times be equal to the volume of the axial deformation times the original average cross-
sectional area. This rule is only applicable to saturated soils. Continuously, and at a frequency 
typically less than once a second, the computer: 

• calculates the volume of the axial deformation times the original average cross-sectional 
area; 

• commands the back-pressure controller (which is under volume change control) to step 
an equal and opposite volume change, that is, extract pore water if consolidation is required, 
infuse water if sweUing is required; and 

• commands the cell pressure controller to adjust cell pressure to keep the back pressure 
constant at the predetermined value. 

The test is only vaUd if the chosen testing rate is such that unacceptable excess pore 
"pressures do not develop (for example, during consolidation, it is possible to imagine con
traction of the test specimen adjacent to the base porous stone while bulging occurs in the 
middle third of the test specimen). Accordingly, it is highly desirable to regulate the testing 
rate by controlling the hydraulic gradient throughout the height of the test specimen as 
discussed in the following section. 

Automatic Drained Testing Rate 

One of the biggest problems associated with any form of triaxial testing is the question 
of testing rate. This is particularly so in effective stress testing, that is, testing where a 
complete knowledge of the pore water pressure regime is required. 

For the particular case of drained tests (conventional, stress path, Kg) where a constant 
back pressure is applied to the base pedestal or to the top cap, if the testing rate is too high 
the back pressure may be significantly different from the average pore pressure throughout 
the test specimen. Accordingly, chosen testing rates tend to err on the side of caution and, 
in many cases, are far too low. This slows down test throughput and reduces productivity. 

An alternative is to measure the difference in pore pressure from one end of the test 
specimen to the other and to control the testing rate to restrict the difference to an acceptable 
level. As shown in the schematic diagram in Fig. 6, the system applies a constant back 
pressure to the top drain and measures the pore pressure at the base pedestal. Axial loading 
can now be controlled such that the difference in end pore pressures—the excess pore 
pressure—is either a fixed value, say 5 kPa, or, more logically perhaps, a fixed proportion 
of axial total stress, say 5%. Referring to Fig. 6, these control criteria may be expressed 
algebraically as 

M - Mo = AM = 5 kPa (2) 

or 

A«/a-„ = 5% (3) 

In this way the soil is tested at the optimum testing rate for the chosen criteria, auto
matically adjusting to changing soil conditions such as permeability, while the state of 
effective stress is continuously controlled and measured. 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



9 0 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

UQ (applied) 

base 
pedestal 

u 

-* 

o 

—4 

"̂h 
pwp 

u (measured) 
FIG. 6—Diagrammatic representation of variation of pore pressure in a top-drained triaxial 

test specimen. 

Data Presentation 

The system reduces the data into SI units. Optionally, the system can tabulate or plot 
saved data. The list of parameters available for data presentation are as follows: 

• pressure and volume change from each controller, 
• time, 
• percent axial strain, 
• axial stress, 
• radial stress, 
• effective axial stress, 
• effective radial stress, 
• deviator stress (Cambridge q), 
• stress ratio, 
• mean stress {MIT p), 
• mean effective stress (MITp')-
• average radial strain, 
• average diameter change, 
• pore water pressure, 
• volume change, 
• change in length, 
• square root of time, 
• logio (time), 
• logio (effective axial stress), 
• maximum shear stress (MIT q), 
• maximum shear strain, 
• spherical pressure (Cambridge/?), and 
• effective spherical pressure (Cambridge />'). 

Any one parameter can be plotted against any other. Scaling can be automatic or overridden 
to allow families of curves to be plotted within the same set of axes or to enlarge particular 
features. Data can also be smoothed using a cosine weighted moving average. 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



MENZIES ON A COMPUTER CONTROLLED TRIAXIAL TESTING SYSTEM 91 

System Performance 

For an assessment of the performance of the system, reference can be made to Coatsworth 
and Hobbs [2] who carried out advanced tests to provide design parameters for a variety 
of construction projects. Their tests are summarized below. 

Stress Path Testing 

In situ ground deformation parameters were required for predicting the movement of a 
proposed immersed tube tunnel river crossing in Wales. Stress path tests were carried out 
on selected piston samples of glacial lake clays from beneath the proposed tunnel. As shown 
in Fig. 7, each test specimen was consolidated under a small all-round stress (point A in 
Fig. 7) to give it some stability. The specimen was then Ko consolidated to the maximum 
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FIG. 7—Stress path test on glacial clay (from Coatsworth and Hobbs [2]). 
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previous consolidation pressure (stage A-B in Fig. 7). The final stage in the reimposition 
of the in situ stresses was to impose a drained stress path while allowing swelling to occur 
(stage B-C). The specimen was then subjected to undrained unloading to simulate excavation 
(stage C-D). Drainage was then allowed to occur at constant total stresses (stage D-E). 
The increments in vertical stress corresponding to tunnel construction were applied in a 
number of undrained stages, usually three (E-F, G-H, I-J), each undrained stage being 
followed by a drainage interval (F-G, H-I, J-K) during which the total stresses were main
tained constant. 

These tests provided deformation moduh significantly different from those obtained from 
conventional oedometer tests, even allowing for Skempton and Bjerrum's [7] correction, a 
general conclusion also reached by Simons and Som [8] who tested London clay. 

Cyclic Loading Tests 

A series of tests were performed to model the behavior of normally consolidated sand 
below the center of a foundation subjected to repeated loading. The breadth of the foun
dation was large compared to the depth of sand, and so conditions of zero lateral strain 
were assumed. As shown in Fig. 8, the loading sequence to model conditions below the 
foundation were simpUfied into three stages, zero lateral strain conditions being maintained 
for both loading and unloading paths, as follows: 

• initial consohdation of the sand under effective vertical overburden pressure, 
• application of the dead load of the structure and application and removal of the proof 

load, and 
• repeated application and removal of the live load during operational life of the structure. 

The tests were carried out on samples of gravelly medium and coarse sand from Monkey 
Island, Bray, Berkshire, England. For clarity, the results given in Fig. 8 are for selected 
cycle numbers only. The control algorithm was written by the authors. 
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FIG. 8—Cyclic loading test on dense sand (from Coatsworth and Hobbs [2]). 
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Extension Tests 

A series of consolidated-undrained extension tests were carried out on overconsolidated 
silty clay to investigate the stability of the base of a deep excavation in the Middle East. 
The results of 1 set of tests on a stiff to very stiff silty clay overconsoUdated by desiccation 
are given in Fig. 9 in which the strain contours show the mobihzation of strength. In all, 24 
tests were completed in 48 days with just 1 cell. 

System Features 

Some major features of the system are summarized below: 

Cell 

• Specifically designed to facilitate stress path testing 
• Ram friction negUgible and corrected for by computer anyway 
• Plane top cap reduces bedding and alignment errors 

Digital Controllers 

• Pressure measured to 0.2 kPa, pressure controlled to 0.5 kPa 
• Volume change measured and controlled to 1 mm' 
• On-board inteUigence enables ramping of pressure and volume change 

Software 

• Repeatability of tests 
• Automatic data recording, data reduction, and data presentation to standard format 
• Advanced tests can be carried out as routinely as conventional tests 

p'kPa 
200 300 500 

Strain 
contours 

-300 L 

FIG. 9—Undrained extension tests on overconsolidated silty clay (from Coatsworth and 
Hobbs [2]). 
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Changing the triaxial cell for a hydrauHc consoUdation cell of the Rowe and Barden type 
[9] and changing the software package converts the system into a computer controlled 
consolidation testing system. The test menu includes classic step loading, constant rate of 
deformation, constant rate of loading, controlled hydraulic gradient, and permeability by 
constant rate of flow. 

Because it is software based, the system repertoire may readily be updated to incorporate 
new techniques (for example, strain path testing) without changes in hardware. At the time 
of writing, over 50 systems are currently in use worldwide with the users providing an 
invaluable data bank of experience and suggestions. This feedback is reflected in periodic 
releases of software enhancements. 
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ABSTRACT: This paper describes a recently developed automated triaxial testing system. 
Loading is controlled by a closed-loop feedback scheme capable of performing stress- or strain-
controlled tests in the standard triaxial environment. The system has two control channels 
allowing separate control of both the axial load and the chamber pressure. 

Software written especially for this system cart control back pressure saturation, consoh-
dation, shear loading, cyclic loading, and a number of special loading programs. Each software 
package is well documented with complete notes for interactive dialogue with the computer. 

The data retrieving and plotting software is capable of processing data and converting it to 
20 variables commonly used in geotechnical engineering. These variables can be plotted with 
different combinations for display and detailed study. Typical test results for a fine sand are 
included to demonstrate the abilities of the system. 

The system is well suited for research purposes, however it can also be used effectively in 
geotechnical material testing in consulting laboratories. The computer-based testing system is 
simple in operation, rapid in sampUng, accurate in performance, and reasonable in cost. 

KEY WORDS: data acquisition, microcomputer Control, sand, triaxial testing system 

Nomenclature 

The following symbols are used in the figutes: 

Q deviator stress = CT, — CT, 
P mean normal stress = y3(a] + la^) 

P' effective mean normal stfeSs = '/a ( a / + 2ai) 
EPSILON Q (EQ) shear strain = %(e, - €3) 
EPSILON V (cv) volumetric strain = €1 -I- Zcj 

D, relative density 
CTso' initial consolidation pressure 

Introduction 

The triaxial testing apparatus is the most widely used testing device in geotechnical lab
oratories; it is used to study soil responses under both static and dynamic loadings. The 
device, practical in design and versatile in control, is capable of performing tests of controlled 
stress or strain rate of loading, or different types of prescribed Stress paths under both 
drained and undrained conditions. The system described here is a modification and extension 

' Associate development engineer and professor, respectively, Department of Civil Engineering, 
University of California, Davis, CA 95616. 

^ Research engineer, Department of Civil Engineering, University of California, Berkeley, CA 94720. 
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9 6 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

of the CKC cyclic triaxial testing system initially designed for studying the Hquefaction 
potential and seismic mobility of soils. In the automated triaxial testing system, the computer-
programmed electronic signal for frequency and magnitude of loading is applied to an 
electropneumatic transducer which then controls pneumatic amplifiers for the application 
of loads. All modes of loading are controlled by closed-loop feedback schemes. The system 
is designed for performing both static and dynamic testing. Two control channels allow 
independent and synchronized adjustment of axial load and chamber pressure. The system 
is best used for precision measurements of stress-strain relationships, for constitutive model 
calibration, for pore pressure development under cyclic loading, and for measurement of 
the response to various stress paths. 

IViaxial System 

A photograph and a schematic diagram of the automated system are shown in Figs. 1 and 
2, respectively. The system includes a loading frame, a triaxial cell, a load piston, a volume-
measuring device with three pressure transducers, a dual channel pneumatic loading unit, 
a signal-conditioning unit, a process interface unit, a TRS-80 Model IV microcomputer, and 
a dot-matrix printer. Brief descriptions of the various elements are given below. 

Controller 

The system uses two feedback control loops: one for the axial actuator and the other for 
the lateral actuator. Under software control, the two loops can work individually or syn
chronously. As an example. Fig. 3 shows the block diagram of the axial feedback loop. It 
has five major parts: computer, process interface, pneumatic loader, test apparatus with 

FIG. 1—The automated triaxial testing system. 
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Tnt Atrpmlu 

FIG. 2—Schematic diagram of the automated triaxial testing system. 

soil specimen, and sensors. The computer plays the role of loop control by means of software 
so that the loop behavior can be easily modified by changes in the program. From Fig. 3 it 
can be seen that four control parameters are needed to specify the operation of the loop. 
First, the loop switch turns on or off the feedback path. Second, the loop selector selects 
the mode of control (either load or displacement). Third, the reference specifies the expected 
value of the selected mode, and fourth, the optimizer adjusts the dynamic range of the 
analog-to-digital (A-D) converter and correspondingly the coefficients of the discrete pro
portional-integral-differential (PID) controller. Proper selection of parameters for each con-

Loop 
switch 

Load 

Displacement 

FIG. 3—Block diagram of the loading system. 
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trol loop in testing provides considerable flexibility. For instance, an initially stress-controlled 
shear loading test can be easily converted to a strain-controlled test at a later stage. 

Loading System Components 

A dual channel electropneumatic (e/p) system is used to convert the command electronic 
signal to pneumatic pressure, which in turn applies the axial load {PA) and the lateral pressure 
(Pc). The entire system is shown schematically in Fig. 4. The e/p transducer essentially 
balances the force on the torque bar caused by the pressure at the end of a nozzle against 
the electronically controlled moving coil. The backup pressure is then amplified by pneumatic 
relay and volume booster in order to perform the work. The test gauge is used to monitor 
pressures being generated (that is, cyclic and lateral pressure) or controlled by regulators 
(that is, steady and back pressure). Clean dry compressed air is required to keep the system 
trouble-free. A more complete description on the electropneumatic system is given in 
Refi. 

The load frame is a two-post frame with adjustable cross bar and a flat plate base. Double-
acting (push/pull) actuators of various sizes are used with the loader and are made with low 
friction seals. The lower chamber of 155-cm^ (24 in.̂ ) actuator is filled with oil so that strain-
controlled testing on strain-softening specimen can be performed. A double swivel coupler 
is used to allow for minor misalignment between the guided loading rod and the guided 
triaxial rod. The hold down clamps for the triaxial cell are threaded on to the base plate. 

Triaxial Cell and Volume Change Device 

The triaxial cell is equipped to test 35.5 and 71-mm (1.4 and 2.8 in.) diameter specimens 
up to a chamber pressure of 689 or 1378 kPa (100 or 200 psi) for acrylic and aluminum 
chambers, respectively. The cell is built with the latest low friction piston rod seal [2] (air 
and diffusion control), three external tie rods, and straight-through tube fitting on the pore 
fluid lines to the specimen cap and base. 

The volume change device uses three different size tubes with a valve manifold to select 
the range required for the particular test condition calculated in the software. The height 
of the water column under back pressure is measured by a sensitive differential pressure 
transducer. 

Transducer and Signal Conditioner 

A total of five sensors are used in the system: the 13.3-kN (3000-lb) load cell is sized to 
the largest loading piston for the anticipated static load test. The shape of the load cell is 
selected so that the mounting of the Unear variable differential transformer (LVDT) can be 
as close to the center of the specimen as possible to give rehable low strain readings. To 
measure the vertical displacement a ±38-mm (±1.5-in.) LVDT with its small case size is 
selected to minimize the inertia loading on the sample arid allow mounting close to the 
center of the specimen. Three pressure transducers are used to detect the chamber pressure, 
the effective pressure, and the volume change; the differential pressure transducer is a wet-
to-wet type. 

The signal-conditioning unit accommodates five channels for five sensors: the load cell, 
the three pressure transducers, and the LVDT. The output signals of these sensors are 
conditioned and then received by the process interface unit. 
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FIG. 4—Schematic diagram of the loading system. 

Interface Unit 

The process interface forms the communication hnk between the computer and the loading/ 
sensor system. It is a compact and powerful unit which can be used to interface with many 
different types of laboratory loading and measuring systems for material testing. The unit 
consists of a 16-channel, 12-bit, high speed A-D converter, 8 channels of 12-bit, high speed 
digital-to-analog (D-A) converters, and a 24-line digital input/output port. The D-A con
verter channels can also be configured as gain controllers to suit specific purposes of a 
designed system. 

For the automated triaxial testing system, seven channels of the A-D converters are 
employed. Five channels are used to monitor the signals from the five sensors equipped 
with the system, one is used to sense the state of the drainage valve, and another one is 
grounded as a zero reference to minimize the zero shift of the system. The digital input/ 
output port is not used in this system. 

Computer and Printer 

The Tandy TRS-80 Model IV microcomputer with two disk drives controls the whole 
system. It receives and stores the real-time data in its memory and issues control signals to 
regulate the test. The keyboard and display screen provide an effective and convenient 
means of communication between the operator and the testing system. The computer also 
performs other functions such as data reduction and data processing. 

The Epson FX-80 printer is used to record the output from the system. It prints out hard 
copies of test results in tabular or graphic form. 
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Software 

The software written for this system includes the following packages: 

Back pressure saturation {B value check) 
Consolidation (isotropic, anisotropic, and K„—confined state) 
Shear loading (stress, strain, and stress/strain control; drained and undrained) 
Shear stress path loading 
Cyclic loading (up to 1 Hz, stress or strain programmed) 
A number of special loading programs 
Data retrieving and plotting 

The software integrates three function blocks: CALIB, TEST, and PLOT. The CALIB 
program is used for input of the cahbration coefficients of the five sensors. Any change of 
the sensitivities detected by periodic calibration check can be fed into the computer through 
CALIB. The TEST program is the major building block of the package and performs all 
the real-time tasks specified by the user. It has three subdivisions. The first one is in charge 
of test managing, system optimization, and loading control. The second one takes care of 
data acquisition and generates disk files of the test data. The third one performs the tasks 
of data display featuring a digitized multichannel load/pressure gauge monitoring system 
and an on-line high resolution graphics display of up to four different plots of the test results. 
The PLOT program as a postprocessor loads test data from disk data files, converts them 
to 20 quantities commonly used in geotechnical engineering, and plots curves of any two 
parameters selected by the user. Both log scale and linear scale are available for plotting 
with the options of either automatic scale adjustment or user-specified scale. Curves are 
displayed on the computer's high resolution screen and can be printed out on a dot-matrix 

FIG. 5—Real-time screen display of test results. 
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printer. Additional features include a variable time-constant digital filter for data smoothing 
and a zooming option for greater detail of a specified portion of a curve. 

The software is written in menu-driven mode and is user friendly. All operation steps 
involved in tests are displayed on the screen; a photograph of a typical real-time screen 
display of the data is shown in Fig. 5. Most of the interactions between the system and the 
operator are printed in a report-ready hard copy for documentation. The software is also 
modularly set up with a few spare slots to easily integrate any customized testing programs. 

Typical Test Results 

The automated triaxial testing system has been used in laboratory research for the past 
3 years. Recently, an extensive testing program on the Leighton Buzzard 120/200 sand was 
carried out using this system. The Leighton Buzzard sand is a relatively uniform fine sand 
of subangular particles, the physical properties of which are tabulated in Table 1. The 
maximum and minimum void ratios are 1.03 and 0.65, respectively. Specimens of different 
densities were prepared by dry pluviation and were saturated using the high vacuum evac
uation chamber. The B values of all the specimens tested were greater than 0.98. The 
cylindrical specimens were 63.5 mm (2.5 in.) in diameter and approximately 152 mm (6 in.) 
in height. A single 0.3-mm (0.012-in.) membrane was used. Because the D50 sand particle 
size is 0.09 mm, the problem of membrane penetration, according to Frydman and co
workers [3], can be ignored in pore water pressure response measurements. 

Figures 6 through 12 show a variety of results for drained, undrained tests in compression, 
extension, or cyclic loadings. Results are plotted in the critical soil mechanics stress or strain 
spaces [4]. These plots are obtained from the plotter using the data retrieving and plotting 
software developed for this system. 

In the shear loading tests shown in Figs. 6 through 12 the total mean normal stress was 
kept constant throughout each test. Figures 6, 7, and 8 give the response of a relatively 
loose specimen (D, = 40%) under stress-controlled monotonic loading condition. Depending 
on the drainage conditions, either the pore pressure (Fig. 6\L - P - P' measured between 
the total stress path of P = constant and the effective stress path) or the volume change 
(Fig. 7) readings were measured. The results clearly indicate that before reaching the phase 
transformation line, shearing of a specimen can cause decrease in volume (Fig. 7) or a 
corresponding increase in pore pressure (Fig. 6). However, as the specimen approaches 
failure, further loading will cause increase in volume and a corresponding decrease in pore 
pressure. Figure 8 depicts the response of an identical specimen in drained monotonic 
extension test. Comparing results in Figs. 7 and 8 it can be seen that the specimen failed at 
a lower load in extension than in compression, and consequently the failure envelopes in 
compression and in extension are different. Furthermore, no reversal of volume change 
during shearing is noticed in extension. 

TABLE 1—Physical properties Leighton Buzzard 120/220 sand.' 

D50 = 0.09 mm 
C„ = L29 
specific gravity = 2.65 
e^ = 1.03 
e„̂ n = 0.65 
Unified Soil Classification: SM 

" C„ = uniformity coefficient; D50 = diameter at which 50% of the soil is finer; e„ax = void ratio 
of soil in loosest condition; e^„ = void ratio of soil in densest condition. 
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Figures 9 and 10 are strain-controlled undrained test results under monotonic loadings. 
Figure 9 shows the response of a dense specimen (D, = 80%). A very rapid rise in shear 
resistance is shown at the beginning followed by a large buildup of pore pressure, thus a 
reduction in effective confinement. However, as it reaches the phase transformation state, 
the pore pressure decreases with further deformation causing an increase in shear resistance. 
Figure 10 shows the results of a very loose and unstable specimen {D, = 5%). Such infor
mation is best obtained by strain-controlled testing. The shear stress-shear strain curve 
shows the peak shear resistance and the sudden drop of resistance (softening) as the unstable 
assembly of particles collapsed. The effective stress path in the P'-Q space indicates a 
continuous decrease in shear resistance as a result of pore pressure buildup (or a reduction 
in effective confinement) in the specimen. At zero confinement, a small amount of shear 
resistance (approximately 7.5 kPa) is maintained. It is worthy to note that the peak shear 
resistance for this specimen is associated with a small shear strain (less than 0.5%). It would 
be difficult to record the response accurately if no feedback control and electronic data 
acquisition systems were used. 
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Figures 11 and 12 are examples of cyclic shear loading test results (p = constant). Pre
liminary investigation on pore pressure measurements indicates that a frequency of loading 
of one cycle per minute or slower is needed to ensure equalized pore pressure readings; 
therefore, all cyclic loading tests were performed at a loading rate of one cycle per minute. 
Figure 11 is the result of a stress-controlled test on a loose specimen. The effective stress 
paths and the shear stress-shear strain loops are presented. Large shear strains are associated 
with stress paths approaching the phase transformation line under very small effective con
finement. The shear strain buildup is slow and gradual before that. Figure 12 shows the 
results of an identical specimen tested under strain-controlled cyclic shear loading. The 
reduction in shear resistance with increasing loading cycles is evident. 

The examples illustrated above are typical results of commonly prescribed tests for triaxial 
testing. Other less traditional tests, such as the constant stress ratio (Q/P') path test or more 
complex stress path tests can also be performed using the automated system. 

Conclusion 

This paper describes a new development in triaxial testing of geotechnical materials. The 
adoption of microprocessor-controlled loading conditions and the use of electronic instru
mentation for data acquisition and processing using specially written software programs have 
elevated the practice of laboratory testing in geotechnical engineering to a new environment. 
This is particularly significant because more detailed stress-strain relations and sophisticated 
stress paths are required in the development of constitutive models for soils. Because the 
system is simple in operation and the cost is affordable (approximately $25 000), the geo
technical material testing laboratories can also benefit from the new system. 

The software package is capable of handling almost all the routine work involved in 
triaxial testing (that is, loading, data recording, data processing, plotting, and graphing). It 
thus has changed the nature of the labor-intensive geotechnical laboratory work to a high-
tech type operation. Indeed, the authors envision that microcomputers can be used to benefit 
all aspects of the geotechnical profession; however, its major impact lies in the development 
of portable and versatile systems suitable for laboratory and field use. 
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ABSTRACT: The structure and design of a generic, device-independent, set of software data 
acquisition and control routines for long-term rock mechanics monitoring are described. The 
routines are designed for an Intel 8086/8088-microprocessor-based microcomputer running 
under the MS-DOS'* (Microsoft Disk Operating System). It is assumed that the rock will 
undergo long-term, slow deformation rather than rapid elastic rupture, and the routines are 
designed primarily for low strain rate and creep/consolidation testing. 

The main features of the package include instrumental drift compensation, inputs from 
multiple interfaces, on-hne configuration changes, complex control functions based on multiple 
sensor values, automatic ehmination of erratic sensors, background acquisition and control, 
and on-line real-time graphics. 

KEY WORDS: data acquisition and control, microcomputer, software, rock mechanics testing, 
creep, consolidation 

All data acquisition and control (DA&C) systems consist of two distinct, strongly inter
dependent parts: hardware (microprocessors, sensors, amplifiers, counters, and so forth) 
and software (protocols, instructions, and so forth). Although good software can compensate 
for many hardware deficiencies, excellent hardware can be crippled by inadequate software. 

In very general terms, the prime design requirement for testing soft rocks at low strain 
rates is long-term reliability rather than raw acquisition speed. A second important consid
eration is economy. Many of the elements used to build a system (transducers, signal 
conditioners, dumb loggers, and so forth) may be available from previous projects; important 
cost savings can be made by making full use of pre-existing resources. 

The Geological Engineering Laboratories of the University of Saskatchewan (GELUS) 
have cooperated with the Saskatchewan Research Council (SRC) to develop and test various 
microcomputer-based DA&C systems for triaxial testing of soft yielding rocks. 

A basic DA&C system comprises six stages: signal acquisition, signal conditioning, analog-
to-digital (A-D) conversion, signal transmission, signal processing, and data storage. Much 
of the detailed design work is device or system specific and as such is not of general interest. 
An attempt has been made to discuss the problems in generic terms and to avoid detailed 
descriptions of the idiosyncracies of specific instrumentation. One exception to this rule is 
the discussion of microcomputers. Discussion assumes that an IBM-PC or compatible mi-

' Professor of Geological Engineering, University of Saskatchewan, Saskatoon, Saskatchewan, Can
ada S7N OWO. 
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crocomputer, running under MS-DOS, is used to operate the various DA&C devices 
[1-5]. 

Objectives 

The primary objective of the ongoing study is to develop a largely device-independent 
collection of DA&C software to log and control a wide variety of experimental laboratory 
tests on soft rocks. The adjective "soft" implies that the system must record large strains 
and long-term, time-dependent, creep/consolidation response for weak yielding materials. 
A somewhat different approach is needed for collecting data and controlling tests on elastic 
rocks in which very rapid strain-softening behavior is anticipated. 

There are some major advantages in developing flexible device-independent software. It 
is extremely cost-effective to train research students and technicians to use a single software 
package which readily interfaces with all sensors and instruments in the laboratory and can 
be used for every experiment. Device-independence means that the laboratory is not tied 
to a single equipment supplier and that independent comparisons can be made of hardware 
combinations. 

A second reason for developing custom software is that much vendor-provided software 
imposes limits on hardware performance and does not support all hardware configurations. 
That is, flexibility is lost when such software is used. This may not matter for many routine 
applications but in research laboratories flexibility is essential. 

A number of independent software vendors have attempted to provide generic DA&C 
packages to perform simple logging and control. The usual difficulty with such packages is 
their relatively limited flexibility in experimental control. Control algorithms must be very 
simple, and for many rock mechanics tests this is not the case (especially if the control 
variables are effective stresses). A further difficulty can arise with such packages if it is 
necessary to use data from several different logging and control devices in the same exper
iment. 

Despite these Kmitations, custom software is a last resort if and only if neither the vendor-
suppUed software nor a generic package will perform the necessary acquisition and control 
tasks. If such packages fully meet the laboratory need it is foolish (and very expensive) to 
write custom software. 

Rock Mechanics Testing Equipment 

Three rock mechanics test rigs have been instrumented to various degrees for automatic 
data acquisition and/or control. In all cases the axial and confining pressures are applied 
through independent gas-pressurized, hydraulic-oil systems. Although the three test rigs 
vary in their operational pressure ranges, specimen-size capability, and the degree of control 
and monitoring currently possible, from a DA&C viewpoint they are conceptually very 
similar and all can be (and have been) controlled by the same generic software. 

The SRC large specimen triaxial test facility [6] comprises ten large pressure cells capable 
of testing specimens with diameters up to 200 mm and lengths up to 400 mm. Axial pressures 
of up to 70 MPa can be appUed through hydraulic pistons, and confining cell pressures of 
up to 50 MPa can be attained. Pressures may be controlled by air-actuated solenoid valves 
which switch to a series of pressure accumulators and bleed lines. Axial and radial strain 
measurements can be made, and rudimentary room temperature control (heat but no re
frigeration) is possible. The practical limit of axial strain measurement is in excess of 25%. 

The GELUS laboratories have a single large sample triaxial test rig which can test spec
imens of up to 100 mm in diameter with lengths of up to 200 mm. Axial and confining 
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stresses up to 70 MPa are possible with a maximum practical axial strain of 10%. Axial and 
confining pressures may be controlled by manual air regulators. Pore pressures and volume 
change measurements are possible, but temperature control is not available for this cell at 
the present time. 

The small triaxial test rigs [7] will test specimens with diameters up to 50 mm and lengths 
of up to 100 mm. The rigs are housed in a controUed-temperature room which can be 
maintained at temperatures between +40 and -40°C with a precision of less than 0.1 °C. 
Axial, confining, and pore pressures may be controlled by nitrogen regulators or by solenoid 
valves through independent pressure accumulators. Pore pressure can be measured auto
matically, but volume change measurement has yet to be automated. 

Figure 1 shows a composite system illustrating all logging and control possibilities in the 
three test rigs combined. Software development has proceeded under the assumption that 
all test rigs may eventually be equipped with all control and logging sensors shown in 
Fig. 1. 

Data Acquisition and Control Hardware 

The GELUS system uses the Tecmar Labmaster TM40-PGL card which has analog and 
digital input/output (I/O) analog-to-digital (A-D) conversion, and five independent timers. 
The card plugs directly into the microcomputer bus and is attached to an external analog-
to-digital converter (ADC) module which receives the signal cables. 

The SRC laboratory uses a DAS-Keithley Series 500 system, a modular DA&C system 
which has analog input and conditioning, digital I/O, and A-D conversion capability on 
separate modular cards linked through a proprietary bus to the PC bus. 

Both systems can be memory-mapped so that instructions to the DA&C system are sent 
to user-selectable specific addresses in the PC. The Tecmar card can also be I/O mapped 
through user-selectable port addresses. Although the systems provide enormous flexibihty 
in configuration options, in both cases the software provided by the vendors does not fully 
support this, flexibihty. 

computer 
logging 
lines 

supply line pressure 
drain line pressure 
cell pressure 
pore pressure 
cell temperature 
room temperature 
diametral strain 
axial strain 

V axial piston pressure 

i logging sensors 

D control switches 

computer 
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heater on/off 
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pore pressure in 
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FIG. 1—Composite schematic of logging sensors and control switches for experimental 
control. 
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Signal Acquisition—A wide variety of sensors are used in the SRC and GELUS labora
tories with analog signal output ranges from 10 V to as little as 30 mV. Sensor precisions 
are between 1 and 0.25% of full range. Excitation voltages are supplied using stabilized 10 
or 15-V variable power supplies. All "floating" differential signals are provided with a resistor 
to ground to prevent absolute voltages drifting outside the range of the ADC. 

Signal Conditioning—Signals in both GELUS and SRC laboratories are routinely acquired 
through a low-pass filter prior to ampHfication to remove "mains noise" [2,5,8]. Additional 
filters are implemented, either in hardware or software, to prevent the aliasing of low 
frequencies due to high-frequency noise. Both commercial and "in-house" signal-condition
ing units are used. Some signals are preamphfied, but all signals pass through a second-stage, 
multiplexed, software-controlled, variable-gain amplifier immediately prior to A-D con
version. Very low-level signals (less than 100 mV full scale), such as strain gauges and some 
pressure transducers, are conditioned by bridge amplifiers. 

Analog-to-Digital Conversion—Both systems have 12-bit A-D conversion capability and 
will accept signals with input ranges as low as + 20 mV and have a maximum input range 
of +10 V. Both systems seem to lose about one to two significant bits because of problems 
with linearity and hysteresis (especially at very high amplifier gains) although the problem 
may lie in the "in-house" part of the signal-conditioning system. Such losses are not un
expected and do not cause any real concern. 

Very few rock mechanics applications require precision better than 0.5% (of full-scale) 
which can be achieved readily with any 12-bit system. The same precision can be obtained 
with an 8-bit system by using a computer-controlled analog output signal as a variable dc 
offset. This technique of changing the range in which a sensor is read is useful in long-term 
strain measurements in which a precise time derivative rather than accurate absolute strain 
value can become important. Problems can arise with this procedure if the offset voltage 
and the signal to which it is applied are not closely grounded. The offset voltage must also 
be very stable. Some analog output signals may not be satisfactory in terms of long-term 
stability. 

RS-232C Serial Transmission—In addition to the ADC I/O card, both SRC and GELUS 
DA&C systems use RS-232C serial loggers and instruments to acquire data. These devices 
have to be interrogated using device-specific codes and sometimes even require different 
cables. 

The RS-232C interface is a bit-serial interface which has been used widely for direct digital 
output from many instruments including data loggers. Because such devices (especially data 
loggers) often provide excellent analog signal conditioning, multichannel simultaneous sam
ple and hold capabihties, and A-D conversion, it is often very cost-effective to incorporate 
them into a DA&C system. 

Many microcomputers are provided with RS-232C communications ports as standard, so 
a complete RS-232C network can be configured from existing equipment without any capital 
outlay if loggers and microcomputers are available from previous projects. 

RS-232C interfaces have some major limitations and disadvantages to weigh against their 
widespread availability [i]. There is no real RS-232C standard so cabling and communications 
protocols may be different for each individual device. The ability to verify transmitted data 
is limited, and in many cases no checking is possible. Because data are transmitted bit by 
bit, transmission is slow. Despite these problems, RS-232C transmission has a very important 
advantage in that information can be transmitted over long distances using inexpensive 
cables or telephone lines. 
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For rock mechanics applications, transmission of digital data from several remote, mul
tichannel loggers to a distant central microcomputer may make an excellent DA&C system. 
Such an option is particularly attractive if existing data loggers and aging microcomputers 
can be used as the remote devices and incorporated into a laboratory-wide system reducing 
the rate at which equipment must be discarded. 

GPIB (IEEE-488, HPIB) Transmission—The general purpose interface bus (GPIB) is a 
byte-serial, bit-parallel interface with a bus structure which has become widely available as 
a digital interface for many data loggers and instruments since its introduction in 1978. It 
has four very important advantages as a communications interface [7]. It is very resistant 
to electromagnetic noise, allows true simultaneous data acquisition and control, is fast 
(throughputs > 75 kHz for 12-bit data), and is a true standard (all GPIB cables are pin 
compatible and bus signal protocol is standardized). 

The interface has the disadvantage that cables can be no longer than 20 m unless expensive 
line-drivers are used, and thus, in common with ADC I/O cards which plug into the micro
computer bus, it requires the computer to be close to the sensors. 

For many rock mechanics applications, the real advantages of the GPIB cannot be ex
ploited because problems with speed, true concurrent readings, and noise-free transmission 
are not usually serious Umitations. One major advantage of the GPIB is the large amount 
of tried and tested hardware and software already available. 

Although no GPIB-interfaced equipment is used in the GELUS and SRC laboratories at 
present and none of the laboratory computers have GPIB ports, the generic software package 
is being developed to support this interface. Many generic software packages support GPIB 
I/O in a variety of high level languages. 

Control Aspects—Control systems, as opposed to simple logging systems, can make de
cisions based on the incoming data and act on those decisions. The action may often be 
simply to change the sampUng frequency for some sensors or to save or discard a particular 
set of logged data. More sophisticated decisions may involve abandoning sensors that give 
erratic data or signaling an alarm condition. Such actions may involve output from an RS-
232C port or GPIB port or just setting a single logic voltage high or low to trigger a switch. 

Both the Tecmar and DAS-Keithley ADC I/O cards have digital I/O (and even analog 
output) capability. Digital I/O capability is important so the computer can set and read 
logical signals (switches). These I/O signals can be used to trigger or read the status of 
hardware switches. 

In the control system logic for long-term testing it is important that the computer has a 
preprogrammed reaction for every possible condition. Because it is difficult to think of every 
possible combination of events, the equivalent is achieved in practice by having a default 
action if none of the preprogrammed conditions occur. The GELUS software reUnquishes 
all control but continues to log all channels if an unforeseen control condition occurs. As 
experience is gained, more conditions will be preprogrammed and fewer default conditions 
will occur. 

Signal Processing—Software must be able to read and store data in random access memory 
(RAM) as fast as it can be presented to the microcomputer interface by the ADC. 

By writing many frequently used low-level routines in assembler, there is considerable 
scope for data processing during acquisition because neither the central processing unit 
(CPU) nor the data bus are "busy." This is a possibility only for low-frequency acquisition 
and control and requires careful programming to avoid wasting processor time. Reasonably 
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efficient software can exercise very complex and reliable control at frequencies of around 
IHz. 

Real-time graphics are possible for pressure, stress, strain, displacement, and similar low-
frequency data. As data acquisition frequencies increase, the scope for such options is 
diminished. 

Data Storage—The speed of the system is determined by the maximum rate at which all 
the necessary data channels can be read and, where appropriate, stored; and all the control 
triggers can be tested and, where appropriate, action taken. It is a combination of hardware 
and software performance. 

For an on-board A-D interface on an 8086/8088-based PC the frequency with which a 
single channel can be read is typically 20 kHz for 12-bit data so that information is provided 
at the rate of (20 x 12 =) 240 Kbaud (Kbits/s). 

For an RS-232C serial logger with on-board 12-bit A-D conversion, data transmission 
will involve at least 5 ASCII (American Standard Code for Information Interchange) bytes 
per channel (40 bits assuming no channel identification codes are sent and minimal message 
checking). Thus assuming a data transmission rate of 9.6 Kbaud, the corresponding acqui
sition frequency is less than (9.6/(5 x 8) = ) 0.24 kHz. For long distance transmission a 
more realistic baud rate is 1.2 Kbaud, and data acquisition throughput is reduced to 30 Hz 
or less. 

A GPIB can send or acquire data by direct memory access (DMA) at rates in excess of 
2 Mbaud corresponding to a sampling rate of (2000/(2 x 8) =) 125 kHz for binary data or 
about (2000/(5 x 8) = ) 50 kHz for ASCII transmission. These transmission rates assume 
that they are supported by the logger signal conditioning and A-D conversion hardware. 
A realistic expectation for throughput is 30 kHz. 

An ADC I/O bus card and a GPIB-interfaced logger have comparable acquisition ca
pabilities of between 20 and 30 kHz, whereas ASCII RS-232C serial devices at 1.2 Kbaud 
are limited to less than 30 Hz. 

Maximum data sampling rates were estimated for acquiring data in random access memory 
(RAM), not onto disk. The longest continuous sampling period is limited by the size of the 
computer RAM which is typically between 512 and 640 KB. 

Maximum disk transfer rates to save data are 300 Kbaud for floppies and 5 Mbaud for 
hard disks although typical transfer rates are somewhat less than these maxima. Where 
speed is important, data must be buffered in RAM because every disk start/write operation 
has an overhead (300 ms for floppy disk; 15 to 100 ms for hard disk). 

These hardware considerations are by no means insignificant when estimating the overall 
performance of a DA&C system, particularly for GPIB and ADC I/O data bus cards (where 
the potential acquisition rates are comparable with hard disk transfer rates). For bus systems, 
the disk transfer rate limits continuous acquisition rates to permanent disk storage. For RS-
232C serial acquisition, the disk transfer rates can be ignored because the transmission baud 
rate is the factor limiting the effective acquisition rate. 

Software Design 

The software under development h£is been tested on the IBM-PC and a number of com
patible microcomputers under various versions of MS-DOS. The software package comprises 
six modules, each containing routines with specific purposes: 

(1) system description, 
(2) data acquisition, 
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(3) signal sampling, 
(4) control functions, 
(5) data storage, and 
(6) on-line display. 

Figure 2 shows the generalized structure of the software package. There are several data 
areas and buffers which are read from and written to by various modules. In general only 
one module has write access to each data area although many routines can read the data 
from the various buffers. The disk output buffer is eventually physically written to disk by 
the operating system and forms the permanent record of the experiment. All other buffers 
are circular, operating on the first in first out (FIFO) principle. 

Background Processing—U is possible to run some low-level logging and control tasks in 
"background" on the 8086/8088 processor by using an interrupt to switch between "tasks." 
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FIG. 2—Generalized flow-chart for data acquisition and control software. 
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This "time-slicing" procedure allows the PC to switch between logging and control routines 
and the main program which either displays on-hne graphics or accepts keyboard input. The 
user clock tick interrupt which is automatically called 18.2 times per second by the ROM-
BIOS time-of-day clock can be used for this purpose [9]. The GELUS logging and control 
routines "capture" this interrupt and provide the DA&C services. 

For logging and control, the clock tick interrupt vector points to a routine including a call 
instruction which is reset by each DA&C routine on exit to point to the next step in the 
DA&C cycle. This sequencing can be disrupted if a nonmaskable interrupt (NMI) is received 
as the call instruction is changed. To avoid this, a second copy of the call instruction is 
provided for use as a check. The NMI is active in DMA and 8087 usage. 

System Description Routines—The system description routines prompt the user to describe 
the hardware in use and the experiment to be carried out. A series of interactive menu-
driven routines allow the user to provide the system with a description of loggers, controllers, 
sensors, and test procedures. 

The description of the system is a fairly complex data structure and is most readily 
programmed in a language that readily accepts such structures. For microcomputer imple
mentation the Pascal or C languages are obvious choices. 

The system description routines interrogate the user for data which are placed in the 
various data areas or buffers for reference by other routines. 

Data Acquisition Routines—Because each sensor may be attached to any I/O memory-
mapped logger channel, the data acquisition (DA) routines must be provided with this 
information by reading from the appropriate data area. Low-level routines are required to 
perform the very frequent tasks of checking the time, addressing a sensor, and acquiring a 
value or series of values ("burst"). The DA routines write bursts of data into a number of 
buffers which are read by the sampUng routines. 

The major requirement for the acquisition algorithms is that they execute very quickly. 
Such routines are generally written in assembler and are usually supplied by equipment 
vendors. Whether a device is memory mapped or I/O mapped, acquisition routines involve 
assembly of one or more data bytes which are written or sent to port or memory addresses. 
These bytes identify the channel and sometimes the amplifier gain setting, and start the A-
D conversion. Other addresses are read to check whether the data are available and then 
to recover the data. 

A generic acquisition routine has been written which can be customized for various devices 
by supplying the appropriate addresses and data bytes through the system description rou
tines. The routine will also read and write to an RS-232 serial port, an 8-bit parallel port, 
and a GPIB parallel port when supplied with the correct sequence of addresses and data 
bytes. 

Additional routines have been written for setting and reading a time-of-day clock and 
calendar and to enable interval timing using up to five counters. One timer can be used to 
generate a periodic hardware interrupt to drive the foreground/background "multitasking" 
instead of the BIOS clock tick interrupt. 

To allow continuous calibration of the variable gain amplifier, one logging channel per 
logging device may be devoted to monitoring an analog voltage of known level which can 
be varied under computer control. This allows some continuous compensation for instru
mental drift and provides a check that the analog I/O functions are operating consistently. 
Switching off the analog input voltage for this channel can be programmed to cause im
mediate suspension of all control functions (because the computer thinks the sensor has 
failed). It also (fortuitously) provides a useful "panic" button to rapidly shut down an 
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experiment without losing data because logging will continue uninterrupted. Unused analog 
input channels must be shorted to ground and may be read by the computer through the 
variable gain amplifier to check for zero shift. 

Signal Sampling Routines—Sampling A-D channels at low frequency involves calling the 
DA routines repeatedly. Collection of a burst (an uninterrupted sequence of values) may 
be triggered by a timer, a control signal, or the time-of-day clock. A sample is defined as 
a group of bursts separated in time which are combined to give a single sample value. The 
sampling routines read from the raw data buffers and write sample values and time derivatives 
to the sample buffer. 

There are a large number of ways in which bursts can be collected and combined to give 
a sample value. The simplest is of course to collect only one burst comprising one value. 
The GELUS software collects sufficient data in a burst to provide reliable estimates of first 
and second time derivatives because these values are used to check sensor performance and 
integrity. 

Sensors attached to RS-232 devices will degrade overall throughput unless they are in
terrogated less frequently than the faster bus devices. Many RS-232 loggers are sufficiently 
intelligent to transmit time-averaged samples (not values), and these can be passed directly 
to the sample buffer. 

The number of bursts, the length of a burst, the frequency with which bursts are collected, 
and the way in which bursts are combined to arrive at sample values and derivatives can be 
determined by experiment but are ultimately hmited by the amount of time available for 
signal acquisition between samples. Low-frequency DA&C (for example, less than 0.1 Hz) 
allows a considerable amount of flexibility in this area. 

Sampling algorithms involve significant amounts of floating-point arithmetic which is 
tedious (but not impossible) in assembler. Because control in rock mechanics experiments 
does not have to be exceptionally fast, these algorithms use the 8087 math coprocessor 
through FORTRAN-77, which provides a large library of tried and tested signal processing 
routines for averaging and filtering. 

Control Function Routines—Control algorithms are used to decide on the settings of digital 
switches which open and close hydraulic and electric circuits. The control routines use the 
sampling routines (which in turn use the low-level acquisition routines) to determine the 
value of a control function. Because such functions run the experiment, the data passed 
from the sampling routines to the control routines must be as reliable as possible. The 
derivatives collected by the samphng routines are read from the sample buffer and are used 
to predict the expected next value, and control functions will only operate if the control 
request is consistent with the prediction. The verified control data are written to the control 
switch buffer and then to the appropriate port or memory addresses. 

The routines work well with yielding and creeping materials because the expected stress 
and strain versus time behavior is reasonably continuous. Control has been maintained for 
continuous periods of several months without operator intervention. 

For recording and controlling elastic failure the GELUS routines require some modifi
cation to increase the speed of execution. This is not a serious problem in the GELUS and 
SRC laboratories because the control solenoid valves on the hydraulic lines do not respond 
fast enough to follow the postfailure behavior of a hard rock. The switching hardware Umits 
control frequencies to no more than about 0.1 to 0.5 Hz. 

Control limits may be the actual value V or the first derivative dV/dt. In the case of 
gradient control, the second derivative is used to predict the next value of dV/dt. This 
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enables control of total or effective stress rates and linear or volumetric strain rates as well 
as stresses and strains. 

Several control functions can be active simultaneously, but the system description routines 
will refuse to accept experiments with mutually exclusive control functions. Constant tem
perature deformation, with no volume change at constant axial strain rate, is acceptable if 
and only if all the necessary sensors for control have been described. 

Even if the control routines have had the necessary sensors and switches described, if a 
control function cannot be calculated, perhaps due to sensor failure or when a control 
operation ceases to provide the expected response, the experiment will be abandoned. 
Abandonment involves the cessation of all control operations having ensured that all switches 
are in their preprogrammed "failsafe" condition. All logging functions continue until aborted 
by the user. 

Such problems are inevitable so the experiment description routine allows the user to 
specify what to do if any of the control functions are lost. That is, some control functions 
can be identified as critical and others as expendable. 

Data Storage—Data is stored temporarily in circular RAM buffers and more permanently 
on hard or floppy disk. Circular buffers are used to collect bursts of data which are processed 
to give sample values and derivatives. The sample values are copied from the sample buffer 
to the disk buffer when predetermined trigger conditions are satisfied. The disk buffer is 
physically written to disk by MS-DOS and is not flushed for every software write operation. 
This involves a slight risk in that the buffered data will be lost in a power failure. 

A-D conversion data are acquired as 12 bits but are stored in a temporary buffer as a 2-
byte integer. When written to disk with a high level language in a form suitable for post
processing, the data use up to 6 bytes of ASCII code. It is all too easy to acquire vast 
amounts of irrelevant data. 

The system description routines convert all control variables to 12-bit integers for the 
signal processing and control routines so that all "fast" operations use raw signal values. 
Conversion to engineering units can be optionally requested prior to output to disk. This 
is not recommended because time is lost in conversion and valuable disk space is wasted. 
Postprocessing programs can readily carry out such conversions and for long-term experi
ments (even without expansion) data volumes can be very large. 

In the GELUS program, the user can select the variable that controls when data are saved 
and written. Equal intervals of time, stress, strain, volume change, temperature, and so on 
can be specified. The default is time intervals of 6 minutes, but both the interval and the 
trigger variable are changed easily at any time during an experiment and are automatically 
adjusted when the program detects a problem. 

On-line Display—Data can be displayed on-line as a "strip-chart" type graph or as a 
"odometer" type counter or both. All graphics calls use "in house" Turbo Pascal routines 
which support a variety of video devices including the IBM color graphics, adapter, Hercules 
graphics card, AT&T PC 6300 adapter, and the IBM-enhanced graphics adapter. 

Up to eight channels can be displayed at one time during logging and control operation. 
The channels displayed can be changed during an experiment, or the display can be sup
pressed. For high-frequency data, on-line graphics limit the effective logging rate to about 
10 Hz when eight channels are displayed as a "strip chart." No facility is provided for hard 
copy because the display is mainly intended for testing sensor response and calibration. 
About 600 samples are displayed on the screen at any time for each channel. 
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The video display can be reduced to show a single channel and magnified to increase the 
signal amplitude. This is useful in seeking out "noisy" sensors and checking response sen
sitivity. 

The on-line graphics routines use by far the most time in the logging and control cycle. 
The GELUS software assigns internal priorities to requests for logging, control, permanent 
data storage, and on-line data display. The strategy is to abandon data display when more 
urgent tasks require processing time so that as more sensors are added, the time available 
for on-line graphics is reduced. The programs tell the user whether or not the requested 
functions are possible in the available time and suggest options. 

Postprocessing—Data are transferred to the disk buffer and eventually to disk for per
manent storage. The data are written in a simple compact form readily accepted by most 
spreadsheet programs as comma-separated values (CSV). No headers or any other nones
sential data are written, but such files can readily be expanded. Because spreadsheet pro
grams provide a powerful means of processing and displaying multichannel data, the GELUS 
DA&C package does not include any postprocessing arithmetic or graphics routines. 

Summary and Conclusions 

A generic set of data acquisition and control routines are under active development for 
long-term triaxial testing of soft yielding rocks. The routines are designed to be as device 
independent as possible so that data from many diverse sources can be collected and used 
for control. Whenever possible, existing software has been incorporated into the package 
(for example, signal processing, graphics, and postprocessing). 

Because rock mechanics triaxial data are low frequency, a large amount of real-time signal 
processing can be incorporated to enable sophisticated experimental control. Sensor readings 
can be anticipated by extrapolation techniques, and extensive performance checking can be 
carried out. 

User-selectable default instructions may be executed when the specified experiment can 
no longer be continued (due to sensor and/or specimen failure). Unpredictable sensors can 
be eliminated from control calculations, and self-test and calibration routines are available 
to check the correct functioning of signal-conditioning hardware and to compensate for drift. 

Pseudosimultaneous control may be exercised over several simple functions of stress, 
effective stress, pore pressure, axial strain, diametral strain, volumetric strain, or temper
ature, and their first time derivatives (provided such functions are not mutually exclusive). 

Control of elastic failure cannot be achieved with the GELUS or SRC laboratory control 
valve systems although the DA&C software and hardware can operate at much higher speed 
than that necessary for control of yield and creep failures. 
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ABSTRACT: A combination hydraulic-pneumatic loading system for triaxial testing of soils 
under a variety of loading modes is described. The system permits both monotonic and cyclic 
loading under stress or strain control. Anisotropic consolidation and stress path control during 
monotonic or cychc shear are important features of the system. A combination stress- and 
strain-controlled loading on the same specimen can also be carried out. Typical test results 
are presented in support of the capabilities of the loading system. 

KEY WORDS: loading system, triaxial test, strain control, stress control, stress path, cyclic 
loading 

Triaxial testing of soils under a variety of loading modes is often necessary to simulate 
field loading conditions or in fundamental studies of material response. Monotonic loading 
under strain control yields postpeak behavior necessary in analyses of progressive failure. 
Similar loading under stress-controlled conditions has been used to study time effects in clay 
deformation. Earthquake effects on soils are simulated by stress-controlled cyclic loading, 
whereas similar loading under strain control has proved useful in fundamental studies of 
volume change induced by cyclic loading and hence an understanding of pore pressure 
development if undrained conditions prevail. A combination of strain and stress control on 
the same test specimen may be needed for investigating effects of prior strain history on 
the response of contractive sands during subsequent earthquakes. Stress path control is used 
in the study of path dependence of soil behavior. 

Triaxial loading systems with front-end computer control and some servo-controlled elec-
trohydraulic loop systems are capable of simulating most of the loading patterns described 
above. But these systems are generally quite complex and expensive. This paper describes 
a simple combination hydraulic-pneumatic loading system developed over several years of 
research at the University of British Columbia. The loading system permits stress- or strain-
controlled monotonic or cyclic loading, enables switching from stress to strain control or 
vice versa part way into the test, and also enables stress path control. 

Description of the Apparatus 

A schematic diagram of the loading system is shown in Fig. 1. The axial load is applied 
to the soil specimen by a roUing diaphragm (Bellofram) double-acting, water-saturated 
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piston. When the piston is not transmitting any load, it is kept pressurized with a base 
pressure Pa in both chambers. Each side of the piston is connected to the hydrauUc strain 
control as well as the pneumatic stress control. The strain control unit consists of a saturated 
displacement plunger activated by a strain drive. The plunger feeds water at a constant rate 
to the loading piston resulting in a constant rate of axial strain loading. For axial compression 
loading, water is fed into the upper chamber of the loading piston while the lower chamber 
drains freely to a constant pressure (controlled by regulator Rj) in the small reservoir V2. 
The operations on the two chambers are reversed if extension loading is desired. When 
connected to a low compliance triaxial chamber, the strain control unit also enables a constant 
rate of radial or volumetric strain test. The technique of strain-controlled loading by moving 
water at a constant rate into a loading piston or triaxial cell was first used by Vaid in 1969 

Axial stress control is achieved by delivering a desired air pressure to the loading piston 
through reservoir Vj. Pressure can be admitted either to the top or bottom chambers of the 
piston while the other side drains freely to a constant pressure in reservoir Vj. The stress 
control unit also supplies the cell pressure P3 through the reservoir V,. Independent incre
mental changes in axial stress or cell pressure are applied respectively through pressure 
regulators Ri and M/R3. These changes can be apphed monotonically at a controlled rate 
if the regulators are motorized. Monotonic changes in axial load by regulator R, are all that 
are needed for conventional triaxial testing in which cell pressure is held constant. 

Stress Path Control 

For stress path control, increments in radial stress a,, and axial stress a„ are coupled, CT*, 
which equals cell pressure, is then the control independent pressure. By routing cell pressure 
through the stress path subunit before delivery to the loading piston at V,, the dependent 
axial stress is obtained. The stress path control consists of two pneumatic relays—a reversing 
relay (RR) and an adjustable ratio relay (ARR). The relays transform the signal pressure 
Pi into an output pressure P in the following manner 

Ratio Relay: P = RP^ (1) 

Reversing Relay: P = K - P, (2) 

in which R and K are continuously adjustable positive constants. If the reversing relay is 
used in series and ahead of the ratio relay, the output pressure obtained will be 

P = R(K- P,) (3) 

In Eqs 2 and 3, K > P} because all pressure must be positive. Constants R and K would 
be prescribed by the sample size, system features, stress state, and intended path as shown 
in the subsequent section. It will also be shown that anisotropic consolidation under constant 
effective stress ratio can be achieved by using ARR only. Both RR and ARR are required 
in series for exercising stress path control during shear loading. 

Cyclic Loading 

The cyclic loading subunit of the stress control consists of an electropneumatic transducer 
(EPT) driven by a function generator (FG). Similar techniques of cyclic loading have been 
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proposed previously [2,3]. The electropneumatic transducer converts the input voltage signal 
to a proportional pressure output, enabling choice of cyclic loading pulse shape, amplitude, 
and frequency by appropriate selection of electrical signal on the fiinction generator. The 
adjustable ratio relay amplifies the output of the electropneumatic transducer for feeding 
directly into the loading piston for conventional cyclic loading tests in which cell pressure 
is held constant. On the other hand, if cyclic stress path control is required, the output of 
the cychc loading subunit is fed as the cell pressure, and the same signal is routed through 
the stress path control subunit before delivery to the loading piston. 

For completeness, other instrumentations related to triaxial testing are also illustrated in 
Fig. 1. These include cell and pore pressure transducers Tj and Tj, axial load transducer 
LC, linear variable differential transformer LVDT, and differential pressure transducer DT 
for volume change measurements. 

Operation of the Apparatus 

There are two distinctly different stages in triaxial (or other test systems) testing^l) 
consohdation and (2) shear. Consolidation of the specimen may be required either under 
isotropic or anisotropic stresses. In certain situations consolidation under constant rate of 
strain may be of interest. Shear loading may be drained or undrained, monotonic or cyclic, 
under stress- or strain-controlled conditions. In addition, stress path control may be required 
during shear loading. 

Consolidation 

After the triaxial specimen has been set up and connected to the volume change/pore 
pressure measuring device, it is under a small hydrostatic effective stress CT„' (Point E in 
Fig. 2). This effective stress is a consequence of a small vacuum needed for confining 
reconstituted sand specimens or is due to the residual capillary tension in clay specimens. 
This stress state E is therefore the initial state from which the consolidation phase com
mences. 

Isotropic—The desired cell pressure and back pressure for stress-controlled consohdation 
are applied by regulators R; and R4, respectively. The small uplift of the loading rod due 

FIG. 2—Examples of specific and arbitrary stress paths. 
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to the cell pressure may be compensated, if needed, by incrementing the base pressure Po 
in the upper piston chamber. Motorized control on regulator R5 may be used if consolidation 
under monotonically increasing stresses is desired. 

Strain-controlled consolidation under isotropic stresses is initiated by connecting the triax-
ial cell to the strain control unit and shutting off valve Sj. A triaxial cell of low compliance 
would be needed to maintain a constant rate of volumetric strain [i]. By permitting drainage 
at one end and pore pressure measurements at the other, clay consolidation under hydrostatic 
loading may be studied [4,5]. 

Anisotropic—It can be readily shown from consideration of vertical equiUbrium of the 
specimen that 

< = (Pr - P2) J + Pjl- j ] - «o (4) 

Also 

where 

a,' = P3 - "0 (5) 

Pi = pressure in upper piston chamber 
P2 = pressure in the lower piston chamber 
A = area of piston 
As = current area of sample 
A, = area of sample loading rod 
Mo = back pressure 

From Eq 4 it is easy to determine the way in which P, or P2 must be varied in relation to 
P3 in order to follow the required consolidation stress path. To do this, it is convenient to 
write Eqs 4 and 5 in terms of stress increments and neglecting contributions arising from 
changes in sample area. Noting that the back pressure MQ is constant during this drainage 
loading, 

Aa; = (AP, - APO J + AP3 (1 - j ' ) (6) 

Aa,' = AP3 (7) 

During anisotropic consolidation, such as along path E'F' in Fig. 2, the constant stress ratio 
K, = fjjIQ^' = Aa„7ACTj'. From Eqs 6 and 7, the following expression can be developed: 

4 P , - A P , = [ ^ ( * r . - i + i ) ; AP3 = C AP3 (8) 

For compression paths (K^ > 1), C is positive and Pj is held constant. Then Eq 8 becomes 

APi = C AP3 (9) 

For extension paths {̂ ^ < 1), C is negative and Pi is held constant. Then Eq 8 becomes 

AP, = Id AP3 (10) 
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in which \C\ represents the absolute value of C. The desired coupling of P, or P2 with P, 
expressed by Eqs 9 and 10 is made possible by the stress path control unit with ratio relay 
only (see Eq 1). Clearly, \C\ equals the R constant of the relay. 

Because the initial stress state E of the sample is hydrostatic, it would first be necessary 
to bring its stress state to the desired K^ ratio prior to initiating consolidation along the K^ 
line, such as E'F'. This is most conveniently achieved by following a vertical stress path 
EE' and merely involves reduction in base pressure Pg in the lower piston chamber. Fur
thermore, Po in the upper piston chamber must be selected such that at stress state E' 

P,E' = Po= \C\P,n' = \C\ (ao' + Mo) (11) 

in which PIE' and P^^' are respectively the values of f, and P^ at E'. Once the specimen is 
at stress state E', control of P, is switched from regulator R, to the stress path control. 
Consolidation beyond E' along E'F' is now automatically achieved by monotonically in
creasing P} while P2 is held constant. 

Consolidation under extension K^ values, such as along E'T", can be carried out in a 
similar manner. For such paths, monotonic increase in P3 controls the variations in P2 through 
the stress path control, while P, is held constant. 

Stress changes for anisotropic consoUdation of clays must be applied slowly to avoid build
up of significant excess pore pressures. Pressure regulators coupled to variable speed motors 
with gear reduction are used for simulation of extremely slow loading rates. 

Monotonic Shear Loading 

Conventional Compression and Extension Tests—In these tests cell pressure is held con
stant and axial stress is monotonically increased (compression) or decreased (extension). 
This is done by increasing (compression) or decreasing (extension) Pj while P2 is held 
constant. Alternatively P2 may be varied while P, is held constant. If the sample has been 
anisotropically consolidated. Pi or Pj output from the stress path control is first switched 
to regulator R,. Incremental or monotonic stress-controlled compression or extension loading 
is then accomplished by changing P, or P2 with regulator R, while the pressure in the other 
side of the piston is held constant by R .̂ If strain-controlled loading is desired, valve S2 is 
shut off and the hydrauhc strain control unit feeds water to the upper (compression) or 
lower (extension) piston chamber while the other side drains to a constant pressure controlled 
byRj. 

Stress Path Control, Undrained—It may be shown theoretically that for saturated soils, 
only the sign and magnitude of CT„ - â  determines the effective stress path and thus de
formation response of the sample. The shape of the total stress path under undrained loading 
does not influence response, provided compression and extension modes of deformation 
are considered separately. 

This is demonstrated by the total and effective stress paths and the stress-strain curves 
illustrated in Fig. 3. Four identical samples of an undisturbed clay from the same block were 
^0 normally consolidated (in a special Ko cell [1]) to a vertical effective stress CT„' of about 
600 kPa. Specimens A and B were then brought to failure in undrained compression, A 
with â  constant and (T„ increasing, and B with CT„ constant and CT^ decreasing. Specimens C 
and D were brought to failure in undrained extension, C with a^ constant and a„ decreasing, 
and D with CT„ constant and CT;, increasing. 

It may be noted that undrained compression tests have essentially identical effective stress 
paths and stress-strain curves. Likewise, the extension tests have essentially identical ef-
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FIG. 3—Undrained response of saturated clay to different total stress paths. 

fective stress paths and stress-strain curves, although the total stress paths for each pair of 
tests are radically different. This invariance of the behavior of saturated clays to undrained 
total stress path has also been demonstrated by others [6-8]. Thus, an arbitrary control of 
total stress path under undrained loading is not necessary. The unique compression or 
extension loading behavior can be determined by conventional triaxial tests with either stress 
or strain control. 

Stress Path Control, Drained—Linear drained stress paths are used most commonly in 
both research and practice. An arbitrary stress path, if needed to be followed, can be 
approximated by a series of successive linear segments (see for example path F'G'H' in Fig. 
2). Each linear segment represents stress changes ACT/ and ACT/ (which also equal ACT„ and 
ACT* with back pressure remaining constant during drained loading). If the ratio 
ACT/ZACT '̂ = ACT„/ACT« is designated as tanS, the manner in which Pj or Pi must be varied 
in relation to P^ along a desired stress path may be written in incremental form by analogy 
to Eq 8 as 

AP, - ^P, -[^ tane - 1 + 
A. 

AP3 = C, APi (12) 
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For a given loading system and specimen size, the term Ci in square brackets is a function 
of only the direction of stress increment 6. Because AJA, is small, it can be neglected in 
calculating Q value. For all 9 values other than 90° > 0 > 45° and 270° > 9 > 225°, Q is 
negative. For these stress path directions, P2 is held constant and therefore Eq 11 becomes 

AP, = - I C l A P , (13) 

And for stress path directions 90° > 6 > 45° and 270° > 6 > 225°, Ci is positive. For these 
stress path directions Pi is held constant and therefore Eq 12 becomes 

AP2 = -|C,|AP3 (14) 

where |C]| is the absolute value of Cj. Assume AB (Fig. 2) represents the linear stress path 
increment to be appUed. If P,^, P^^, P^^, and Pj^ represent piston and cell pressures at A 
and B, respectively, Eq 12 becomes 

or 

P,3 = |Q | (D, - P33) (15) 

in which 

D. = j ^ + Ps. (16) 

is a positive quantity. It may be noted that the relationship expressed by Eq 14 is identical 
to Eq 3. Thus, choosing constants R = |Ci| and K = D^ relevant to the stress increment 
on the relays of the stress path control would enable pursuing stress path directions for 
which P2 is held constant. Relationships similar to Eqs 15 and 16 can be written for pursuing 
stress path increment directions for which P, is held constant 

P^ = I d (D, - P3J (17) 

and 

Shearing stress paths initiate from end of consohdation states, such as F' (Fig. 2). For 
the small linear segment F'G', the constants C, and D of the relays are computed using Eqs 
12 and 16 or 18 depending on the 6 value. The control of pressure in reservoir Vj is 
temporarily switched to regulator R, if stress path control was used during consolidation. 
The computed constants |Ci| and D are now selected on the relays. This enables the stress 
path control to deliver a pressure unchanged from the previous value. The control of pressure 
in V] is now switched back to the stress path control. The desired stress path segment F'G' 
may then be followed by monotonically varying P3 until the stress state at G' is reached. 
The next linear segment of stress path, for example G'H', is followed in a similar manner 
after new relay constants applicable to G'H' are selected. In this manner, the entire stress 
path can be traversed. 

Similar to anisotropic consohdation, stress increments during stress path testing of clays 
must be apphed slowly to avoid build-up of significant excess pore pressure. Once again 
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this is conveniently achieved by using motorized regulators for applying pressures at very 
slow rates. 

Cyclic Loading 

In the most common form of stress-controlled cyclic loading, the deviator stress CT„ -
(Ti, is varied symmetrically about the ambient end of consolidation value, while the cell 
pressure is held constant. At the conclusion of the consolidation phase, the control of cell 
pressure is switched from R3 to R5 (Fig. 1) and that of pressure at V, to the cyclic loading 
control. The latter is achieved by adjusting the dc offset on the function generator until the 
system dehvers the desired pressure before the switch is made. Amplitude, pulse shape, 
and frequency of cyclic load are controlled by selecting appropriate settings on the function 
generator. It is useful to have a gate mode on the function generator which allows the 
operator to start and stop the cyclic loading at the ambient deviator stress level about which 
cyclic loading is carried out. The pressure is cycled about the ambient value only on one 
side of the loading piston while the other side is kept freely draining to a constant pressure. 

Stress-controlled cyclic loading under undrained conditions has been of most interest in 
practice. The loading system, however, can also be used to apply cyclic loading under drained 
conditions at a sufficiently low frequency to avoid build-up of significant excess pore pres
sures. This requirement often restricts the use of cychc drained loading to sandy soils. 

Stress path control during cychc loading can be exercised in a manner similar to that under 
mono tonic loading, provided the cyclic path is linear. Like the monotonic undrained re
sponse, cyclic undrained response of a saturated soil is invariant to the changes in total 
stress path for identical oscillations of deviator stress. Thus undrained stress path control is 
not necessary and the conventional test in which the cell pressure is held constant is all that 
is needed. To control drained stress path during cyclic loading, the control of cell pressure 
is first switched from regulator R3 to cyclic loading control. This is done by adjusting dc 
offset on the function generator until the system delivers the desired pressure before the 
switch is made. The control of pressure at V, is switched to Ri. This would be necessary if 
consolidation was anisotropic. For the given cyclic loading path direction, 6, the constants 
C] and D on stress path control are computed and set on the respective relays. The control 
of pressure at V, is now switched back to the stress path control, and cyclic loading about 
ambient values of both axial stress and cell pressure is then initiated. Amplitude, frequency, 
and waveform are selected on the function generator. 

For constant strain amplitude cyclic loading, the cell pressure is held constant at the end 
of consolidation value by regulator R5. Cyclic strain pulses are applied by moving water in 
or out of the upper (or lower) piston chamber by forward or reverse movements of the 
strain drive. Reversal in the direction of strain drive is triggered by a microswitch whose 
position controls the strain amplitude. Cyclic strains may be applied undrained or drained. 
In the latter case, restrictions on the ability of soil to drain without developing significant 
excess pore pressure apply, as in the case of stress-controlled monotonic loading. 

Performance and Typical Results 

Some typical results selected from a variety of tests performed using the loading system 
are now described to illustrate some of the capabilities of the apparatus. It would not be 
possible to carry out such tests with simpler triaxial loading systems. 

The modular nature of the system provides considerable flexibility in its loading capacity. 
For a given specimen size, axial loading capacity can be increased by a mere increase in the 
size of the loading piston. The maximum limit on pressures in the stress-controlled mode 
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is the available line air pressure (normally 700 to 800 kPa). In the strain-controlled mode, 
however, the maximum pressure in the loading piston, and hence the axial load, is limited 
only by the working pressure rating of the Belloframs (1400 to 1500 kPa). 

The pneumatic cychc loading system can operate up to a maximum frequency of about 1 
Hz without any loss to the set magnitude of load, provided the soil stiffness does not change 
abruptly. If soil stiffness does change abruptly, as in hquefaction studies, the loading piston 
must move at a very high velocity. This would result in degradation of the load trace because 
the fluid could not be supphed to the piston through piping restrictions at a rate compatible 
with the fast movement of the piston. Liquefaction studies can be carried out by replacing 
the water piston with an air piston. Addition of volume booster relays on both sides of the 
piston will prevent degradation of load trace if abrupt change in soil stiffness may occur [9]. 

Constant Rate of Strain Hydrostatic Consolidation 

Results of such a test on an undisturbed marine clay are shown in Fig. 4. A standard 
triaxial specimen, 3.5 cm in diameter x 7.0 cm high, and a rigid stainless steel cell were 
used. The average rate of volumetric strain imposed was 4.2 x 10"'/s. Consolidation was 
carried out to a maximum hydrostatic effective stress of about 1100 kPa. The loading system, 
however, does not impose any Hmit on the level of hydrostatic consohdation stress because 
the hydraulic strain control is a closed system. Results were analyzed as discussed in Refs 
4 and 5. 

Constant Stress Ratio Anisotropic Consolidation 

Results of consohdation of a sand specimen under Kc = 2 are shown in Fig. 5. Excellent 
agreement can be seen between the intended Unear consolidation path (solid line) and the 
path actually followed (data points). Use of a large size loading piston in relation to the 
6.5-cm-diameter specimen together with a pressure multiplier for cell pressure enabled 
consolidation to high, cr/ = 5000 kPa and a / = 2500 kPa, stresses. 

Anisotropic Ko Consolidation 

Anisotropic ^o consolidation requires a special ^o cell [1]. Results of a cycUc Ko consol
idation test on an undisturbed marine clay are shown in Fig. 6. The test was carried out 
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FIG. 4—Constant rate of strain hydrostatic compression of a clay sample. 
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FIG. 5—Anisotropic consolidation of a sand specimen. 

under strain-controlled conditions on a 3.5 cm diameter x 7.0 cm high specimen. A constant 
value of ^0, a well-known characteristic of normally consolidated clay, may be noted. The 
large range of a„' values possible by the loading system may also be observed. 

Drained Stress Path Controlled Shear 

Figure 7 shows comparison between the stress paths desired (solid lines) and those actually 
applied (data points) in two drained triaxial tests on identical samples of a sand. The stress 
paths chosen represent a wide spectrum from conventional compression (A,B,, OA2), con
stant stress ratio (A2B2), constant shear stress under increasing (BiC,), (B2C2) and decreasing 
(E]F]) mean normal stress, and constant mean normal stress (CiE,, C2D2). It may be noted 
that excellent reproduction of desired stress paths is obtained by the stress path control. 
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FIG. 6—Ko consolidation and rebound of a clay. 
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FIG. 7—Drained stress-path-controlled shearing of sand. 

150 r 

100 

50 -

80 r 

<M 4 0 

-40 

- o — stress controlled cyclic 

" • — Strain controlled monotonic 

I \ L X 
1 2 3 4 5 

AXIAL STRAIN , % 

7n "T^ 
Reconsolidation 

200 0 100 

{<r̂  + o-|,)/2 , kPo 

FIG. 8—Cyclic stress loading followed by monotonic strain-controlled undrained loading 
of a sand. 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



VAID ET AL. ON A STRESS- AND STRAIN-CONTROLLED LOADING SYSTEM 131 

Sequential Stress- and Strain-Controlled Loading 

Figure 8 shows the results of a stress-, then strain-controlled loading test on a contractive 
saturated sand specimen. The sample had a relative density of 36% and was hydrostatically 
consolidated to point A. It was then cyclically loaded under stress-controlled conditions 
using a cyclic stress ratio of 0.1 until it developed a residual strain of about 0.15%. The 
excess pore pressure developed was about 70% of the initial confining pressure. Cyclic 
loading was then terminated, and the specimen was reconsolidated to the initial effective 
stress, point A. It was then loaded under monotonic strain-controlled undrained compres
sion. The results show that the sand still shows contractive behavior, although it had been 
subjected to a prior cyclic strain history. Thus, its resistance to subsequent cyclic loading is 
not improved [10]. If the sand is initially dilative, substantial increase in cycUc loading 
resistance is observed due to small cyclic strain history. 

Conclusions 

A simple triaxial loading system, which is neither computer-based nor servo-controlled, 
is capable of simulating most of the loading mode patterns in practical as well as research 
needs. The system can apply monotonic or cyclic loading under either stress- or strain-
controlled conditions, permits switch from one to the other type part way into the test, and 
also enables stress path control. The modular construction of the loading system uses com
mercially available components and provides unlimited flexibihty in loading capacity and 
selection of loading patterns. 
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ABSTRACT: A large-diameter triaxial cell ((j) 300 mm) is presented. Its uniqueness lies in 
the double measuring system of all parameters: axial strain, volumetric strain, and pore pres
sures. Owing to this system, accurate measurements can be taken, enabling the determination 
of the soil constitutive relationships from very small strains (elastic behavior) to failure strains. 
The cell can be used either under quasistatic monotonic or cyclic dynamic loadings. The 
apparatus has been used to evaluate the accuracy of the measurements and the influence of 
sample size on elastic Young's modulus, Poisson's ratio, and variation of secant modulus with 
strain. 

Preliminary results show that, as opposed to conventional testing, significantly improved 
results are obtained with the double measuring system. 

KEY WORDS: triaxial cell, axial strain, radial strain, volumetric strain, pore pressures, mea
surements, elastic behavior, failure, dynamic loading, static loading 

When building nuclear power plants, it is necessary, during the construction and the life 
time of the plant, to impose very low values on settlements and rotations of the works. 

To obtain the variation of the settlement as a function of the load history, it has been 
necessary to develop an accurate triaxial device. Therefore, the Design Department for 
Thermal and Nuclear Projects (SEPTEN) ordered a <|) 300-mm cell to test gravelly soils 
under static and dynamic loads. 

The design was to be based on the work of El Hosri [1,2] who had equipped a <t> 70-mm 
triaxial with proximity transducers and had obtained remarkable results. 

As shown by Flavigny [3], the use of frictionless ends in a triaxial test to avoid end restraint 
has a significant influence on the value of the moduli. The bedding effect (badly compacted 
upper layer, for instance) also affects the measurements by overestimating the total vertical 
strains. So, to cancel these two problems proximity transducers were used to measure strains 
in the central third of the sample. 

The dimensions of the sample and the study of drained or undrained conditions required 
the exact knowledge of the pore pressure. A needle was inserted in the middle of the sample. 
A device with a double system of measurements of vertical strains, volume, and pore pressure 
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^ Manager, Geodynamique et Structure SARL, 8 Rue Eugene Oudin6, Paris 75013, France. 
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was then obtained. All parameters could now be measured and thus decrease the range of 
the error. 

The applications of this triaxial device consist mainly in determining the laws of variation 
of moduli and damping as a function of the shear strain. These parameters, defining the 
viscoelastic linear model (QUAD4, FLUSH codes), enable the further study of soil-structure 
interaction of nuclear power plants [4] and of the seismic response of dams. 

Other interests arise from the determination of the constitutive relationships in the low 
strains range: the calculation of foundation settlements and behavior of backfills and of road 
deflections. 

Description of tl ie Cell 

The cell (see Fig. 1) was built to contain cylindrical samples 300 mm in diameter and 600 
mm in height. This allows the testing of materials with particles up to 50 mm. 

This cell has the versatility of a standard triaxial cell, including independent control of 
the lateral and axial stresses, existence of a drainage system at the top and the base of the 
sample, and the possibiUty to apply a high back pressure to the sample. It is made to withstand 
pressures up to 10 MN/m^. 

To perform static, cyclic, or dynamic tests, the cell is placed under an INSTRON hydraulic 

SERVO - ACTUATOR 

ACTUATOR RAM 

LVDT 

RAM LOADING ROD 

CAP 

TRIAXIAL CELL 

SAMPLE i^ 300 mm 
h 600 mm 

BASE . PORE PRESSURE 
MEASUREMENT 
INTAKE 

LOAD CELL ± 200 kN 

FIG. 1—(j) 300-mm triaxial apparatus. 
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press, equipped with a ±100-kN jack and generated by a unit of 0.042 m'/min power. Tests 
can be carried out at frequencies ranging from 0 to 50 Hz and can be force or strain controlled, 
or for undrained tests on saturated samples, strain controlled by means of a transducer 
performing automatically the correction of section resulting from the variation of the sample 
height. Achieved frequencies depend on the solicitation ampUtude, because of the power 
limitation of the INSTRON test frame. 

Measurement Devices 

Like any triaxial cell, the cell is equipjjed to measure the load applied to the sample, the 
length variation of the sample, and the pore pressure. Its uniqueness lies in the existence 
of a double system of measurements of the axial strain and the pore pressure, and the ability 
of measuring the radial strain of the sample. 

Measurement of the Load 

Measurement of the load is performed with a force transducer with strain gauges in full 
bridge, whose characteristics are a rated range of ±20 000 daN and sensitivity of 1 mV/V. 

Because the cell is used for the study of the material behavior under low strain (elastic 
condition) or at failure, it is imperative to know with accuracy the load applied to the sample. 
For that purpose, the force transducer is placed inside the cell at the base of the sample 
(Fig. 1). The force measurement is therefore not altered by friction caused by the seal placed 
at the entrance of the ram inside the cell. The same load cell is used through the test and 
is accurate enough to measure less than 1 daN, which is a value consistent with very low 
strains. 

Axial Strain e Measurements 

A linear variable differential transformer (LVDT) type transducer is put on the axis of 
the ram outside the cell. Given the stiffness of the ram and of the mechanical assembly, the 
measured displacement corresponds to a shortening (or lengthening) of the sample only. 
Because of its position, this transducer measures the average displacement of the sample 
on its total height. In particular, the contact displacements between the sample and its 
support are included in the obtained value. Under low strains, these strains cannot be ignored 
and it is necessary to measure the strain of the sample in an area free of end restraint or 
other surface effect. 

A second measurement device (see Fig. 2) has been added with a proximity transducer 
placed at the central third of the sample. This transducer and its target are hnked to the 
sample, each by two points, which penetrate the material through the membrane to form 
a hnk between the transducer or its target and the material [2]. To rigidly link the supports 
of the transducers to the sample, they are inserted into a uniform fine sand finger placed 
in the sample and compacted to 100% relative density. 

This type of transducer measures static and dynamic displacements without mechanical 
contact with the moving part. It can be used in a liquid medium submitted to a high pressure. 
The transducer is composed of an inductive coil, generated by a 5-kHz alternative power, 
and a receptive coil. The introduction of a metallic target in the magnetic field of the inductive 
coil modifies the magnetic permeability of the transducer environment and creates a phase 
displacement in the receptive coil. At this stage, displacement is Unked to a variation of the 
tension directly associated to the variation of the air-gap, therefore to the displacement. 

The sensitivity varies with the air-gap and the nature of the target. Displacements of 0.2 
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Steel target 

Radial proximity transducers 
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FIG. 2—Strain measurement 

Axial proximity 
transducer 
support 

0 70 EL HOSRI 

devices in the 4> 70-mm cell and </> 300-mm cell. 

(Jim, or strains lower than 10"* can theoretically be detected. In practice, the strains obtained 
can be trusted for values of 5.10"* to 10"^ The positioning is made before consohdation, 
so as to have a maximum sensitivity after consohdation. 

The two systems of measuring the displacement are simultaneously used during a test. 
They enable accurate judgment of the strain values obtained between S.IO"* and 10"^, the 
proximity transducer being unable to make measurements greater than 10"^; anyway, for 
the latter, strain differences between both systems are small. 

Radial Strain Measurement e.. 

Radial strain measurement is made with proximity transducers identical to those described 
above. As opposed to El Hosri who fixed the radial strain transducers on a Plexiglas® ring 
just opposite their targets stuck on the samples, it was thought more practical to position 
the two radial strain transducers on the body of the cell. For that, holes were made to screw 
the transducer on, after having first glued the target on the sample through the hole. The 
adjustment of the transducer with regard to the target is done from outside. This enables 
the adjustment of accuracy to its optimum value. The two transducers are diametrically 
opposed. 

This design limits the measurement at strains lower than 10"^, but it eases largely the 
initial adjustments. This obviously helps in studying low variations of volume of unsaturated 
samples. 

The presence of large particles and the local characteristic of the measurement render 
scattered results below 10"'. The comparison between the two transducers helps the inter
pretation by revealing local abnormahties. 

Pore Pressure Measurements 

For undrained tests, pore pressure measurements are traditionally taken at the end of the 
sample (top or base). But in order to determine the behavior of the sample with more 
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FIG. 3—Cyclic pore pressure versus cyclic shear strain. 

accuracy, measurement is taken in the middle of the sample with a needle penetrating the 
membrane 11 cm horizontally (Fig. 2). 

This system gives evidence of the development of the pore pressure from the lowest strains 
(<10'0 (see Fig. 3). It also enables the verification of the shear rate of the drained tests. 
The drained tests had to be abandoned in the case of unsaturated samples taken from the 
core of the Grand Maison dam (located in the Alps, France). The extreme slowness of the 
dissipation for a saturation degree of 85% was noticed. The permeabihties are, for the 
unsaturated sample, 20 times lower than for the saturated sample. 

Monitoring System 

All the measurements were taken either manually for the quasistatic drained tests, or 
recorded on an analogic paper for the dynamic or cyclic undrained tests. A digital recording 
system with automatic processing of the data was then under study and is now available. 

Comparison Among Strain Measurements 

Modulus at Low Strains 

Since the utilization of the cell, various types of tests have been carried out on different 
types of materials: 

• Cyclic undrained tests on gravelly sand and sandy gravel from Malville nuclear power 
plant (in the Rhone Valley, France) [5]. 

• Consolidated undrained tests at 1 Hz on a clayey silty gravel, slightly plastic (IP < 
10%) forming the core of the Grand Maison dam. These tests on the material of La Cochette 
(Grand Maison dam core) have been carried out under different experimental conditions 
of saturation (100 and 85%) and consohdation (normally consolidated or overconsolidated) 
of the material. 
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• Consolidated drained tests on the same material as La Cochette. 
• Consolidated drained tests on material of Matemale dam (located in the Eastern Pyr

enees, France) (slightly plastic clayey gravel). 

Of all these tests, only 35 test samples on which axial strain measurements have been 
performed with LVDT transducers and proximity transducers have been kept. For each test, 
we have computed the ratio: 

\ = 
E, - E, 

where 

£p = value of the modulus computed with proximity transducers 
E, = value of the modulus computed with LVDT transducers 

The value of this ratio, X, is shown as a function of the consolidation confinement in Fig. 
4. For most values, X. is positive, therefore £p > £,. The value of X does not rely on the 
confinement (26 kN/m^ •£ a\ < 800 kN/m^), the type of test, or the density of the material. 
It can be retained as an average value of X = 0.17, which corresponds to an Ep modulus 
greater than 20% of modulus E„ with a standard deviation of 0.15. 

Variation of E/E,^^ as a Function of € 

The comparisons (Fig. 5) among variations of moduli as a function of the vertical strain 
are made for the same tests as in the above paragraph. The X factor, previously defined. 
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decreases and tends to zero as the axial strain increases and the deviation from the mean 
value decreases. At large strains, the influence of the parasite strains therefore diminishes. 

Variation of Volume and Irreversible Strain 

It is possible to add the local measurements of strain to find the volume variation and to 
compare it with that given by the burettes during drained tests. Figure 6 shows the comparison 
between the two systems on a cyclic drained path. The path consists in applying a compres
sion-extension cycle with a maximum increasing deviator. We see that the strain paths are 
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identical, but the total variations of volume are up to 50% higher than the variations 
computed from proximity transducers. 

Influence of the Sample Sizes 

Modulus at Low Strains 

To compare results obtained from the <|) 300-mm cell to those obtained in triaxial cells of 
standard dimensions, cyclic tests have been carried out on the same material and in the 
same experimental conditions. The sand of Fontainebleau was used (d^ = 0.125 mm, 
dso = 0.17 mm, djdio = 1.48), set in place at a dry unit weight of 15.4 kN/m' and 
consohdated isotropically under 300 kN/m^ Samples of 38-, 54-, 12G-, and 300-mm diameter 
with a slenderness ratio of 2 have been tested. Young's moduli measured at low strain 
(e < 10"=) and a strain of 7 10" are shown in Fig. 7. To be compared, all the strain 
measurements are made with LVDT transducers set outside the cell. 

Apart from the tests on <!> 38-mm samples, the maximum difference among the different 
values is, at the most, 30% under low strain. This difference is smaller but stays significant 
when the strain increases (20% at e = 7 • 10 ''). We see on the other hand that the greater 
the diameter of the sample, the higher the moduli are and the closer they come to the value 
of the resonant colunm. 

For small-diameter samples, these results show the influence of the height of the sample. 
This is explained when an axial strain of 10 '' corresponds to an axial displacement of 8 \x.m 
for (^ 38-mm sample, 11 (i,m for ̂  54 mm, 24 jtm for <^ 120 mm, and 60 n,m for <j) 300 mm. 
It can therefore be considered that parasite contact displacement around the top of the 
sample, which should be practically independent from the height of the sample, causes 
greater errors if the height is low. This hypothesis is confirmed by the fact that the difference 
among the values obtained in the four cells decreases when the strain increases. 

To conclude, it appears therefore that a <|) 300-mm cell leads to results of greater accuracy 
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FIG. 8—Grain size distribution for Grand Maison core material. 

than those obtained on small-diameter samples. This accuracy can be improved by the use 
of proximity transducers. 

Other comparisons have been made for the construction of Grand Maison dam on the 
gravel core. The moduli of the 0/20 mm fraction tested on the ^ 70-mm cell were compared 
to moduli of the 0/50-mm fraction tested on ^ 300-mm cell (Fig. 8). The moduli found in 
^ 300-mm cell are two times higher than that determined on the <|) 70-mm cell and are very 
close to values found by geophysics (Fig. 9). 

By linking this result to those obtained on Fontainebleau sands {EL = 570 MN/m^ 
r̂esonant column = 630 MN/m^), it Can bc concluded that the modulus computed from proximity 

transducers corresponds to an elastic modulus of the material. 
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E/E„„ as a Function of Vertical Strain 

The comparison among variations of moduli as a function of the vertical strain, obtained 
from proximity transducers, has given the same curve for the 0/20-mm fraction of <|) 70-mm 
cell as for the 0/50-mm fraction of 4) 300-mm cell. 

Poisson's Ratio 

The results obtained on the Grand Maison gravel from ^ 300-mm triaxial cell have 
confirmed those of ^ 70-mm cell. Poisson's ratio is practically constant between lO*" and 
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142 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

10"^ and is independent from the consolidation strain (100 kPa < a, < 400 kPa). Poisson's 
ratio does not seem to be affected by the large particles (20 to 50 mm) (Fig. 10). 

Prospects for the Future 

Compared to standard triaxial cells, the <|) 300-mm cell presents the great advantage that, 
with one single apparatus, it is possible to study material behavior within the elastic domain 
(strains lower than 10"') up to failure (Fig. 11). 

Results obtained in the field of small strains have been used already in order to fit nonlinear 
constitutive models for stress-strain behavior of soils. Complementary results are needed 
to generalize these models. 

In the future, metrology will have to be improved to measure the wave velocity and the 
shape of signal after shock with sound detectors to compare them with the proximity trans
ducer measurements. It may be possible to achieve more accurate measurements in the field 
of very small strains (10'*). 

The double measuring device solves the twofold problem of obtaining trustworthy mea
surement and of setting representative grain size distribution. It is an indispensable tool in 
the field of dam or nuclear power projects. 
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ABSTRACT: The apparatus described provides for laboratory studies of stress-coupled pa
rameters, with simultaneous measurement of mechanical deformation, permeability, electrical 
resistivity, and compressional wave velocity in 10- by 20-cm (4- by 8-in.) cylindrical test 
specimens with pore fluid pressure and subjected to triaxial test conditions. The compact 
collar-coupled design facihtates specimen installation and apparatus mobility. Axial and vol
umetric strains are determined using external linear displacement transducers, and differential 
axial stress is determined by a load cell which is an integral part of the loading column. 
Hydrostatic pressures in the confining fluid and in the pore fluid reservoirs up- and downstream 
from the test specimen are measured with pressure transducers. Data acquisition and servo-
control of the confining pressure and axial loading are performed by a microcomputer system, 
and test results are cross-correlated with the applied differential axial stress. Transient pulse 
techniques are used to determine the permeability of specimens in the range of 10'™ to 10"" 
m̂  (10 nanodarcies to 100 microdarcies). The electrical resistivity measurements incorporate 
phase-sensitive detection with a four-terminal configuration. Transducers in the specimen end 
caps generate and detect mechanical pulses for wave velocity measurements. The apparatus 
is designed to operate with corrosive pore fluids such as brine. System performance is illustrated 
by representative results from tests on a specimen of domal salt during equilibration, and 
during and after deformation. 

KEY WORDS: rock mechanics, stress-coupled hydraulic/physical tests, automated triaxial 
testing, permeability, electrical resistivity, wave velocity, rock salt 

Laboratory testing is very useful and in many instances required for the characterization 
of geologic materials. Natural environmental conditions can be simulated in laboratory 
apparatus and altered in a carefully controlled fashion. In many cases, complex interactive 
systems can be analyzed in sequences of simpler, more understandable subsets of test con
ditions. For laboratory studies to be able to provide meaningful data, the test system must 
be capable of realistically simulating in situ environmental conditions. For most geologic 
systems, this requires at least the imposition of representative hydromechanical test con
ditions—triaxial states of stress with pressurized pore fluids. Because of the intimate rela
tionships between pore fluid transport and the mechanical properties of fluid-rock systems, 

' Vice president for Research and Development and principal geoscientist, respectively. The Earth 
Technology Corporation, 3777 Long Beach Boulevard, Long Beach, CA 90807. 
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144 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

simultaneous permeability measurements are valuable supplements to mechanical defor
mation measurements. 

Laboratory characterizations of geologic materials are considerably enhanced if coupled 
petrophysical measurements are carried out simultaneously with hydromechanical defor
mation measurements. Wave velocity and electrical resistivity measurements are especially 
useful because they provide correlations with properties routinely measured in the field. 
Wave velocity is sensitive to the pore structure of materials (see, for example, Ref 1) and 
provides an indication of deformation-induced microfracture. The dc electrical conductivity 
in fluid-rock systems is generally dominated by electrolytes dissolved in the pore fluid, and 
it is therefore influenced by many of the same factors important for pore fluid permeability. 
The development of predictive microscopic models of the relationship between pore structure 
variation and velocity variation (see, for example, Ref 2) and between ionic conductivity 
and pore fluid permeability (see, for example, Ref 3) are important topics in many geo
physical and geotechnical areas. The quantitative assessment of these models through con
trolled laboratory testing is critical to their development. 

The apparatus described below has been developed to measure simultaneously the axial 
stress, axial and volumetric strains, pore-fluid pressure, permeability, compressional wave 
velocity, and electrical resistivity of saturated 10- by 20-cm (4- by 8-in.) cylindrical test 
specimens during triaxial deformation. The permeability measurement system is designed 
to accommodate very low permeability specimens, which are relevant to such diverse geo
technical areas as radioactive waste management, hazardous material disposal, borehole 
stability, and petroleum reservoir performance. Because many of the pore fluids of interest 
in these subject areas are corrosive, the testing system is designed to minimize apparatus 
corrosion and pore fluid contamination. 

FIG. 1—CGS Series 150 triaxial pressure apparatus for testing of 10- by 20-cm (4- by 8-in.) 
cylindrical test specimens. 
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Apparatus and Procedures 

Triaxiai Test System 

Figure 1 shows the CGS Series 150 Triaxiai Testing System set up for coupled physical 
measurements of a saturated rock specimen subjected to triaxiai compression; the loading 
column of the triaxiai testing system is diagrammed in Fig. 2. The system consists of a triaxiai 
pressure vessel coupled to a 150-ton hydraulic ram by a steel collar. The unit is capable of 
applying differential axial stress to 165 MPa (24 000 psi) on 10- by 20-cm (4- by 8-in.) or 
585 MPa (85 000 psi) on NX-size cylindrical test specimens, and confining pressure and pore 
pressure to 100 MPa (15 000 psi). Deformation of the larger specimens can be up to 30% 
axial strain, A stress equalizer incorporated in the apparatus eliminates the effect of confining 
pressure on the loading column and facilitates the maintenance of constant confining pressure 
during axial loading. The hydraulics for the axial loading, confining pressure, and pore 
pressure systems are shown schematically in Fig. 3. 

Pressure connection 

Upper pressure connector 
Upper piston assembly 

Test specimen assembly 

Anvil assembly 

Lower pressure connector 

Equalizer vessel 

Equalizer pressure connector 

Coupling collar 

Axial displacement indication rod 

Axial load transducer 

Load cell adaptor 

Pore fluid pressure lines 

Top plug 

Electical feedthrus 

Upper piston 

Ceramic insulator disc 

Seal disc (upper platen) 

Electrical resistivity terminals 

Specimen 

Velocity transducer 
Pressure connector disk (anvil) 
Anvil cap 

Loading piston 

Ram piston 

150-ton loading ram 

FIG. 2—Cross-section of the triaxiai test apparatus loading column. For reference, the 
dimensions of the specimen shown are 10 cm {4 in.) in diameter by 20 cm (8 in.) in length. 
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FIG. 3-^Schematic layout of the hydraulics for the axial load, confining pressure, and pore 
fluid pressure systems. 

The applied (iifferential axial load is indicated by the output of the load cell in series with 
the load piston (Fig. 2). Axial deformation of the specimen is determined from the output 
of a linear displacement transducer, corrected for the measured apparatus distortion. Data 
reduction procedures and apparatus distortion corrections for the calculation of true axial 
stress and strain are described in Ref 4. Volumetric strain is determined from the output of 
a linear displacement transducer attached to the piston of a multiple-rate syringe pump used 
for confining pressure control; a correction for the measured apparatus volume change caused 
by the application of axial load is incorporated into the volumetric strain calculation. Total 
volumetric displacement of up to 50 cc can be accommodated without recharging the syringe 
pump; this is the equivalent of 2.5% volumetric strain for 10-cm (4-in.) diameter specimens 
or 20% volumetric strain for NX-size specimens. Voltage outputs from the confining pressure 
transducer, up- and downstream pore pressure transducers, the load transducer, and the 
outputs from linear displacement transducers attached to the axial load piston and the 
confining pressure pump are monitored, stored, and printed by a microcomputer-based data 
acquisition system. Outputs from the load transducer, pore pressure transducers, confining 
pressure transducer, and confining fluid displacement transducer are recorded on a strip 
chart recorder; differential axial load and axial displacement are recorded on an x~y recorder. 
The axial load ram pressure, confining pressure, and pore pressure are also indicated by 
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pressure gauges. The microcomputer system provides closed-loop servocontrol of confining 
pressure, pore pressure, and axial strain rate. 

The basic collar-coupled load design concept, which allows convenient loading of the 
specimen assembly through the top of the vessel, was introduced in the early 1960s and a 
description can be found in Ref 5. Specimen preparation and installation procedures are 
simplified by the use of external and load measurement transducers which provide more 
than adequate resolution of measured results for most testing needs. Velocity and dilato-
metric measurement and microcomputer-based servocontrol system enhancements are de
scribed in Ref 6. The entire testing system is compact and sufficiently mobile that it has 
been used in remote field locations. 

All metal components in contact with the pore fluid in the region between, and including, 
the up- and downstream pore fluid reservoirs are constructed from the highly corrosion-
resistant alloy Hastelloy C-276.̂  Corrosion processes can detrimentally affect the mechanical 
integrity of system components, and spurious permeability measurements resulting from 
apparatus corrosion products have been demonstrated. Observed decreases of permeabiUty 
in sandstone specimens were directly related to fouling of the test specimen with colloidal 
iron hydroxides which had formed from minor corrosion of stainless steel apparatus com
ponents by distilled water [7]. A comprehensive discussion of design considerations and 
corrosion-resistant materials for pore fluid systems is in Ref 8. 

Permeability Measurements 

The present system is designed for the measurement of permeability in relatively im
permeable materials by transient pulse decay techniques [9-11]. The mathematical formalism 
required for transient permeability determinations is straightforward; a summary of the 
formalism is given in the Appendix at the end of this paper. Permeability measurements in 
our system are carried out by isolating the two pore fluid reservoirs from the remainder of 
the respective up- and downstream pore fluid system components and manually effecting a 
small (10% of ambient pore pressure) pressure step change into one of the reservoirs. The 
permeability is determined by comparing the measured pore pressure decay to the calculated 
variation. 

The finite difference program of Trimmer [11], modified to operate with Microsoft Mbasic"* 
on a microcomputer, is used to calculate the family of type curves for our permeability 
determinations. Although pressure variations in both the up- and downstream pore fluid 
reservoirs are measured in the testing system, and both should conform to calculated var
iations, the permeabihty determinations are based primarily on measured differences be
tween the up- and downstream pore pressures. This is done because test conditions, such 
as ambient temperature, might cause pressure variations in each reservoir, but these do not 
significantly affect the measured differences between the up- and downstream pressures. A 
family of pressure difference curves calculated for brine flow through specimens with a 
permeabihty of 1 0 " m̂  (100 nanodarcies) and a range of effective porosities in our test 
apparatus is shown in Fig. 4. As noted in the Appendix, curves for other specimen perme-
abihties are obtained by the translation of these curves along the log(time) axis by the 
quantity log{k/k„), where k is the desired permeability and k„ is the value of 10"" m̂  (100 
nanodarcies) used for the model calculations. Trimmer [11] notes that the region between 
normalized pressure differences of 0.1 and 0.6 is relatively insensitive to the effective porosity 
and should be most heavily weighted in the fit to experimental data. 

' Hastelloy C-276 is a trademark of Cabot Corporation, Kokomo, IN 46901. 
•• Microsoft Mbasic is a trademark of Microsoft Corporation, Redmond, WA. 
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FIG. 4—Calculated curves of normalized pressure difference versus log time for water in 
10- by 20-cm (4- by 8-in.) cylindrical specimens with k = 10~'^ rtf {100 nanodarcies), and 
Su = Sd = 0.19 X 10-' MPa'. 

Velocity and Resistivity Measurements 

The end caps of the specimen assembly contain the ceramic piezoelectric transducers 
which generate and detect the mechanical pulses used for the wave velocity measurements. 
The velocity is determined from oscilloscope measurements of the transit time for pulses 
generated by one transducer to travel the axial length of the specimen and be detected by 
the other transducer, after correction for the calibrated transit time within the end caps. 

The specimen end caps are also used as current electrodes to generate a uniform axial 
current density for electrical resistivity measurements. The upper piston is electrically iso
lated from the remainder of the triaxial vessel by a high strength ceramic spacer-disk between 
the piston and the top plug and by a Teflon sleeve around the upstream pore fluid tube. 
The two potential electrodes extend through the specimen jacket and are also constructed 
of Hastelloy C-276. 

A four-terminal phase-sensitive detection system (Fig. 5) is used to measure the electrical 
resistance of the specimen. The in-phase voltage difference across the potential electrodes 
is measured with a phase-sensitive lock-in amphfier operating at 20 Hz. The voltage readings 
are translated directly to the corresponding resistances of the specimen region between the 
potential electrodes by using, as the reference signal, the voltage across a calibrated decade 
resistance box in series with the test specimen. This configuration effectively eliminates any 
effects caused by nonohmic processes within the specimen or by contact potentials at sample-
electrode interfaces, and provides a reliable measure of the absolute values as well as the 
relative changes in electrical resistivity of the specimen. 
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FIG. S^Block diagram of the four-terminal resistivity measurement and phase-sensitive 
detection system. 

Specimen Preparation 

Considerable care is required to prepare low-permeability specimens for tests in which 
transient permeability measurements are carried out. It is particularly important to avoid 
irregular edges around the specimen end surfaces and to ensure a good contact seal between 
the specimen and jacket to eliminate pore fluid bypass along the specimen-jacket interface. 

Prior to all end cuts and surface grinding in the preparation of our test specimens, the 
outer specimen diameter adjacent to the end is coated with silicone adhesive, and a 12.7-
to 25.4-mm (V2 to 1-in.) length of heat-shrink Teflon tubing (preshrunk to the specimen 
diameter) is placed over the specimen end and clamped with a jacket clamp. This procedure 
eUminates virtually all grain-scale chipping along the end surface edges, even for large-
grained salt specimens for which grain plucking during specimen preparation is particularly 
troublesome. 

For test specimens with smooth cyhndrical surfaces, soft jacketing materials such as Viton' 
or rubber membrane will conform to the surface sufficiently to prevent bypass flow. How
ever, most as-cored specimens have surface variations on the order of a few tenths of a 
millimetre, and the Viton and rubber membrane jackets are not adequate if specimen 
permeabilities are less than about 10 '* m̂  (1 microdarcy). For our test specimens, a thin 
even coat of silicone adhesive is applied to the outer specimen surface and allowed to set 
for 1 hour before jacketing. The specimen is then jacketed with a rubber membrane, and 
the assembly is allowed to set for 8 to 12 h before installation in the test vessel. Pore fluid 
equilibration times faster than those corresponding to permeabilities of 10^^ m̂  (10 nano-
darcies) have been observed for salt specimens assembled in this way. 

' Viton is a trademark of E. I. du Pont de Nemours & Co., Inc., Newark, DE 19711. 
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150 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

Representative Results 

The following data illustrate the operation and performance of the testing system. The 
test specimen was a 10- by 20-cm (4- by 8-in.) cylinder of domal salt cored with brine and 
maintained in a near-saturated state by waxing the core for shipment. Brine was also used 
as a lubricant for specimen preparation, and specimen preparation was completed within 
24 hours of extraction from the site. The prepared specimen assembly was sealed into the 
triaxial vessel, and air in the pore fluid and specimen was removed by evacuating the entire 
pore fluid system for a period of 1 h. A pore pressure of 2.76 MPa (400 psi) was apphed 
while maintaining an effective pressure of less than 350 kPa (50 psi); the confining pressure 
was then raised from 3.1 to 6.2 MPa (450 to 900 psi). The system was allowed to equilibrate 
for approximately 24 h, during which compressional wave velocity, electrical resistance, and 
pore pressure were periodically measured. 

Constant resistance readings would indicate specimen saturation and pore fluid equih-
bration [7/], as well as specimen mechanical stability. Although the pore pressure variations 
stabilized to within the range of temperature-induced changes (less than 14 kPa or 2 psi per 
hour), the specimen resistivity continued to increase in a steady fashion; the resistance across 
the specimen region between the potential electrodes increased from approximately 2 to 
over 10 kil in the 24-h period. This behavior could indicate chemical nonequilibrium in the 
pore fluid, but it is more likely the result of continuing interconnective crack healing. The 

TIME (SEC.) 

FIG. 6—Measured pressure differences, normalized to the initial pore pressure change, versus 
log time. The solid curves are the best-fit calculated variations. Refer to the text for an expla
nation of the'designations a, b, and c. 
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152 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

compressional wave velocity remained approximately constant throughout the equilibration 
period. 

Three sets of permeability measurements were carried out during the equilibration period. 
The corresponding pore pressure decay curves, following the initial pore pressure steps, are 
shown in Fig. 6. The pressure differences are normalized to the initial pressure change 
(decrease for curves a and c, increase for curve b) of approximately 0.28 MPa (40 psi) in 
the upstream pore fluid reservoir, and plotted as a function of the logarithm of the time 
after the initial change in pore pressure. Data for curve a were measured after the specimen 
had equilibrated for only 12 h at the test conditions. The measurements corresponding to 
curves b and c were carried out within a short period (10 min) of one another after the 
specimen had equilibrated an additional 12 h. Calculated curves representing best fits to 
the data are also shown; both were computed for a permeability of 1 0 " m̂  (100 nanodarcies) 
and translated forward along the abscissa to their indicated positions. 

The measured variations for the two closely spaced test measurements are very repro
ducible, particularly in the "critical region." The widely spaced test measurements indicate 
that permeability decreased from 1.18 ± 0.05 x lO"'* mMo 5 ± 0.2 x 10"" m̂  (1.18 
microdarcies to 500 nanodarcies) during the last 12 hours of specimen equilibration, while 
the effective porosity increased from 2 to 3%. During this same time period the confining 
fluid displacement indicated a total specimen volume increase of approximately 0.1% and 
the electrical resistivity more than slightly doubled. 

The variations in axial stress, volumetric strain, electrical resistivity, and compressional 
wave velocity are shown in Fig. 7 as a function of axial strain during the triaxial deformation 
of the specimen at a constant strain rate of 1 0 ' per second. Data for the axial stress and 
volumetric strain curves were collected automatically at axial strain intervals of 0.02%. The 
resolution of the reduced data curves (less than 0.01% for the volumetric strain) illustrates 
the sensitivity attainable with this approach. 

The electrical resistivity and compressional wave velocity measurements were performed 
manually; twelve measurements of each were carried out during the deformation. The 
electrical resistivity during deformation closely mimics the volumetric strain; both indicate 
substantial microfracturing for axial strains above 1.5%. Little variation in compressional 
wave velocity is observed in these saturated specimens. The compressional wave velocity in 
the pore fluid does not differ substantially from that in the intact rock, and the predominantly 
axial microfractures generated by the deformation of crystalline salt specimens are oriented 
such as to have little influence on wave velocity. 

A transient pulse measurement carried out 24 hours after the deformation indicates a 
permeability of 7 ± 2 x 10"" m̂  (70 ± 20 microdarcies). The permeability increase of two 
orders in magnitude is consistent with the observed resistivity decrease and volumetric strain 
increase associated with deformation-induced dilatancy. This permeability is near the upper 
limit of the range for which transient pulse techniques can be used, and the large uncertainty 
in the measured permeability reflects the difficulty in fitting pore pressure decay curves for 
the very rapid equilibration time (on the order of 20 s). 

Summary 

The triaxial apparatus and testing system described in this paper have been developed to 
permit the simultaneous measurement of mechanical and pore fluid transport properties, 
compressional wave velocity, and electrical resistivity in low-permeability material saturated 
with corrosive pore fluid. The system design is compact and facihtates specimen installation 
and operation at remote locations. Representative test results from a study of brine-saturated 
salt specimens illustrate the operation and excellent performance of the system. 
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Appendix 

Transient Pore Fluid Beliavior 

Fluid flow through a permeable specimen with a cross-sectional area, A, can be generally 
described by Darcy's law: 

Q = (fc^/|x) * {dpidx) (1) 

where Q is the volume rate of flow, k is the specimen permeability, |ji is the fluid viscosity, 
and dpIdx is the pressure gradient across the specimen. The dimensions of k, permeability, 
ire length squared (m^). For reference, 10"'̂  m̂  is the equivalent of 1 darcy; if the fluid is 
Jure water under standard conditions, the hydraulic conductivity of a specimen having a 
)ermeability of 10""* m̂  (1 microdarcy) would be 10"" m/s. 

Prior to the establishment of steady state conditions, the time rate of pore pressure change 
i given by the ratio of the rate of pore fluid volume change to the storage capacity of the 
pecimen pore volume (the change in pore fluid volume with pore pressure). Using Eq 1 
or the net rate of pore fluid volume change along the specimen, and defining an effective 
specimen porosity, <]>, as the ratio of pore volume storage capacity to the product of specimen 
volume and pore fluid compressibility, p, the differential equation for the pore pressure 
within the specimen is 

d'pldx^ = (|J,p<|)/fc) * dpidt (2) 

The boundary conditions at the ends of the specimen are 

dpldxl-^, = Ql-JSu (3) 

dpldxl-_^ = Ql.JSd (4) 

5M and Sd are the storage capacities of the up- and downstream reservoirs, respectively, 
which reflect the compressibility of the pore fluid and the yielding of the pore fluid apparatus; 
both they and the effective specimen porosity must be determined experimentally for each 
test specimen/apparatus configuration. 

The set of differential equations in Eq 2-4 has no closed form solution, but numerical 
solutions to the complete transient-response equations have been developed [//], and Hsieh 
et al. [10] have derived a series solution. Permeability appears in the equations only as a 
product with time, so that the solutions for any permeability, k, and a given specimen 
geometry and pore fluid reservoir configuration are obtained by a translation of solutions 
for one set of curves calculated for a particular permeabihty, k„, by the quantity \o%{klk„). 
The pore pressure decay curves shown in Fig. 4 were calculated with Trimmer's finite 
difference algorithm for a permeability of 10"" m̂  and the indicated parameters appropriate 
for our test system configuration. 

The calculated transient pressure responses for a wide range of specimen/apparatus con
figurations indicate that the pore pressure decays to within one-tenth the initial pressure 
difference in a common equilibration time, T, on the order of 

T = 1.5 * {\LLSulkA) (5) 

This parameter represents the typical time required for a transient pulse measurement. 
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ABSTRACT: An extensive laboratory for intact salt rock behavior research (the WATSALT 
Laboratory) was conceived at the University of Waterloo in 1982, and by 1984 researchers 
here were producing results of high quality. At present, six high capacity test stations for creep 
behavior are operating on a continuous basis. Tlie designs were developed to meet the re
quirements of constant pressure, environmentally stable creep testing. Self-regulating pressure 
control systems have been designed, and they are performing effectively. The WATSALT 
systems can test a range of specimen sizes to 100 mm in diameter, at stresses of 200 MPa axial, 
and 70 MPa lateral. Creep test durations have extended to 6 months on an individual specimen. 
The automated control systems keep temperatures constant to 0.1°C and pressure fluctuations 
to within 0.1%. This paper describes the approach to design, the triaxial cell and axial load 
frame configuration, an alternate internal axial piston cell, temperature and pressure control 
systems, instrumentation, and data acquisition. 

KEY WORDS: triaxial cell, loading frames, temperature control, pressure control, data ac
quisition, salt 

This paper describes the design, development, and systematic use of triaxial equipment 
related to potash and salt research at the University of Waterloo. Extensive triaxial testing 
on intact salt specimens required the design of specialized research equipment and the 
implementation of instrumentation, data acquisition, and control systems. 

Laboratory studies of creep behavior tend to be long-term projects. Tests on an individual 
specimen can extend over 6 months, and creep strains can approach 15%. For the 48- to 
102-mm-diameter specimens tested at length-to-diameter (L/D) ratios of 2:1, this translates 
to axial shortening of 14 to 31 mm. In addition, experience indicated that normal laboratory 
temperature fluctuations of ±2°C can create a 0.5-MPa confining pressure deviation in a 
cell. The design procedure required an accommodation of these parameters, solving the 
problems of stability for long-term tests, and generating an economic design. 

D e s i ^ Approach 

In light of these constraints, a general approach or "philosophy of design" was conceived. 
The major components required for each complete test system were divided into the fol-

' Research/design engineer and professor, respectively. Department of Earth Sciences, University 
of Waterioo, Waterioo, Ontario, Canada N2L 3G1. 
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156 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

lowing subgroups: triaxial cell, axial load frame, axial and lateral pressure control, tem
perature control, instrumentation, and data acquisition. 

Personnel safety was always of primary concern, therefore it was imperative to minimize 
the pressurized volumes, to use competent materials with ample reserves of strength beyond 
the working stresses, and to design proper electrical and pressure circuits. 

The next most important design criterion was versatility so that the equipment could be 
adapted readily to other modes of testing. To enhance this versatility, each system, or creep 
station, required an axial stress capability of 200 MPa (over a range of specimen diameters 
to 100 mm) and a confining pressure capability of 70 MPa. It was also desirable to minimize 
the possibility of losing a specimen in the midst of several months of testing because of the 
failure of one component in the system. 

Design for extended test duration included automated data acquisition (with electronic 
instrumentation) and some "closed loop" form of process control to regulate temperatures 
and pressures. Finally, the complete system was to be as compact and economical as possible. 

Triaxial Cell Design 

Separate triaxial cells were designed to test 44-, 48-, and 54-mm specimens. These cells 
were designed to withstand confining pressures to 70 MPa. A cross-sectional view of a typical 
cell is shown in Fig. 1. 

The triaxial cells operate in a similar fashion to the common Hoek-Franklin cell [1]. 
Confining pressure is applied to cylindrical test specimens with hydraulic oil. The specimens 
are isolated from the pressurized oil by a urethane sleeve. These sleeves are oil resistant, 
leakproof, and reusable. Although the inner diameter has been set by the mandrel diameter 
on which the membrane was made (plus 0.7% typical shrinkage), the outer diameter of the 
membrane can be ground to tolerances of about ±0.4 mm. For specimen diameters of 54 
mm and smaller, our experience is that the optimum urethane durometer rating is 70. 

Monobloc 4340 steel was used to construct the pressure cylinders. The vessels were 
machined to approximate size, heat treated to a Rockwell C hardness (HRC) of 30 to 32, 
then machined to final dimensions. The heat treatment imparts a greater uniformity in 
material properties, refines the grain size, and increases the strength of the vessel [2]. The 
Rockwell C value specified for the 4340 steel brings the ultimate strength of the material 
to 960 MPa and the yield strength to 825 MPa, while maintaining ductility. 

The cylinders were designed with a minimum inside diameter, after taking lateral specimen 
expansion (as high as 8% at 15% axial strain) into account. A reduced inner diameter 
reduces the pressurized fluid volume which enhances safety, requires less vessel wall thickness 
for sufficient tangential strength, and reduces overall vessel weight and manufacturing cost. 
The margin of safety employed for the working stress of the vessels followed Section 8 of 
the American Society of Mechanical Engineers (ASME) Pressure Vessel Code [3]. 

Pressure seals are of the positively actuated lip or cup seal geometry. With our seal 
arrangement a vessel which may have required four to eight O-rings can be sealed with two 
seals, each one serving multiple purposes. The seals are located between the bore and the 
membrane to keep hydraulic oil from penetrating the specimen, exiting the vessel, and 
seeping through the clearance at the axial piston. Machining of seal installation chamfers 
and selection of a beveled edge style seal greatly facilitated cell assembly. To save user time 
and trouble, seal retainers were implemented so that specimens could be changed without 
draining the hydraulic oil. 

Threaded end caps are used to enclose the vessel. With the use of hook spanner wrenches 
the vessels can be assembled easily. Assembly is further facilitated because the lip seal does 
not require an initial torque for sealing. Studies have shown that the tensile strength of a 
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MEMBRANE 3 mm 

OIL 

FIG. 1—Triaxial creep cell, cross-sectional view. 

threaded rod is roughly equal to an unthreaded rod of diameter equal to the pitch diameter 
of the thread [4], hence with threads on the outer diameter of the vessel, the enclosures 
can be very strong when used under static or low cycle loading. However, stress concen
trations in threads can be as much as 3.85, which was considered when evaluating the applied 
stresses in this region [5]. 

The ram and lower platen which contact the specimen are of 304 or 316 stainless steel. 
One system has been modified to include flow-through capability. To deal with sample end 
nonparallehsm, a spherical seat has been incorporated at the bottom platen. A second 
spherical seat is used outside the vessel to account for any nonparallehsm between the axial 
piston and the load frame actuator. A close shding fit (0.012-mm clearance) was provided 
for the piston, with a guide length one and one-half times the piston diameter. This reduces 
side friction and binding but is not a pressure seal. 

The surfaces of the piston and lower platen are sprayed with a thin layer of dry lubricant 
before testing to minimize specimen end restraint created by platen friction and to reduce 
the amount of barrelling. 
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Loading Frame 

Compressional load frames were required to apply axial load to the triaxial cells described 
in the previous section. They are semiportable, easily dismantled, constructed of inexpensive 
and readily available materials, and adjustable to accommodate various sizes of triaxial cells. 

The alternative selected as best suited to these purposes was a bolted frame design using 
standard structural steel. Design analysis followed the provisions of the structural steel 
Canadian Standards Association Standard S16.1 [6]. The design used stiffened 200- by 200-
mm wide flange sections for the upper and lower beam members and two 100- by 100-mm 
wide flange sections as columns. 

Steel plates, 25 mm x 200 mm, were welded to the column members for additional 
stiffness. The frame was assembled by bolting these sections to plates which were welded 
onto the ends of the beam members. Two rows of three 16-mm Class 5 bolts were used at 
each connection. Additional bolt holes were drilled to permit height adjustment. The bolted 
connections were designed so that friction between the sandblasted plates would be sufficient 
to withstand full actuator load. This prevents sHppage during testing and avoids the possibility 
of applying excess shear to the first bolt to come into bearing. As an additional precaution, 
the connections were designed so that the shear plane would not intersect the threads of 
the bolts. Transverse and 45°-oriented stiffening plates were added to prevent web crippling, 
local flange buckling, and shearing of the beam members, and to resist moment-induced 
thrust in the columns. 

Compact, commercially available hydraulic cyhnders are used to supply the compressive 
force for each load frame. These actuators were secured to the upper beam member of the 
frame. A 200-mm circular hardened steel disk has been mounted to the lower beam as a 
platen. The facing flange surfaces of the beams were machined flat to ensure parallelism 
between the platen and the ram. The platens also act as bearing plates and distribute the 
vertical load applied to the beams. This increases the local bearing resistance of the flanges 
on which these plates are mounted. To complete the design, angular sections were bolted 
to the outer column flanges to prevent toppling. 

Frames were tested by repeated cychng to full load capacity. To calibrate the hydrauUc 
cylinders, accurate load cells were inserted in the frames. Dial gauges were used to check 
frame stiffness by determining deflections resulting from column extension and beam bend
ing. At full capacity a maximum deflection of only 0.6 mm was found. 

In the completed form, the frames are 1150-mm-high "bench top" units capable of with
standing 450 kN of compressive force, with an adjustable working space of 430 by 530 mm. 
A third frame was later constructed of larger members but of the same overall design for 
900-kN capacity. Figure 2 shows 450-kN frame with temperature chamber and triaxial cell. 

Internal Piston Cell 

In 1985 an expanding program of laboratory research required the construction of three 
additional creep stations for testing 100-mm-diameter intact salt specimens. An alternative 
cell/frame system was developed. Instead of the usual triaxial cell with an external compres
sion frame providing axial load reaction, these cells were designed to incorporate both axial 
load and confinement pressure in a compact integral unit. This resulted in savings in ma
terials, labor, implementation time, and space requirements in the laboratory. The vessels 
were designed to be capable of appljdng 210 MPa axial stress and 70 MPa confinement stress 
on 100 mm x 200 mm cylindrical specimens. 

In many respects, the upper portion of this design was similar to the triaxial cell described 
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FIG. 2—Example of a 450-kN frame, with triaxial cell and temperature chamber, a = 
compression frame, b = triaxial cell, c = temperature chamber. 

earlier (albeit upside-down) in that the membrane, spherical seat, and seahng method were 
retained. The membrane thickness was 3.2 mm, as before; however, for the larger 100-mm 
diameter, a urethane durometer of 80 was used. An additional chamber with an internal 
axial load piston was incorporated at the lower end of the cell to apply the axial load. The 
larger diameter (178 mm) of this chamber was required to achieve the desired 1750-kN axial 
load under a hydraulic actuation pressure of 70 MPa. The axial load piston was constructed 
of aluminum for reduction in weight and ease of machining. The tall profile of this piston 
was designed to reduce side loading, and wear rings and a low-friction lip seal were incor
porated to minimize break-away friction stick-sUp. As a result the piston moves quite readily, 
requiring only about 7 kPa to initiate movement. This created a responsive system which 
quickly adjusts to creep movement. The piston has a stroke length of 40 mm which can 
accommodate up to 19% strain in the specimen. Axial force calibration was accomplished 
by inserting a load cell in place of the upper (confinement) chamber. 

A single set of end plates encloses both vessels, and a series of ten threaded tie rods (32 
mm in diameter) holds the entire system together. An intermediate ring separates the two 
chambers, provides cylinder ahgnment, seal seating and additional bearing for the piston, 
and protects the tie rods from errant lateral blows during assembly. Materials for the vessel 
included 4340 steel for the enclosures and cylinders (again heat treated to HRC 30), and a 
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cold worked steel called "Stressproof' for the tie rods. The ram and platen were machined 
from 304 stainless steel. 

Three cells were built in this fashion (Fig. 3). They form compact 355- (diameter) by 760-
mm units and require about 40% less laboratory space than an equivalent external frame 
system (Fig. 4). The cost savings in construction for this integral type of creep station over 
the former were approximately 35%, and the capabilities are considerably greater. 

VENTING PORT 

SPHERICAL SEAT 
(STAINLESS STEEL) 

LOW FRICTION 
LIP SEAL 

LIP TYPE SEAL 

VESSEL MAT'L: 
4340 STEEL 
Rc30-3E 

DISPLACEMENT 
TRANSDUCER 

AXIAL LOAD PISTON 
(ALUMINUM) 
- RAM FORCE TO l.75« 10 kN 

AXIAL PRESSURE PORT 
/-HYDRAULIC PRESSURE 

FIG. 3—Internal piston creep cell, cross-sectional view. 
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FIG. 4—Three internal piston cells in the laboratory. 

Pressure Application and Control 

Fluctuation of lateral and axial pressures are induced by changes in air temperature, 
minute leaks through fittings, and by creep deformation of the specimen. Due to the 24 h/ 
day extended nature of testing, manual pressure adjustment was not feasible, hence an 
automated system was required to accurately and reliably control hydrauUc pressures. The 
risk of failure of the pressure system (resulting in a loss of perhaps several weeks of testing) 
was to be minimized. 
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A combination "intensifier-accumulator" was designed to reduce these pressure devia
tions. This device is an accumulator because it stores a quantity of compressed nitrogen to 
buffer pressure fluctuations induced by changes in the pressurized volume. It is also an 
intensifier because the output hydraulic oil pressure side of the device is boosted from the 
2.0-MPa nitrogen pressure to 70 MPa due to a cross-sectional reduction of the bore. 

A major objective in the design of this intensifier-accumulator was to reduce the break
away friction and drag during operation. To achieve this, a rolhng diaphragm seal was used 
at the low pressure, nitrogen end of the device. This seal confines the nitrogen in a 100-
mm-diameter bore and can take working pressures to 2.0 MPa. At the high pressure end 
of the intensifier-accumulator a 17.5-mm rod transmits the force applied by the compressed 
nitrogen and pressurizes the hydraulic oil. A low friction lip seal is used to contain the high 
pressure oil. The volume of oil stored is set by the stroke length of the diaphragm seal and 
diameter of the high pressure bore. The volumes are 48 cc for a 35-MPa output version and 
24 cc for a 70-MPa design. An outside indicator on the intensifier-accumulator reveals the 
piston location. When the piston has completed 90 to 95% of its stroke, the intensifier-
accumulator can be restroked (using a small hydraulic hand pump) in 45 s or less, with no 
fluctuation of system pressure. This may happen every few days in rapid creep testing, but 
more commonly every few weeks. A cross-sectional view of the intensifier-accumulator is 
shown in Fig. 5. 

To regulate pressures automatically and accurately, a closed-loop (self-regulating) system 
was designed. Pressure is monitored by a pressure transducer at the high pressure, hydraulic 

FIG. 6—Pressure control system for an individual creep station, a = intensifier-accumulator, 
b = hydraulic hand pump, c = solenoid valves, d = pressure transducers. 
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oil end of the system. The pressure transducer signal is fed to either an analog control unit 
or a microprocessor, and is compared to a selected reference. If the pressure is low a solenoid 
valve in line with the nitrogen source opens to increase system pressure. Alternatively, if 
pressure is excessive, a second solenoid valve opens to vent some nitrogen gas to the 
atmosphere, which lowers the system pressure. Needle valves are placed in series with the 
solenoid valves to throttle (buffer) the amount of nitrogen flow into or out of the system 
to give it a high degree of stabihty. Typically, a single bottle of nitrogen lasts for 6 months 
of continuous testing because the system is leak-free and requires no continuous bleed-by. 

Two complete pressure control systems are required for each creep station: one for axial 
load, one for confining pressure. Pressure can be constantly maintained to within ±0.1% 
of the selected operating pressure. Since 1983 fifteen of these systems, including intensifier-
accumulators, have been used at the University of Waterloo. Twelve of these systems are 
used to control the six creep stations in the WATSALT Laboratory. A dual pressure control 
system for one creep station is shown in Fig. 6. 

The design of the pressure system explicitly sacrifices rapid loading capabiUty. The most 
rapid reasonable strain rate that can be applied by controlling the pressure system with a 
microprocessor is about 10"^ s ' , and this would require relatively frequent recharging by 
hand. However, the savings generated by the current design as compared to a commercial 

FIG. 7—Internal pis:> • I'.rature control chambers in place. 
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servo-controlled system are on the order of $30K to $100K (Canadian) depending on which 
system is purchased. 

Because the system uses pistons of the same diameter as specimens, triaxial extension 
tests can be carried out. Also, microprocessor pressure control permits programming any 
stress path, providing strain rates are relatively slow. 

Temperature Control 

Experience has shown that changes in temperature can cause significant hydraulic pressure 
fluctuation in the test cells. Separate temperature chambers were built for the six creep 
stations, each with individual temperature control. 

The temperature boxes are constructed of 50 mm of extruded polystyrene foam insulation 
with interior and exterior aluminum sheet casing. They are typically 0.13 m̂  in volume. The 
units for the external frame/cell systems are detachable in two components (Fig. 2), whereas 
the boxes for the internal piston cells are single units and are lowered directly onto the cell 
(Fig. 7). All boxes are lightweight and can be installed by hand. 

The heaters for these chambers are two 100-watt light bulbs. A thermistor monitors the 
interior temperature, and an analog control unit turns the light bulbs on to heat the box as 
required. A squirrel cage fan circulates the air in the chamber when the light bulbs are on. 
Temperatures are adjustable to 50°C with this device and are controlled to ± 0.1°C. Replacing 
the bulbs with higher wattage devices or direct heating coils would allow the chambers to 
operate up to a design limit of 75 to 80°C. 

Room temperature air (typically 20 ± 2°C in the laboratory) is used as the coohng medium. 
However, one design has incorporated a cooling unit consisting of thermal-electric modules 
and can lower the chamber temperature to 10°C if desired. 

A dual Plexiglas window is included in each chamber for visual monitoring of the test 
operation without removal of the temperature chamber. Hydraulic hoses and electric cables 
that run into the box are sandwiched between layers of soft foam rubber to provide a thermal 
seal. 

Instrumentation and Data Acquisition 

Data required routinely from each creep station include axial and confining pressures, 
specimen axial deformation, and cell temperature. Electronic instrumentation is used to 
monitor these parameters. Output signals from this instrumentation are recorded at regular 
intervals. 

The transducers used in the pressure control loops are also the indicators of axial and 
confining pressure. These pressure transducers were selected for their ability to withstand 
long-term pressure application as opposed to quick cycling or fatigue. Our work has found 
that strain-gauged, welded metal diaphragm-style transducers tend to be well suited for this 
purpose. 

The axial deformation of the specimens is monitored by a single hnear variable differential 
transformer (LVDT) mounted inside the temperature-controlled environment. The LVDTs 
were mounted directly to the cell piston to be as unaffected as possible by any deflection 
in the system other than the contraction of the specimen. Aluminum dummy specimens 
were tested in each cell to determine the extent of equipment effect so it could be subtracted 
from the actual readings. The LVDTs used were of the range ±25 mm to cover the entire 
range of specimen deformation during an extended test. Currently, work is being done using 
a ±1.3-mm LVDT in addition to the longer stroke unit, for enhanced resolution. This shorter 
stroke LVDT can be reset as required. Displacements of a few microns in a day can be 
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detected, and the systems have been monitoring creep tests at strain rates of 5 X 10"'° s"' 
on 200-mm-long specimens with no serious problems. 

The commercial data acquisition device selected for use in the WATSALT Laboratory 
contains an integral screen for multichannel output. The complete data for each creep station 
can be displayed on the screen as a "page" of information containing all relevant channels. 
It is possible to configure the input voltages so they read in the direct units desired, for 
example, MPa for the pressure transducers. Another design feature of this data acquisition 
system is its capability of internally providing both power source and signal conditioning for 
the instruments. Hence only a single cable for each instrument is necessary to send power 
and return the output signal. This eliminates the costs for power supplies, additional con
nectors, and amplifiers; reduces installation labor; and decreases the possibility of poor 
electrical connections. In the extensive equipment configuration of the WATSALT Labo
ratory, reducing the myriad of wires which typically surround a multichannel electronically 
instrumented system allows a more efficient operation and reduces the Ukelihood of damage. 

Finally, the output readings for each system are sent through a RS-232 port on the data 
acquisition system to a personal computer which outputs the data to both a hard copy printer 
and magnetic storage medium (floppy disk) at regular predetermined intervals. 

Figure 8 is a schematic diagram of the major components of an individual creep station. 

Summary 

An extremely compact and economical system for triaxial creep testing of cylindrical 
specimens has been designed and is in continous use. It provides most of the capabilities of 
much larger systems at literally a fraction of the cost because of several straightforward but 
novel design concepts. The precision and reUability of the system is very high, and the entire 
assembly has been shown to be stable for months. 

The major novel aspects of the system are the pressure seahng method, the pressure 
control system which incorporates the intensifer-accumulator, and the integral reaction cell. 
The entire system can emulate all functions of commercial systems costing up to five times 
as much, except for rapid loading or cycling. 
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ABSTRACT: A direct-pull tension test was developed to study the behavior of compacted 
soils in total stress tension. A comprehensive series of tension and unconsolidated undrained 
compression tests was performed on Vicksburg silty clay; the data from these tests were 
supplemented with published data. Analysis of the data was based on relating the tensile 
strength parameter of the Griffith-Brace theory for brittle fracture to the suction-derived 
cohesion term of the Fredlund-Morgenstem failure law for partially saturated soils. Application 
of the analysis was demonstrated by relating tensile and compressive strengths to water content 
and void ratio. 

KEY WORDS: compacted soils, tensile strength, shear strength, partially saturated soils, 
critical state theory, triaxial test, unconsolidated undrained test, tensile test, soil suction, brittle 
fracture 

The tensile strength of soil generally is considered small for engineering applications. Yet 
there are a number of problems in which even a small amount of tensile strength can have 
significant influence on computational results. For example, the tensile strengths of clays 
are significant in problems involving low mean normal stresses. Motivation for studying 
tensile strength comes indirectly from the study of partially saturated soils, because the 
tensile strength is derived presumably from the suction potential of the soil. This paper 
presents data for compacted Vicksburg silty clay for uniaxial tension and unconsolidated 
undrained triaxial compression tests propose a theory to relate tensile and compressive 
strengths for partially saturated materials. 

Test Methods 

Different test configurations and methods have been used to determine the tensile strength 
of soil [1,2]. But most of this work did not consider the complete stress-strain response of 
soil in tension. Also, the most common test methods involve loading configurations that 
create inhomogeneous stress conditions from which the tensile stress at failure must be 
computed indirectly. Indirect tests suffer the disadvantages of (1) requiring a stress analysis 
for determining strength which in turn requires the stress-strain properties of the material 
and (2) creating mixed compression and tension which invokes a complex failure mode. 

The direct tensile test [3] has the advantage that it is the only test in which, in principle, 

' Research civil engineers, Geotechnical Laboratory, U.S. Army Engineer Waterways Experiment 
Station, Civil Engineer, Vicksburg, MS 39180. 
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all induced stresses and strains are homogeneous and can be computed from direct mea
surements without making assumptions about the material's stress-strain response. In prac
tice, the test has the drawback that it is virtually impossible to apply a tensile stress to a 
specimen's ends without inducing a nonuniform stress field. Thus the major challenge in 
designing a direct tensile loading device is to develop a suitable end-gripping technique. 

Failure Laws 

Despite the large number of tensile strength investigations, relatively little systematic 
theory has been developed on the failure of soils in tension. The majority of tensile tests 
measure total stresses rather than effective stresses, making it difficult to develop a com
prehensive theory. This deficiency comes in part from the interest in determining the tensile 
strength of partially saturated compacted materials. Thus, deficiencies in understanding 
tensile strength parallel the deficiencies in understanding partially saturated materials. 

Various researchers have attempted to predict the tensile strength of soil and rock using 
classic failure criteria such as Mohr-Coulomb, Griffith, and modified Griffith [4,5]. Most 
found that the Mohr-Coulomb criterion overpredict tensile strength whereas the Griffith 
criterion underpredict the cohesive strength. A more apphcable approach was outlined by 
Lee [4] who used the Griffith criterion with modifications by McClintock and Walsh and 
Brace (modified Griffith theory). Bishop and Garga [6] and Shen [7] used the modified 
Griffith failure criterion to predict the failure of blue London clay and lateritic clay, re
spectively, and found the criterion to work quite well. 

Experimental Program 

Tensile Test Equipment 

The direct tensile test equipment consists of two gripping jaws, a rigid base, a slide table, 
a linear variable differential transformer (LVDT), an electrical load cell, and a loading 
mechanism. One of the gripping jaws is rigidly attached to the base while the other is 
attached to the slide table. The slide table provides a precise alignment of the pulling force 
along the longitudinal axis of the specimen. The LVDT is mounted along a reduced section 
of the specimen at a gage length of 5.0 cm and provides a means of measuring axial dis
placement. The load cell is attached to the jaw mounted on the slide table ensuring that 
the load measured is that which is actually applied to the specimen. The assembled test 
device with its loading system is shown in Fig. L 

Sample Preparation 

Material for a test series was batched at a specified water content and allowed to cure 
for a minimum of 24 h. Predetermined weights were taken from the batched material and 
evenly distributed into seven water-tight containers. From this preweighed material, a spec
imen consisting of seven layers was compacted in a rectangular mold 7.6 cm high, 5.1 cm 
wide, and 22.9 cm long, using a miniature pneumatic kneading compactor having a square 
compactor foot with an area of 6.45 cm^ Compaction was accomplished with 40 tamps per 
layer, which was sufficient to completely cover the layer surface three times. The compacted 
specimen was then trimmed to produce a reduced center section 3.80 by 6.35 by 5.0 cm 
long, as shown in Fig. 2, and allowed to cure in a sealed container for another 24-h before 
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FIG. 1—Tensile testing apparatus and dead weight loading system. 

testing. The curing time tends to promote a uniform distribution of water throughout the 
specimen. 

Tensile Test Procedure 

The specimens were incrementally loaded at 1-min intervals with load and deformation 
readings being monitored continuously until failure occurred. A somewhat arbitrary standard 
loading program was selected to ensure that all tests would be comparable even though 
other loading schemes might better match field conditions. At the conclusion of the tensile 

=V^ 

^Sr^l • X ^ ^ 

• • ' ^ - i J i ^ 

7 
FIG. 2—Configuration of tensile specimen after trimming procedure. 
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test, a water content specimen was obtained from the fracture zone which was normally in 
the central portion of the specimen. 

Compression Tests 

Unconsolidated undrained triaxial compression tests were performed on cylindrical spec
imens trimmed from rectangular samples compacted in the tensile test mold. A series of 
three specimens from each rectangular sample were tested using confining pressures of 50, 
145, and 290 kN/m .̂ The specimens were trimmed so that the longitudinal axis was per
pendicular to the compaction layers. Thus the maximum principal stress in the unconsolidated 
undrained test corresponded to the zero stress direction in the tensile test. The specimens 
were tested under strain control using procedures presented in Ref 8. 

Material Tested 

General Description 

Vicksburg silty clay was used in the test program so data could be correlated with work 
done by Al-Hussaini and Townsend [9] and Seed et. al. [10]. The Vicksburg silty clay used 
by other researchers differs slightly from that used in this study. Tensile test results reported 
in this paper and in Ref 9 are for a material having a liquid limit of 34, plastic index of 13, 
specific gravity of 2.68, and a gradation of 98% passing the No. 200 sieve with 20% being 
finer than 0.005 mm. The material used for compression tests in Ref 10 had a liquid limit 
of 35 and a plastic index of 19. Vicksburg silty clay was also used as the standard (CL) soil 
in a round robin compaction test series performed by nine U.S. Army Engineer Division 
laboratories and the Kansas City District laboratory [11] which allows comparison of different 
compaction methods. 

Compaction Characteristics 

The compaction curves for this material, shown in Fig. 3, were obtained using the pneu
matic kneading compactor and compaction mold used for compacting the tensile specimens. 
A standard Proctor curve is also presented for comparison (Fig. 3). The optimum water 
contents and maximum dry densities for compaction efforts 345, 518, and 690 kN/m^ were 
17.6% and 16.93 kN/m^ 16.6% and 17.15 kN/m', and 15.9% and 17.37 kN/m^ respectively. 
Comparing these compaction curves to the standard Proctor curve for Vicksburg silty clay, 
it is noted that they are steeper and attain a higher degree of saturation at their optimum 
water content (85 versus 80%, respectively). It is interesting that although the optimum 
water content occurs at different degrees of saturation for the two compaction methods, the 
maximum degree of saturation is the same, approximately 90%. There appears to be a 
maximum degree of saturation the material can attain which is independent of the compaction 
method. 

Tensile tests performed at compactive efforts of 173 and 1035 kN/m^ provide additional 
compaction data. Compaction curves for these efforts were sketched based on the shapes 
of the other compaction curves to obtain estimates of the optimum water contents and 
densities. In constructing these curves, it was assumed that all compaction curves have 
generally the same shape. The assumption is considered valid when the same compaction 
equipment and technique (mold size and configuration and compaction procedure) are used 
for all tests. 
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FIG. 3—Compaction curves for Vicksburg silty clay. 

Suction-Water Content Relationship 

In studying the tensile strength of unsaturated compacted materials, it is normally assumed 
that they derive strength from their suction potential. Therefore, comparisons between 
suction data and compressive and tensile strengths were made to determine if such a cor
relation could be verified. The relationship between suction potential and water content was 
developed for tensile test specimens compacted at water contents of 10, 12, 14, and 18%, 
using a compaction effort of 345 kN/m .̂ The specimens were trimmed into small cubes, and 
the suction potential was determined with psychrometers using the procedure outlined by 
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TABLE 1—Suction potential test data. 

Test Number 

CM-lO-50-la 
CM-lO-50-lb 
CM-lO-50-ld 
CM-lO-50-lf 
CM-lO-50-lg 
CM-lO-50-lh 
CM-lO-50-li 
CM-12-50-2a 
CM-12-50-2b 
CM-12-50-2d 
CM-12-50-2f 
CM-12-50-2g 
CM-12-50-2h 
CM-12-50-2i 
CM-14-50-3a 
CM-14-50-3b 
CM-14-50-3d 
CM-14-50-3f 
CM-14-50-3g 
CM-14-50-3h 
CM-14-50-3i 
CM-18-50-4a 
CM-18-50-4b 
CM-18-50-4d 
CM-18-50-4f 
CM-18-50-4g 
CM-18-50-4h 
CM-18-50-4i 

Water Content {w), % 

8.84 
9.32 
9.35 
9.20 
9.37 
9.25 
9.37 

11.83 
11.39 
13.00 
11.23 
11.01 
11.06 
10.78 
14.30 
14.10 
14.30 
14.12 
14.08 
14.44 
14.08 
17.50 
17.69 
17.64 
17.88 
17.72 
17.72 
17.59 

Void Ratio (e) 

0.752 
0,735 
0.752 
0.764 
0.734 
0.752 
0.739 
0.776 
0.780 
0.795 
0.822 
0.808 
0.790 
0.793 
0.707 
0.704 
0.687 
0.682 
0.692 
0.675 
0.683 
0.625 
0.627 
0.610 
0.630 
0.628 
0.603 
0.603 

Degree of Saturation 
(5), % 

31.8 
34.2 
33.5 
32.4 
34.5 
33.2 
35.0 
41.1 
39.4 
44.1 
36.9 
36.8 
37.8 
36.7 
54.6 
54.0 
56.2 
55.9 
54.9 
57.8 
55.6 
75.6 
76.2 
78.1 
76.7 
76.2 
79.3 
78.7 

Suction Potential 
(T), kN/m^ 

1571.2 
864.2 
916.5 
549.9 
419.0 
392.8 
523.7 
614.7 
614.7 
481.1 
588.0 
534.6 
427.6 
855.3 
294.9 
268.1 
402.1 
375.3 
375.3 
160.8 
348.5 
184.9 
158.5 
264.2 
184.9 
158.5 
158.5 
184.9 

Johnson [12]. A disadvantage of the psychrometer method is that the resolution of mea
surement is on the order of 100 kPa, making necessary the use of several psychrometers 
per water content. Considerable scatter was observed among different psychrometers at 
each water content, however, all psychrometers indicated the same basic trend. Suction 
potential test data are summarized in Table 1. Figure 4 shows the average suction potentials 
for the compacted water contents relative to the optimum water content. A steady decHne 
is observed in the suction potential cis the water content is increased until optimum is reached. 
At optimum, the suction potential becomes very low. Sufficient data were not obtained to 
determine the influence of compactive effort on the suction versus water content relationship. 

Test Results 

Test Program 

The test data from the main series of direct tensile tests performed on Vicksburg silty 
clay are presented according to specimen water content in Table 2. The main series was 
separated into four groups with material in each group being batched at water contents of 
12, 14, 16, and 18%. Each group contained a minimum of two specimens at each of com
pactive efforts 345, 518, and 690 kN/m^. In general, the test data shown in Table 2 appear 
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FIG. 4—Suction potential versus water content for Vicksburg silty clay. 

to be consistent and repeatable. An observed decrease from the initial to the final water 
content is attributed to moisture loss during specimen compaction, trimming, and setup. 

Strength Versus Suction 

Figure 5 shows an increase in tensile strength as the material's suction potential increases, 
indicating that tensile strength depends on suction potential. Figure 6 shows a reduction in 
tensile strength with the transition of the water content from dry to wet of optimum. Thus 
the suction-strength relationship consists of two parts: (1) dry of optimum where the strength 
is nearly constant and (2) wet of optimum where the strength falls off rapidly. The extrap
olation of behavior to zero suction is based on the general relationship between water content 
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TABLE 2—Direct tension test data at failure. 

Test Number 

CM-12- 50- 1 
CM-12- 50- 2 
CM-12- 50- 3 
CM-12- 75- 4 
CM-12- 75- 5 
CM-12-100- 6 
CM-12-100- 7 
CM-14- 50- 8 
CM-14- 50- 9 
CM-14- 75-10 
CM-14- 75-11 
CM-14- 75-12 
CM-14- 75-14 
CM-14- 75-16 
CM-14- 75-33 
CM-14- 75-34 
CM-14-100-13 
CM-14-100-15 
CM-14-100-17 
CM-14-100-18 
CM-14-100-32 
CM-16- 25-35 
CM-16- 50-19 
CM-16- 50-20 
CM-16- 75-21 
CM-16- 75-22 
CM-16-100-23 
CM-16-100-24 
CM-16-100-25 
CM-16-150-36 
CM-18- 50-26 
CM-18- 50-27 
CM-18- 75-28 
CM-18- 75-29 
CM-18-100-30 
CM-18-100-31 

Wi, % 

12.3 
12.4 
12.4 
12.5 
12.6 
12.4 
12.4 
14.1 
14.5 
14.1 
14.1 
UA 
14.4 
14.2 
14.3 
14.1 
14.2 
14.1 
14.1 
14.0 
14.7 
16.1 
15.9 
16.1 
16.1 
15.9 
16.1 
15.9 
16.0 
16.2 
18.0 
18.6 
18.5 
19.0 
18.5 
18.5 

Wf, % 

12.2 
11.6 
11.9 
12.0 
11.9 

11.8 
13.7 
13.9 
13.5 
13.4 
13.0 
13.4 
13.4 
13.8 
13.9 
13.5 
13.4 
13.5 
13.4 
13.9 
15.9 
15.6 
15.5 
15.5 
15.6 
15.6 
15.2 
15.3 
15.8 
17.2 
17.4 
17.7 
18.0 
17.6 
18.1 

Effort, kN/ra^ 

345.0 
345.0 
345.0 
517.5 
517.5 
690.0 
690.0 
345.0 
345.0 
517.5 
517.5 
517.5 
517.5 
517.5 
517.5 
517.5 
690.0 
690.0 
690.0 
690.0 
690.0 
172.5 
345.0 
345.0 
517.5 
517.5 
690.0 
690.0 
690.0 

1035.0 
345.0 
345.0 
517.5 
517.5 
690.0 
690.0 

y„ kN/m' 

15.55 
15.61 
15.52 
16.18 
16.10 
16.31 
16.45 
15.90 
15.72 
16.53 
16.48 
16.49 
16.51 
16.51 
16.32 
16.37 
16.82 
16.89 
16.82 
16.78 
16.87 
14.53 
16.20 
16.21 
16.75 
16.90 
17.26 
17.36 
17.36 
17.74 
16.86 
16.82 
16.82 
16.68 
16.79 
16.78 

€„ 10-

3.5 
4.0 
7.3 
5.6 
5.0 
6.5 
2.0 
6.8 
5.4 
3.5 
3.0 
1.0 
2.0 
2.3 
2.3 
9.5 
6.2 

4.5 
11.8 

2.1 
12.8 
9.6 
4.4 
9.8 

10.3 
17.5 

'7.6 

14.6 

6.6 

ff„ kN/m^ 

37.3 
37.3 
40.0 
51.8 
51.1 
64.2 
62.1 
37.3 
35.2 
43.5 
49.7 
61.4 
49.0 
53.1 
38.6 
38.6 
53.1 
49.7 
53.1 
60.7 
53.2 
13.8 
34.5 
35.2 
38.6 
43.5 
49.7 
53.8 
45.5 
35.2 
23.5 
27.6 
20.0 
19.3 
19.3 
17.3 

" iv, = initial water content, Wf = final water content, effort = compactive effort, y^ = dry density, 
e, = tensile strain, and a, = tensile strength. 

and strength observed for specimens at other compactive efforts for which suction mea
surements were not obtained. 

Strength Versus Kneading Pressure 

Figure 6 shows that the tensile strength increases with compactive effort until the water 
content is wet of optimum, where a sharp decrease in tensile strength occurs. The strength 
loss on the wet side of optimum is often related to "overcompaction" which occurs when 
degree of saturation is great enough to permit excess pore pressures to develop. It was also 
observed that when compacting wet of optimum, the compaction foot tended to push material 
laterally rather than compress material in a punching manner as for the dryer material. The 
shearing action in the wet material may damage the specimen and make it weaker as the 
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tM 8 0 
E 

r 

1 1 
VICKSBURG SILTY CLAY 

CONTOURS OF CONSTANT WATER CONTENT 
-̂  CONTOUR OF OPTIMUM WATER CONTENT 

200 400 1000 1200 1400 600 800 
KNEADING PRESSURE. kN/m^ 

FIG. 6—Tensile stress at failure versus kneading pressure for Vicksburg silty clay contoured 
with respect to water content. 

1600 

compactive effort is increased. Note that the size of the compaction foot and thickness of 
compaction layer are large relative to the specimen size, and strength reduction as a result 
of the damage effect may not be observed at a prototype scale. 

Stress-Strain Characteristics 

Figure 7 shows typical stress-strain data obtained from the direct tension test. The strain 
used to plot the curve corresponds to the accumulated strain at the end of a load step. The 
response of the specimen to a load application consisted of two parts, an initial and creep 
response, which created a stair-stepped load-deformation curve. The initial strain was 
typically small and was approximately the same for all load steps including those near failure. 
The creep response represents the strain due to the sustained load between each step which 
became greater as failure was approached. Therefore, it is to be expected that the measured 
stress-strain curve would be quite sensitive to the rate of loading. 

Ductility was defined as the strain a specimen could withstand prior to rupture. The strains 
at failure, given in Table 2, display considerable variability as a result of the load-control 
method of testing. To obtain a more definitive measure of ductility, a strain control device 
is preferable. However, based on general observations of specimen behavior, a clear picture 
of the relative ductility emerged. It appeared that ductility, like tensile strength, was directly 
related to the compacted water content relative to optimum water content. There was a 
gradual increase in ductility from dry of optimum to optimum and a large increase from 
optimum to approximately two percentage points wet of optimum. At two percentage points 
wet of optimum, the material's ductility became small, possibly a result of the greatly reduced 
strength of the wetter specimens. As most of the ductility was derived from creep strains, 
the observations of the influence of compactive effort and water content on ductility also 
apply to creep. 
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TENSILE TEST RESULTS 
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FIG. 7—Typical stress-strain curve for direct tensile test on Vicksburg silty clay. 

TABLE 3—Triaxial compression test data at failure. 

Test Number 

CM-12- 50- IC 
CM-12- 50- 2C 
CM-12- 50- 3C 
CM-14- 50- 4C 
CM-14- 50- 5C 
CM-14- 50- 6C 
CM-16- 50- 7C 
CM-16- 50- 8C 
CM-16- 50- 9C 
CM-16-100-10C 
CM-16-100-11C 
CM-16-100-12C 
CM-18- 50-13C 
CM-18- 50-14C 
CM-18- 50-15C 
CM-18-100-16C 
CM-18-100-17C 
CM-18-100-18C 

w, % 

11.7 
11.6 
11.6 
14.0 
13.9 
13.8 
16.6 
16.6 
16.6 
16.3 
16.3 
16.3 
18.2 
18.2 
18.3 
18.5 
18.3 
18.3 

Effort, 
kN/m^ 

345.0 
345.0 
345.0 
345.0 
345.0 
345.0 
345.0 
345.0 
345.0 
690.0 
690.0 
690.0 
345.0 
345.0 
345.0 
690.0 
690.0 
690.0 

yd. 
kN/m' 

15.32 
15.43 
15.41 
15.80 
16.04 
16.02 
16.24 
16.07 
16.34 
17.42 
17.39 
17.69 
16.71 
16.67 
16.76 
16.07 
16.34 
15.94 

e i , % 

5.0 
10.0 
15.0 
6.0 

10.0 
15.0 
6.0 

20.0 
20.0 
5.0 
8.0 

10.0 
9.5 

15.0 
15.0 
15.0 
15.0 
15.0 

(Tj - (Tj, k N / m ^ 

2 

133.9 
225.9 
359.3 
124.8 
225.9 
360.7 
135.9 
194.6 
345.0 
220.1 
329.1 
500.9 
151.1 
229.8 
331.2 
92.5 

115.9 
220.1 

(Ti + CTj, k N / m ^ 

2 

182,2 
370.8 
649.1 
173.1 
370.8 
650.5 
184.2 
339.5 
634.8 
268.4 
474.0 
790.7 
199.4 
374.7 
621.0 
140.8 
260.8 
509.9 

Note: Dry densities were based on weights of compression test specimens and are generally less 
accurate than those reported in Table 2. 
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180 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

For the specimen shown in Fig. 7, failure was outside the gage length and in the tapered 
portion of the specimen. However, the stress-strain curve, which is indicative of conditions 
within the gage length, shows the entire specimen to be in a state of failure. This implies 
that strains are relatively uniform within the specimen up to the point of rupture. Note that 
of the 36 specimens tested, 28 failed in the gage length. However, the failure plane in all 
specimens occurred as a planar fracture running perpendicular to the specimen's longitudinal 
axis. 

Triaxial Compression Test Data 

The triaxial test data presented in Table 3, combined with the tensile test data, permitted 
construction of a complete failure envelope for uniaxial loading; these data are summarized 
in Fig. 8. The compressive strengths correlated with tensile strengths, in that specimens 
having the greater compressive strengths also had the greater tensile strengths. All the 
compression test specimens compacted dry of optimum display approximately the same tan 
<|)„, indicating that these specimens all behaved as partially saturated. The <|)„ of 27° is lower 
than the 33° measured in drained tests on Vicksburg silty clay [13], which suggests that a 
moderate pore pressure response was created even in the dry specimens. 

The compression test data, supplemented by the test results of Seed et. al. [10\, were 
used to construct Fig. 9. The relationships among strength, water content, and compactive 
effort are identical in form to those for tensile strength. The failure envelopes for the 
compression test results are nearly parallel, indicating that differences in strength are the 
result of differences in the cohesion intercept. Therefore, the factors influencing the cohesion 
parameter appear to be the same as those influencing tensile strength. 

Discussion of Results 

Implications to Strength Theories 

The observed trends in tensile test data outlined in previous sections point to a consistent 
picture of the mechanisms governing the tensile strength of compacted soils. These data 
also present a clear picture of how the tensile strength should be modeled for purposes of 
analysis. Consider these observations: 

1. In every case, failure occurred as a planar fracture running perpendicular to the spec
imen's longitudinal axis. 

2. Tensile strength fell below the Mohr-Coulomb envelope as defined from the compres
sion test. The ratio of tensile to compressive strength ranged from 0.2 to 0.4. 

It is quite common to account for the failure behavior of soil in tension by defining a tensile 
"cutoff" to the failure envelope on the tension side of the effective stress origin. Also, it is 
common to treat the strength component due to suction by defining an equivalent effective 
stress axis: 

CT' = (CT - M„) + X («« - "*) (1) 

where 

a = total stress 
CT' = effective stress 
M„ = pore air pressure 
u„ = pore water pressure 
X = factor that depends on the degree of saturation (for example, see Ref 14) 
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FIG. 9—Strength at 5% strain versus kneading pressure for Vicksburg silty clay contoured 
with respect to water content [10]. 

The two observations cited at the beginning of this section were used to show that, in 
general, tensile strength should not be defined in terms of effective stress and that the use 
of an equivalent effective stress is inadequate even for compressive strength. 

First, the use of Eq 1 in conjunction with the Mohr-Coulomb failure law is inconsistent 
with the observed tensile fracture. The use of a x factor in a definition of effective stress 
implies that the effective stress strength envelope is simply shifted to the tensile side by the 
amount x(u„ - M„). Therefore, failure of a partially saturated soil in tension should be 
similar to failure of a saturated soil in an undrained extension test—failure should occur as 
either necking or formation of shear planes. From the first observation, failure was never 
observed to be of the Mohr-Coulomb type, and the only report in the literature of ductile 
failure modes involved natural clayey soils which were most likely saturated and thus behaved 
as undrained extension tests [15]. In general, the use of Eq 1 will lead to incorrect prediction 
of ductile shear failure in the tensile region. 

The second observation leads to the conclusion that the strength of the compacted soil is 
modeled well by a Griffith-type theory which predicts different failure modes in tension and 
compression. Several researchers have in fact proposed apphcation of the modified Griffith 
theory to compacted soil with some success [7,8]. To apply the theory to partially saturated 
(noncemented) soils, the question of effective stress must be addressed because the tensile 
strength becomes negligible when the material is saturated. This implies that the tensile 
strength is derived from capillary tension which evidently makes suction an important vari
able. 

Incidentally, another inconsistency appears when applying the effective stress concept to 
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partially saturated soils in compression. Suppose several saturated, overconsolidated spec
imens are to be tested in drained triaxial compression. If the specimens are consolidated at 
low confining pressures and then sheared, they will tend to be dilative and to fail in a brittle 
fashion. In contrast, specimens consohdated to a sufficiently high stress to return the spec
imens to a normally consohdated state will be contractive and appear ductile. Specimens 
consolidated to intermediate stress levels will correspondingly display failure mechanisms 
ranging from dilative-brittle to contractive-ductile. If a specimen is desaturated by drying 
or by introducing air pressure u„, Eq 1 indicates that it should become more ductile because 
the extra effective stress due to suction brings the specimen closer to being normally con
solidated. Experience indicates that if desaturation influences behavior at all, the tendency 
is toward becoming more brittle upon drjang. It is again seen that the strength derived from 
suction is not due simply to an increase in intergranular stress but also must be due to the 
strength of the water surface tension acting as cementation. 

Correlation Between Effective Stress and Suction 

The difficulty with applying the effective stress concept to partially saturated soils is that 
the relationship between mechanical behavior and suction is more complex than implied by 
Eq 1. Olsen and Langfelder [16] found that the negative pore pressure of a compacted soil 
depends strongly on water content but not on degree of saturation. If strength is derived 
directly from soil suction, there should be a direct correspondence between water content 
and strength. For example, the compaction curve, which could be viewed as an indicator 
of resistance to compaction (density) versus water content, clearly indicates that degree of 
saturation plays a greater role than would be indicated by a relationship based on suction 
alone. Therefore, the contribution of suction to shear strength involves a mechanism more 
complicated than simply adding a component to the effective confining pressure. 

Fredlund [17] applied the state variable concept to obtain the shear strength law: 

T = c' + (CT - M„)tan <j)' + («„ - u„)tan <|>" (2) 

where 

T = shear stress at failure 
c' = effective stress cohesion intercept 
<|)' = angle of internal friction related to normal stresses 
(|)" = angle of internal friction related to matrix suction 

Eq 2 can be criticized in the same fashion as Eq 1. In fact, if x is taken to be constant, then 
the above equation reduces to the Bishop theory with tan<|)" = xtan<|)'. However, the essence 
of Fredlund's relationship does not rest in the Mohr-Coulomb form of Eq 2, but rather in 
the fact that the contribution of suction is independent of the other stress quantities [18]. 
That is, rather than incorporating suction into an equivalent effective stress, it should be 
treated as an independent state variable whereby the failure law would take the form 

T = c' -I- / i (a - M„) + /2 (M„ - M„) (3) 

where /, and /j are functions to be determined experimentally. Equation 1 is, of course, a 
particular case of Eq 3. An alternative failure law consistent with the state variable approach 
is described in the following paragraphs. The proposed relationship is equivalent to Eq 2 
for compressive stress states but also predicts the correct failure mechanism in tension. 
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184 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

Using the Griffith theory for fracture and the modification by Brace [19], three distinct 
failure criteria based on stress state can be identified. Consider a specimen subjected to the 
stresses a, and QC (shown in Fig. 10), in which stresses are negative in tension. From Griffith 
theory, criteria 1 and 2 follow: 

1. For - a , > -CT̂  and (3a, + a,,) < 0: 

<r, = -To 

2. For -(T, > -ffc and (3ff, + crj > 0: 

(CT, - a,f = S n (a, + ffc) 

(4a) 

(4b) 

where r„ is the positive tensile strength parameter. From the Brace modification to Griffith 
theory, criterion 3 follows: 

3. For CT, < CT^ and a, > 0, (T̂  — 0: 

- |x (ff. + a,) + (ff, - CT,) V T + M ; = ATo 

where |Ji = tan<|), and ^ is the fi'iction angle between the crack faces. 

(4c) 
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FIG. 10—Failure zones dictated by the Griffith-Brace theory arid the failure mechanism 

associated with each zone. 
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The stress states corresponding to each criterion are shown in Fig. 10 along with the 
failure mechanism that should be observed for each case. Failure in the direct tensile test 
is controlled by criterion 1 whereas failure in the unconsohdated undrained triaxial compres
sion test is controlled by criterion 3. The boundary between criteria 2 and 3 correspond to 
the unconfined compression test. The stress conditions corresponding to criterion 2 involve 
both compression and tension and were not produced by any of the tests performed in this 
study. 

Equation 4c is clearly equivalent in form to the Mohr-Coulomb criterion in which the 
cohesion intercept is proportional to the tensile strength parameter. Therefore, a corre
spondence can be made between the tensile strength measured in the direct tensile test and 
the cohesion intercept of the failure envelope for the compression tests. If the value of the 
cohesion intercept is denoted as «„ in q-p coordinates and c„ in T-CT coordinates, T„ can be 
computed from the compression test data using Eq 5: 

T„ = 1/2 «„ V l + v? = V2 c„ (5) 

For simplicity, it is assumed that the response of pore pressures u„ and M„ is insignificant 
for all tests; this is equivalent to assuming that the normal stress axes correspond to (CT -
M„) with M„ = 0. Also, it will be assumed that c' = 0 and |ji ~ tan(t>„. In view of criterion 3 
and Eq 2, the tensile strength is related to Fredlund's failure criterion by 

2r„ = (M„ - M„) tan(|)" (6) 

The effects of suction can also be accounted for by noting that the relationship between 
suction and water content is typically found to plot as a straight hne on a semilogarithmic 
plot suggesting the form 

log(M, - u„) = aw + b (7) 

where w is the water content and a and b are constants. By substituting Eq 6 into Eq 7, a 
semilogarithmic relationship between strength and water content can be obtained. If the 
water content in the relationship is replaced with the difference between the water content 
and the water content at maximum density {w — w^, the semilogarithmic trend should be 
unaffected. It is further proposed that the strength increase due to higher kneading pressure, 
shown in Figs. 6 and 9, can be related to density. It was found that the effects of density 
could be accounted for by normalizing T„ by a function of void ratio P,. The complete 
empirical relationship for strength is given by 

log {TJP,) = a{w - Wop,) + constant (8) 

The function P^ is given by 

P, = P, exp[(6. - e)/\] (9) 

where 

P„ = atmospheric pressure 
\ = slope of virgin curve on e - log, (p) plot for saturated soil under isotropic compres

sion 
e„ = void ratio on virgin compression curve at P„ 
e = void ratio of soil 
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A plot of (w - Wop,) versus log(TJP^) is shown in Fig. 11. For the tension test, T„ is simply 
the failure stress; for the compression test, T„ is computed from Eq 5. Values of \ = 0.07 
and e„ = 0.71 (based on isotropic consohdation tests on saturated specimens) were used to 
compute Pe- It is seen that (1) the proposed empirical relationship is supported by the 
experimental data and (2) the T„ computed from the compression test data agrees well with 
strengths measured directly in the tension test. 

Sninmaiy 

Data from a comprehensive test series performed on Vicksburg silty clay were supple
mented with pubhshed data. An analysis of the data was based on relating the tensile strength 
parameter of the Griffith-Brace theory for brittle fracture to the suction-derived cohesion 
term of the Fredlund-Morgenstem failure law for partially saturated soils. The application 
of the proposed analysis was demonstrated by relating tensile and compressive strengths to 
water content and void ratio. 

Conclusions 

The conclusions drawn from this study are 

1. For a given kneading pressure the tensile strength is governed primarily by the water 
content relative to optimum. It was noted that the tensile strength gradually decreased as 
the water content was increased until optimum, then a sharp reduction in the tensile strength 
occurred beyond optimum. 
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FIG. 11—Flot of normalized tension versus water content using strength based on the 
Griffith-Brace theory for Vicksburg silty clay. 
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2. The relationships among strength, water content, and density observed for the tensile 
test were also observed for the compression test. A semi-empirical relationship was devel
oped accounting for water content and density that is valid for tensile strengths measured 
either by direct tension or computed from the cohesion intercept extrapolated from compres
sion test data. 

3. One of the most important conclusions to be reached from this study is that it may be 
possible to develop a general failure theory for partially saturated soils that not only accounts 
for the influence of suction but also predicts the correct type of failure mechanism. The 
theory is similar to a critical state model in that it is based on a state surface which contains 
both void ratio and water content as state variables. The "line of optimums" obtained from 
a series of compaction tests represents a projection of the surface onto the e-w axes. The 
appropriate stress state variable for the theory would be (a - «„), which would reduce to 
the effective stress as conventionally defined, when degree of saturation increases to the 
point where the air phase takes the form of occluded air bubbles and (M„ — u„) equals zero. 

4. Considerable work and more detailed testing of other soil types are required to develop 
the theory fully. In particular, an investigation is needed on noncompacted partially saturated 
soils to determine if a reference state equivalent to w^ can be identified. Conceptual work 
is needed to identify the mechanical basis of using the modified Griffith theory for granular 
materials such as Vicksburg silty clay. Also, the role of excess pore pressures and influence 
on \L requires study. Future studies on tensile strength should be performed using strain-
controlled loading to better define behavior near failure. 
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ABSTRACT: A significant problem, especially in long-term tests, is leakage through the 
fittings and membrane. To avoid the first of these two sources of error, a cell with fittings 
enclosed in a back pressure chamber has been developed. To reduce leakage through the 
membrane, various cell fluids have been considered and tested in normal triaxial test conditions 
but with a dummy in place of the specimen. The results show that silicone oil minimizes the 
leakage. 

Filter papers are used in triaxial testing to accelerate the consoUdation process and the 
equalization of effective stresses within the specimen during shearing. The drainage capacity 
of five different filter papers was measured, and their effect on the consolidation and shear 
processes was evaluated by comparative tests. The results show that in the overconsolidated 
range, the filter papers are efficient; however, due to the high coefficient of consolidation of 
natural clays in this range, they are not really useful. In the normally consolidated range, the 
efficiency of the filter drains during consolidation is considerably less than expected; contrary 
to what has been observed by other researchers, no effect of the filter drains on shear strength 
was found. 

KEY WORDS: triaxial, consolidation, shear strength, leakage, cell fluids, membrane, filter 
paper drains 

In the last four decades, the triaxial test has become the laboratory test most commonly 
used to investigate soil behavior and to determine the soil parameters necessary for design 
purposes. During the 1950s and 1960s, considerable research was done to improve the triaxial 
apparatus and its use [1-5]. Since that time, attention has been centered on the development 
of new testing methods, and little research has been carried out on topics related to the 
common triaxial test. However, geotechnicians working in industrial and research labora
tories have accumulated experience and developed techniques which can benefit the profes
sion; Berre's summary of the triaxial testing practice at the Norwegian Geotechnical Institute 
(NGI) [6] is a good example. This paper and a companion paper by La Rochelle et al. [7] 
discuss some practical aspects of the triaxial test and its interpretation, and suggest some 
improvements. 

Among the practical problems associated with the performance and interpretation of a 
triaxial test, leakage through fittings and membrane, the use and selection of filter strips 
around the specimen, the correction of test results for the effects of filter strips, the mem-

' Department of Civil Engineering, Laval University, Quebec, Canada GIK 7P4. 
^ Geotechnical engineers, Roche Ltd., 2535 Bd Laurier, Ste-Foy, Canada GIU 4M3. 
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190 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

brane, and the changes in cross-sectional area are probably the most important. This paper 
discusses the problems of leakage and filter strips, while the membrane and area corrections 
are treated in the companion paper by La Rochelle et al. [7]. 

Leakage in the IViaxial Test 

In the triaxial test installation, a rubber membrane surrounds the soil specimen to isolate 
it from the cell fluid, and tubings and fittings are provided to either isolate the specimen 
from the atmospheric pressure (undrained tests) or to connect it to volume change measuring 
devices. However, as demonstrated by Poulos in his extensive study on control of leakage 
in the triaxial test, the efficiency of membrane, fittings, and tubings in providing a tight 
environment for the specimen is far from perfect [8]. Figure 1 schematically presents the 
main sources of exchange between the pore water of the specimen and the surrounding 
fluids: leakage in the external fittings ( ® in Fig. 1) and in fittings within the cell ( ® ) ; 
osmosis and diffusion through the membrane and tubings ( © ) ; saturation of the membrane 
( ® ); and leakage and diffusion within the back pressure burette ( © ). All these phenomena 
introduce fluid movements which result in an inflow or an outflow, the importance of which 
depends on the fittings, the membrane, the cell fluid, the cell pressure, and, of course, on 
the duration of the test. 

In drained tests, these uncontrolled fluid movements result in errors in the measurement 
of volume changes and eventually prevent the analysis of long-term creep tests [9], but, 
fortunately, the soil behavior remains unaffected. This is not the case in undrained tests in 
which changes in pore water volume modify the effective stresses and, consequently, the 
soil behavior. 

If the soil is a normally consohdated clay (point A, Fig. 2), an uncontrolled outflow only 
slightly affects the effective stress and the soil response (case 1); on the contrary, an un
controlled inflow (case 2) in a normally consohdated clay specimen, or both inflow and 
outflow in an overconsolidated clay (cases 3 and 4) or a cohesionless soil may considerably 

FIG. 1-^Sources of errors in triaxial test installation. ® = Leakage in external fittings. ® 
= Leakage in fittings within the cell. ® = Osmosis and diffusion through membranes and 
lines. ® = Saturation of membrane. ® = Leakage and diffusion within the back pressure 
burette [11]. 
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FIG. 2—Effects of leakage on effective stress. 

modify the effective stresses and thus the soil behavior, even if the volume changes involved 
are very small. It is thus important, especially for long-term tests, to reduce the fluid 
exchanges to a minimum. 

External fittings represent a significant source of leakage; their number should be reduced 
to a minimum or, ideally, completely eliminated. To this end, a triaxial cell with the back 
pressure burette directly attached to the base and with all the fittings enclosed in the back 
pressure chamber has been developed at Laval University in Quebec (Fig. 3). By enclosing 
the valves and connections in the back pressure chamber, this system completely eliminates 
the leakage through fittings due to hydraulic gradients, as shown in Fig. 4. Cells equipped 
in this manner have been used successfully for long-term drained creep tests [JO] or, with 
two burettes connected, for permeability tests on intact overconsohdated clays [11]. 

Leakage may also occur between the membrane and the pedestal or the cap. It can be 

-WNtey valve 

Sectho A-A 

FIG. 3—The new triaxial cell. 
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FIG. 4—Observed leakage in a conventional and in the new triaxial cell [11]. 

considerably reduced by polishing the surfaces of the cap and pedestal and by applying a 
thin layer of silicone grease on them before positioning the membrane and the O-rings. 

Leakage may also result from the combined effects of hydrauhc pressure difference and 
osmotic pressure difference between the pore pressure and the cell fluid through the mem
brane. Depending on the chemical compositions of the pore fluid and cell fluid and on the 
applied effective stress, inflow of cell fluid into the specimen or outflow of pore water may 
occur. Various tests were carried out to examine the influence of the cell fluid on the flow 
rate through the membrane. A dummy, 5 cm in diameter and 10 cm high, completely 
surrounded by filter paper, was installed in a cell such as the one shown in Fig. 3. The cap 
and the pedestal were coated with silicone grease before the membrane and the O-rings 
were installed. The membranes used, supplied by Soiltest (membrane T 604) and Wykeham 
Farrance (membrane WF 10510), are made of latex rubber and have a thickness of about 
0.3 mm. The following cell fuilds were considered: deaired water, glycerin, castor oil, 
paraffin, and silicone oil (350 Cs. viscosity). The test results obtained for an effective stress 
of 100 kPa are summarized in Table 1; because several tests were carried out under similar 
conditions, range of values is given. 

When deaired water was used as cell fluid, the measured flows varied between +0.25 
cmVweek (inflow) and -0.23 cmVweek (outflow). While the mounting of the membrane 
could have influenced the test results, these variations probably are due mainly to the 
chemical characteristics of pore and cell waters; however, no control of the chemical com
positions of these waters was performed to explain these differences. 

Flow of pore water toward the cell and flow of cell liquid toward the specimen could be 
limited or avoided by selecting a cell liquid in which the water would not be miscible and 
which would have molecules larger than the pores of the membrane. Various types of oils 
have been proposed. 

Kerozene, hquid paraffin, and silicone oil satisfy both conditions relatively well and have 
been tested. Kerozene attacks latex rubber, rapidly leading to leakage; therefore it cannot 
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TABLE 1—Flow through the membranes. 

Type of Membrane Cell Liquid 
Range of Measured Flow Through 

the Membrane, cm /̂week" 

Rubber latex membrane 
t = 0.3 mm" 
^ = 5 cm* 
/ / = 10 cm* 

Ramses membranes 
t = 0.07 mm 
(f) = 3.8 cm 
H = 7.6 cm 

Deaired water 
Glycerin 
Castor oil 
Liquid paraffin 
Silicone oil 
Deaired water 

-0.23 to +0.25 
-L45 to -1.76 
-0.25 to -0.41 
-0.04 
-0.04 to -0.05 
+ 0.01 

' + = flow from the cell to the specimen (inflow). 
- = flow from the specimen to the cell (outflow). 

' t = membrane thickness; <i> = specimen diameter; H specimen height. 

be used. Liquid paraffin, recommended by Berre [6] for tests without membranes, gives 
very small flows (Table 1); however, when in contact with paraffin, the membrane swells, 
creases as shown in Fig. 5, and becomes very brittle, this leading possibly to leakage, as 
observed by Trak et al. [12]. Moreover, these authors have shown that, in the absence of 
evident leakage, the pore pressure measured in isotropically consolidated undrained (CIU) 
triaxial compression tests (strain rate of 0.5%/h) with paraffin was smaller (at least 20% in 
four pairs of tests) than that measured when water was used as cell liquid; they explain this 
phenomenon by the presence of folds [12]. Therefore, paraffin cannot be recommended for 
tests in which membranes are used. 

FIG. 5—Effects of liquid paraffin on rubber latex membrane. 
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Silicone oil does not seem to have any detrimental effect on the membranes. As shown 
in Table 1, very small rates of outflow have been observed, suggesting that silicone oil is 
suited ideally for use as a cell fluid. Silicone oil has been used consistently and with great 
success for long-term tests at Laval University for about 10 years. Its only shortcoming is 
its high cost; it must be recovered and filtered after each test. 

Glycerin is often advertised as the ideal cell fluid by soil testing equipment companies; 
tests performed in the present study suggest quite the contrary. As shown in Table 1, outflow 
rates between 1.4 and 1.8 cm'/week were observed for pressure differences between 50 and 
340 kPa, indicating that glycerin is sucking the water out of the specimen through the 
membrane at rates greater than those observed with any of the fluids tested. This may be 
explained by the high miscibility of water and glycerin and consequent high attraction forces; 
because the large glycerin molecules have difficulty penetrating the membrane pores, the 
pore water is sucked out. Figure 6 clearly evidences the poor performance of glycerin in 
contrast to silicone oil: in the same test, glycerin was first used as a cell fluid, leading to 
outflow rates of 1.75 cmVweek; the cell was then drained and filled with silicone oil, which 
reduced outflow rate to 0.18 cm'/week; when the cell was filled again with glycerin, the 
outflow rate increased again to 1.4 cmVweek. Glycerin is not recommended as a cell fluid. 

The choice of the membrane itself is certainly an important factor in controUing the rate 
of flow, and the common latex rubber membranes used in this study are probably not of 
the highest quality in terms of impermeability. Ramses prophylactic membranes tested by 
Poulos [8] and in two tests in the present study (Table 1) seem to give a much lower rate 
of leakage. While such membranes would appear preferable, they are available only in one 
size suitable for tests on 3.8-cm (1.5-in) diameter specimens. 

Influence of Filter Paper Drains on ConisoUdation and Sliear Strength 

Filter paper drains are used in triaxial testing to reduce the duration of consolidation and 
to accelerate the equalization of pore pressures during shearing of the specimen. In common 
practice they are considered completely effective when defining durations of consolidation 
and rates of shear in drained tests; this means that consolidation of the specimen is assumed 
to develop approximately 100 times faster than for specimens draining at one end only [3]. 
Bishop and Gibson have shown analytically that the efficiency of filter papers depends on 
the ratio between the drainage capacities of the filter papers and the soil, the drainage 
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FIG. 6—Leakages through a rubber latex membrane. 
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capacity being equal to the penneability multiplied by the cross-sectional area [5]. However, 
to the authors' knowledge, very few experimental studies show the actual efficiency of the 
drains in common use. 

The influence of filter papers on the consolidation process of typical Champlain Sea clays 
has been investigated in this study. Five types of filter paper drains have been used (Table 
2). Their thickness varies between 0.11 mm for the Whatman No. 50 and 0.20 mm for the 
Whatman No. 40. Their strength, measured in tension after 10 min in boiling water and 1 
day at rest, is 0.8 and 1.1 N/cm width for the Whatman No. 1 and No. 40, while it is 4.4 
and 6.7 N/cm width for the Whatman No. 50 and No. 54 specified as hardened; the strength 
of Schleicher and Schuell 595 filter paper is intermediate at 3.3 N/cm width. 

The drainage capacity of the filter papers was first determined by setting six 1-cm-wide 
strips on the curved surface of a dummy, 3.8 cm in diameter and 7.6 cm high, as in a standard 
triaxial test. A cell pressure was applied for 1 to 3 days before carrying out a permeability 
test by circulating water between the pedestal and the cap. For each type of paper, three 
or four cell pressures varying between 50 and 400 kPa were used; the long duration between 
the application of the cell pressure and the test has been imposed by the fact that the filter 
papers have a permeability that significantly decreases with time, especially during the first 
hours. The test results (Fig. 7) show that the drainage capacity, also defined as the ratio of 
the flow rate to the hydraulic gradient, typically decreases by a factor of 100 when the 
confining stress increases from 50 to 400 kPa. The Whatman No. 40 and No. 54 give the 
highest drainage capacities, slightly above the values obtained with the Schleicher and Schuell 
and Whatman No. 50 papers. The drainage capacity of the Whatman No. 1 is lower, 
particularly at large stresses, and this type of paper will be disregarded in the rest of the 
study on consolidation. 

The efficiency of the filter paper drains was analyzed on four intact clays; overall, 60 
consoUdation tests on 28 specimens were carried out. The geotechnical properties of the 
tested clays are shown in Table 3; the plasticity indices vary between 6 and 41; the perme
abilities at the initial void ratio, obtained from falling head tests, are between 10^' and 
5 X 10" m/s, which are typical for Champlain sea clays [13]. 

Comparative consolidation tests with and without lateral drains were carried out on 3.8-
cm-diameter and 7.6-cm-high specimens cut from 20-cm-diameter samples taken with the 
Laval sampler [14]. In tests with lateral drainage, six 1-cm-wide strips of filter paper were 
used; in all tests, drainage was allowed only from the top cap, and the pore pressure was 
measured at the base. In this way, it was possible to evaluate the efficiency of the drains 
from volumetric change-time consolidation curves and from the pore pressure dissipation 
curves. 

In Figure 7, the drainage capacity of the specimens, equal to the permeability (given on 
the right side of Fig. 7) multiplied by the section area, is plotted versus the effective stress. 
The drainage capacity of the filter drains Whatman No. 40 and Whatman No. 54 is typically 
10 to 60 times higher than the drainage capacity of the soils. From the analytical work by 

TABLE 2—Side drain characteristics. 

Thickness, Tensile Strength, 
mm N/cm width 

Schleicher and Schuell 595 0.14 3.3 
Whatman No. 1 0.16 0.8 
Whatman No. 40 0.20 1.1 
Whatman No. 50 0.11 4.4 
Whatman No. 54 0.16 6.7 
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FIG. 7—Drainage capacities of lateral filter drains and studied soils. 

Bishop and Gibson [5] and taking into account the fact that the filter drains cover only half 
of the lateral surface of the specimen, the consolidation time should be reduced by a factor 
of five to ten with these filter drains. It would be less for other drains with smaller drainage 
capacities. 

Typical consolidation test results are presented in Figs. 8 and 9. From all the data, the 
following comments can be made. When the clay is consolidated in the overconsolidated 
range, the filter paper drains reduce the consolidation time by a factor varying between 5 

TABLE 3—Geotechnical characteristics of the tested clays. 

Site 

Saint-Thuribe 
Saint-Thuribe 
Louise ville 
Berthierville 

Depth, m 

5.8 
n.6 
12.4 
4.0 

w, % 

51 
42 
66 
58 

h 
22 
6 

41 
19 

II 

1.3 
4.5 
1.0 
1.9 

<2 |xm 

43 
30 
85 
34 

CTpJ 

kPa 

175 
175 
185 
054 

K, 
m/s 

1.2 X 10 ' 
1.8 X 10-' 

10-' 
5 X 10-' 

C, = ^elMgk 

0.56 
0.50 
0.90 
0.75 
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FIG. 8—Consolidation of soil specimens with and without lateral filter drains (Saint-Thuribe 
clay) 11.6 m. 

and 25 and can thus be considered as perfectly efficient (Fig. 8a). When the clay is in the 
normally consolidated range, as in Figs. 8c and 9, their efficiency is considerably reduced; 
there is no test in which the consolidation time has been reduced by a factor greater than 
2.5, which is considerably less than expected. The most efficient filter papers are the What
man No. 40 and No. 54 as shown in Figs. 8 and 9. Finally, for loading steps straddling the 
yield stress of the clay, the behavior is generally somewhere in between those observed for 
in overconsohdated and normally consolidated ranges. The poor performance of the filter 
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paper drains with normally consolidated clays is attributed to a clogging phenomenon which 
is confirmed by the gray color of the filters after testing. With the overconsolidated clays, 
the volumetric strains are much smaller and the clogging phenomenon is almost nonexistent. 
In summary, for the clay tested, filter papers used as lateral drains appear to be efficient 
only for tests on overconsolidated clays, for which the rate of consolidation is naturally so 
high that drains are of little interest. For tests on normally consolidated clays which show 
a slow natural rate of consoUdation the efficiency of the drains is much smaller than what 
is normally assumed, making the use of such drains questionable. 

After consolidation under the last step of loading, the specimens were sheared under 
undrained conditions at a strain rate of 0.5% per hour. Only one set of comparative curves 
is presented here, in Fig. 10. The Saint-Thuribe clay was normally consolidated under an 
isotropic effective stress of 245 kPa, and its volumetric strain was about 11%; one specimen 
was set up without a drain, one with a Schleicher and Schuell drain, one with a Whatman 
No. 40, and the last one with a polyester drain having a strength of 55 N/cm of width (that 
is, about ten times stronger than the stiff est paper filter). 

The results show no difference in terms of deviatoric stress for strains as high as 16%, 
indicating that, for clays which have undergone large volume changes, the strength of the 
drains is not mobilized and thus does not change the stress-strain relation. This behavior 
has been confirmed by other series of tests on normally consolidated clays, as shown in Fig. 
11. These results are in disagreement with those previously obtained on remolded clays by 
Henkel and Gilbert [1] and Olson and Kiefer [15], which indicates that the effect of the 
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FIG. 11—Comparison between undrained shear strengths obtained with and without lateral 
filter drains. 

filter drains could depend on numerous factors such as the type of soil, the accumulated 
volumetric strain before shearing, the type of failure, and the effective stresses. In such 
conditions, it is better to try to minimize the eventual effect of the drains by using a filter 
paper of low strength, such as the Whatman No. 1 or Whatman No. 40. Because the Whatman 
No. 40 is also one of the most efficient drains during the consolidation, in the authors' 
opinion it is preferred. 

Only a few undrained shear tests were carried out in the overconsolidated range. Tests 
on the Saint-Alban clay (tj, - a, = 44 kPa in Fig. 11) do not show any significant effect 
of filter paper drains on the undrained shear strength. However, two other series of results 
shown in Fig. 11 indicate that the Whatman No. 40 paper increases the shear strength in a 
significant manner, by 15 and 20 kPa. This is surprising because the strength of this paper 
is rather small (1.1 N/cm width. Table 2) and the mobilization of the full resistance of three 
of the six strips would theoretically increase the strength of the specimen by only 3 kPa. 
These two test results could be due to the natural variability of the specimens. More tests 
would be necessary to be conclusive, but the problem is not that important because, in the 
overconsolidated range, most natural clays have a high coefficient of consolidation and 
consolidate rapidly, making the use of filter paper drains unnecessary. 

Practical Conclusions 

Although the triaxial test was developed four decades ago, there is still place for im
provement of the technique and its use. This paper examines two of the important aspects 
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of triaxial testing: leakage and the role of the filter paper drains during the consolidation 
and shear processes. 

For long-term tests, leakage could have significant effects on soil behavior and test inter
pretation. Therefore, leakage must be as small as possible; beyond this general requirement, 
criteria for acceptable leakage rates cannot be given because they vary with such parameters 
as soil type and behavior, test type and duration. There is no perfect solution to prevent 
leakage, but there are some actions which can be taken to minimize them: 

• The number of fittings must be minimized. One solution is proposed—attaching the 
burette directly to the base of the cell, with the fittings in a back pressure chamber. 

• The pedestal and the top cap must be pohshed and coated with a thin layer of sihcone 
grease before installing the membrane and the 0-rings. 

• The choice of the membrane is important. Prophylactic membranes, such as the Ramses 
membrane, seem to have a lower permeability. Moreover, as shown in the companion paper 
by La Rochelle and co-workers [7], these membranes of small thickness and stiffness min
imize the membrane correction to be applied for the interpretation of the test. 

• The membrane should be saturated by soaking it in deaired water for at least 3 days 
before the test [6]. 

• For various reasons, deaired water, paraffin, kerozene, and glycerin should not be used 
as cell fluid. Sihcone oil is recommended for use in long-term tests. 

The efficiency during consolidation and the effect on shear strength of various filter paper 
drains have been examined. The tested soils are typical Champlain sea clays. The conclusions 
can be summarized as follows: 

• In the overconsolidated range, filter papers are very efficient during consolidation. 
However, at such stresses, the coefficient of consolidation of natural clays is high, consol
idation is rapid, and lateral drains are not really useful. It is preferable in these conditions 
not to use filter paper drains. 

• In the normally consolidated range, lateral filter papers have a limited effect: the most 
efficient papers, the Whatman No. 40 and the Whatman No. 54, reduce the time of con-
soUdation by a factor of less than 2.5. As for the influence of filters on shear strength, no 
effect was found. This is contrary to what has been found by other researchers, which would 
indicate that the influence of the drains could depend on the type of soil, the type of failure, 
and the accumulated volumetric strain before shearing. In this context, it seems preferable 
to use a filter paper with low strength to reduce a possible effect. The Whatman No. 40 
fulfills this condition and, moreover, is one of the most efficient during consolidation; it is 
thus the one to prefer for testing normally consolidated clays. However, it must be recognized 
that for the tested clays, consolidation would be faster with double drainage than with 
drainage at one end only and lateral drains. 

The efficiency of the filter paper drains is smaller than expected. Consequently, the 
coefficient of consolidation of a clay calculated from the rate of consolidation as suggested 
by Bishop and Henkel [3] may be in error when lateral filters are used, unless their efficiency 
has been checked experimentally for the type of soil and test conditions considered. 
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ABSTRACT: Deformation measurement devices are reviewed. Measurements obtained using 
linear variable differential transformers attached to the middle third of a specimen and the 
standard burette-piston system are compared. Results are presented for hydrostatic and stan
dard compression tests run on a fully saturated, fully drained, poorly graded fine sand—Reid-
Bedford, Unified Soils Classification System group SP. The effects of end restraints and mem
brane penetration are discussed in regard to the test results. In addition, a new technique is 
presented for measuring specimen saturation on coarse grain soils. 

KEY WORDS: standard triaxial compression, end effects, saturation, deformation, data ac
quisition, axial strain, radial strain, drained fine sand, Reid-Bedford sand, standard compres
sion, hydrostatic compression, strain gauges, linear variable differential transformer, inductive 
device, pneumatic device, membrane penetration, burette 

Laboratory testing is usually carried out to characterize the stress-strain-strength behavior 
of in situ soil. There are experimental limitations on laboratory equipment's ability to emulate 
actual field conditions. This, combined with the difficulties in obtaining high quality samples, 
has resulted in more frequent use of in situ testing devices. 

Yet laboratory testing remains superior in some areas of work for at least two reasons. 
First, the laboratory environment provides the ability to vary both the loading and mea
surement methods. Second, many projects may require evaluation of the behavior of soils 
before modification or placement. Construction of embankments for roads or dams are 
typical examples. 

The problem becomes twofold: (1) manufacturing a laboratory specimen which has the 
same properties as in the field, and (2) loading and monitoring movement without signifi
cantly affecting its behavior. This latter problem has been studied by a number of researchers, 
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[1,2] and an overview has been presented by Saada and Townsend [3]. Basically, the studies 
conclude that if uniform deformation field throughout the specimen (that is, homogeneous 
axial strains) and tangential strains equal to radial strains are desired, a combination of 
rubber sheeting and silicone grease should be used to develop near frictionless ends. Oth
erwise, the use of rough platens may result in the development of quasi-rigid zones at the 
specimen's ends [2]. 

The use of grease and rubber sheeting between the specimen and its end caps poses a 
number of problems in determining axial strain in the conventional piston and platen de
formation system [4]. Consequently, to include frictional reducers and improve accuracy of 
measurements, trends are toward instrumentation that either attaches or scans the specimen 
from inside the triaxial cell. 

This report addresses one such set of measuring devices, hermetically sealed direct current 
linear variable differential transformers (DCDTs), which are affixed to the specimen. 

Because a study of instrumentation influences on specimen response is also warranted, 
both DCDTs and the conventional burette-piston measuring system were employed during 
testing. The DCDT system was waterproof, and water was used as the chamber fluid fa
cilitating the standard burette readings. In an attempt to reduce the effect of frictional end 
caps, platens were made from polished aluminum blocks and coated with Teflon, and porous 
steel insets were used for drains. 

The tests investigated monotonic and cyclic conventional triaxial compression (CTC) and 
hydrostatic compression, all on dense, fully drained sand. Results show that both measuring 
systems give nearly identical vertical strain measurements in the case of the CTC, but 
significantly different lateral strains for all other tests. This difference may be attributed to 
specimen bulging, resulting from friction between the soil and the end caps. The hydrostatic 
compression study revealed that if the burette-piston measuring system was used, specimen 
deformation may be masked by membrane penetration. 

This report begins with a brief overview of available measuring devices, the monitoring 
and data acquisition equipment selected, and necessary software reduction algorithms. 
Additional sections on the soil tested, specimen preparation, and method of determining 
specimen saturation are presented. Finally, DCDT and conventional burette-piston mea
surement systems are compared. 

Deformation Measurements 

Strain Gauges 

A strain gauge, a common component in many devices used for contact measurement of 
specimen deformations, is used to determine the flexural strains in a simply supported beam 
attached to the specimen. Figures la and b are a simplified plan and a cross-sectional view 
of a proposed device consisting of three brackets affixed to the specimen in the vicinity of 
its middle third. Epoxied to the central aluminum beam of each bracket are two pairs of 
gauges (two on each side). They are subsequently wired to form an unbalanced Wheatstone 
bridge circuit, with the individual resistors (legs) in the bridge connected to produce the 
greatest imbalance for the smallest strain. 

Using an aluminum strip 5 mm (0.2 in.) wide by 0.5 mm (0.02 in.) thick, specimen 
deformation on the order of 0.0025 mm (0.0001 in.) is measurable, if the resolution of the 
voltmeter is on the order of 200 |jiV [5]. A typical data acquisition system (for example, 
Hewlett-Packard's HP 3497A) is capable of measuring on the microvolt scale. Cost of raw 
material in the brackets, gauges, and calibration micrometer is on the order of $1500. Devices 
similar to the one discussed have been used by a number of researchers [6]. 
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FIG. 1—Proposed strain gauge device: (a) plan view and (b) cross-sectional view. 

Some disadvantages of this form of measurement are: (1) to record deformation, the 
aluminum bar has to flex, thereby applying a stress traction on the specimen on the order 
of 7 kN/m^ (1 psi) [5]; (2) the necessity of periodic calibration; (3) the uncertainty of 
waterproofing the gauges; and (4) the possibility of equipment destruction (induced per
manent deformation) due to large specimen deformations. 

Noncontact Devices 

Noncontact measurement instruments generally fall into one of four categories: inductive, 
ultrasonic, optical, and pneumatic. Possibly due to increase in demand, the accuracy of all 
representative devices has improved within the last two years. Ultrasonic and pneumatic 
instruments are generally ruled out due to a lack of sensitivity (0.05 mm or 0.002 in.) in the 
case of the former, and size constraints, as well as ability to perform submerged, in the case 
of the latter. Optical techniques such as lasers look promising with the aid of microcomputers 
and robotics; however, the capital expenditures required to develop holographic equipment 
are presently prohibitive. Inductive equipment, both small and fully immersible has found 
use in monitoring shaft or plate thickness, but only recently have there been attempts to 
monitor soil response.' Inductive measurement of distance uses the eddy currents generated 
in a metalUc target through high-frequency excitation to stimulate the impedance of a coil. 
This reaction is then conditioned and Unearized to produce a direct, but not linear, rela
tionship between position and output voltage [7]. 

Linear Variable Differential Transformers 

The final option investigated was the use of linear variable differential transformers 
(LVDTs). Available in alternating or direct current (DCDTs), the LVDTs work by exciting 
a primary coil placed between two symmetrical secondary coils which are in an opposing 
series circuit. Electrical potential between the primary and secondary coils is then monitored 
and converted to deformation. However, the alternating current devices require an additional 
unit to convert AC to DC before the display of deformations. LVDTs have many valuable 
attributes for measurement [8]: 

(a) near frictionless measurement 
(b) long mechanical life 
(c) extremely high resolution 
(d) core and coil separation 
(e) null repeatability 

' A. S. Saada, personal communication, 1985. 
Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



LINTON ET AL. ON MEASUREMENT OF DEFORMATIONS 205 

Even though the AC devices are much smaller than their DC counterparts, the authors 
found them questionable for the following reasons: 

1. Erratic readings often developed due to outside power sources. 
2. The instruments had to be continuously recalibrated due to drift. 

Consequently, standard DCDTs with ranges of 13 and 25 mm (0.5 and 1.0 in.) were used. 
This resulted in a full range output of about 3.2 and 1.6 V/mm (80 and 40 V/inch). A 
proposed DCDT system to monitor vertical and horizontal deformations in a soil specimen's 
middle third is presented in Figs. 2a and b. Note that all brackets are designed with sliding 
rods within stainless steel sleeves (top and bottom. Fig. 2b), or a combination of DCDTs 
(middle. Fig. 2b), to result in linear deformations and prevent the transfer of normal forces 
onto the specimen. The weight of the brackets and DCDTs will result in an average vertical 
shear stress of approximately 7 kPa (1 psi) over the contact surface. However, this may be 
reduced to zero if flotation is employed. Estimated total cost of DCDTs and brackets is 
$1600. 

Because of cost, previously discussed benefits, and limited determents, the authors decided 
to construct and compare the LVDT measuring system to the conventional burette and dial 
gauge system [9]. 

With the aid of the data acquisition system described below, the authors evaluated several 
measurement techniques. For several test samples the data from each device were measured 
and recorded. Because the specimen showed very little or no creep, the authors chose to 
use a simple measurement cycle. For the local devices (Fig. 2), the vertical strain was obtained 
by measurement of the vertical deformation of the middle third of the specimen, on opposite 
sides, using the vertical DCDT brackets. Specifically, the original vertical spacing of the 
brackets as measured and recorded for each side. Then during the test the deformation and 
the corresponding initial length were used to calculate a strain on one side. These two 
vertical strains were recorded individually and then averaged and recorded as the local 
vertical strain. The individual strains were recorded to check against detachment or mal
function of individual DCDTs. The local radial strain was measured in a similar fashion. If 
the results from DCDTs were significantly different, the test was aborted. 

Data Capture and Reduction 

Monitoring both the local (DCDT) and macro (burette and dial gauge) measurements 
consisting of approximately eight instruments for 200 different loadings (cyclic testing) or 

b 
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1600 data entries, the benefits of an automated data acquisition and reduction package are 
readily evident. A large number of hardware-specific software packages are commercially 
available for such tasks. However, the system developed incorporated hardware (equipment) 
commonly found in soils laboratories. The package shown in Fig. 3 consists of: 

(a) a microcomputer and monochromatic CRT (screen) 
(b) a multiprogrammer and interface 
(c) a 3.25-in. (8.25-cm) floppy drive unit 
(d) a two-pen plotter 
(e) a dot matrix printer 

The multiprogrammer (voltmeter), controlled by a microcomputer software package (TRI-
TEST) developed at the University of Florida, automatically scans eight channels after the 
apphcation of each load increment: four DCDTs associated with the local measurement 
system (Fig. 2), one DCDT to monitor movement of top platen attached to the specimen, 
two pore pressure transducers (one for the cell, the other for the specimen), one load cell 
to monitor axial load, and a volumetric burette reading (inputted manually). All of the 
measuring devices were read every two minutes. 

The captured data are immediately reduced and stored on both hard and soft media 
(floppy disk drive unit). Examples of available results are. 

(a) individual LVDT deformations 
(b) local (Fig. 2) and macro (computed from burette and platen movement) vertical, 

horizontal, and volumetric strains 
(c) effective vertical and horizontal stresses 
(d) P' ((a/ + a / + a3')/3), and Q' (a/ - a,') 
(e) e (ci - ej) 

FIG. 3—Photograph of the computer system. Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
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Through the course of the test, the operator has the option of viewing the measured response 
by a hard copy (printer), or by plots (CRT or plotter), or both. Several graphs (local and 
macro Q' versus i) may also be viewed concurrently. These latter options were implemented 
to assess the performance of all instrumentation during the test [5]. 

Soil-Sample Preparation-Back Saturation 

The soil tested, commonly referred to as Reid-Bedford sand, is composed of 89% quartz, 
9% feldspar, 2% ferromagnesians and heavies. Particle shapes range from subrounded to 
subangular with a coefficient of uniformity, C„, of 1.8, and a coefficient of curvature, C„ 
of 1.0. The Unified Soil Classification System identifies Reid-Bedford as a fine sand with a 
group symbol of SP. The average of five relative density tests (ASTM D-2049) indicates 
that the void ratio ranges from 0.59 to 0.91. These void ratios correspond to a maximum 
dry unit weight of 16.3 kN/m' (104.0 pcf) and a minimum dry unit weight of 13.6 kN/m^ 
(86-6 pcf), respectively. All reported tests were run on specimens with a void ratio of 0.67 
(that is, a relative density of 75%). Testing began with the preparation of a specimen 15.1 
cm (5.95 in.) high by 7.11 cm (2.8 in.) in diameter, with a volume of 600 cm^ (36.6 in.'). 
The necessary soil mass for the given volume and dry unit weight was first determined, then 
deposited through aerial pluviation with a drop height of 18 to 23 c (7 to 9 in.). No vibration 
was necessary if the operator established a coherent stream of falling sand particles instead 
of a spray. Measurements of the average specimen height were checked during pluviation 
to ensure uniform specimen density. 

The specimen end caps (Fig. 4) were polished aluminum platens with porous steel insets 
for drainage. In addition, each platen was coated with Teflon spray to reduce friction between 
the sand grains and the metal. Before attachment of DCDTs, the specimen mold was removed 
after subjecting the specimen to a vacuum of 34 kPa (5 psi). 

Attachment of the DCDTs was a three-step process (Fig. 5). First, the central bracket 
(local horizontal measurement device) was attached to the specimen; a quick-drying epoxy 
was used to provide a base which molds to the specimen, then a cyanoacrylate adhesive was 
used to firmly attach the epoxy to the membrane (step A in Fig. 5). Second, the bottom 
bracket of the vertical measuring system was affixed (step B) through a similar process, 
followed by the top bracket containing the DCDTs (step C). Care must be exercised in 
aligning the vertical DCDTs with their respective cores. The whole process placement of 
brackets, cementing, and hardening takes approximately 30 min. 

Following the placement of the local measurement system, the specimen was saturated 
with water by repeatedly applying a vacuum to the top of the specimen followed by deaired 
water entry through the bottom and subsequent back pressuring. In addition to the normal 
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FIG. 5—Steps for attaching the DCDTs. 

method of measuring saturation through a B-value reading [10], saturation was also deter
mined by subjecting the specimen to an arbitrary raise in cell and back pressure so that no 
effective stress changes occur within the specimen. The volume of fluid entering the specimen 
(burette) is subsequently used to determine the degree of saturation. 

The saturation equation was obtained from Boyle's law, as laid out in 1610 [11], and a 
phase diagram. The latter approach was taken over the conventional B test [10] until the 
degree of saturation was at least 90% in order to reduce the load applied during the 
B-value test and thereby the influences of stress-induced anisotropy. Because conventional 
(burette) volume measurements [12] were to be employed, B values of at least 95% were 
maintained for all tests. 

More specifically, the saturation process occurs by two mechanisms. First, the trapped 
air is reduced in volume due to the increase in total pressure, and second, the air dissolves 
in the water. Assuming isothermal conditions, the first processes can be accurately described 
by Boyle's law as shown below. This equation, combined with the use of a fine burette to 
apply the back pressure, can be used to check the saturation as shown below. 

P,V, = k = P^V, (1) 

where 

P^ --
Pz --
V, -

k --

pressure at state 1 
pressure at state 2 
volume of gas at state 1 
volume of gas at state 2 
constant 

Because the volume change is known from the burette 

Vi- ¥2 = AV > 

Substituting Eq 1 into Eq 2 results in 

<K^} AV 

(2) 

(3) 
Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



LINTON ET AL. ON MEASUREMENT OF DEFORMATIONS 209 

Using the definition of saturation defined for the final state 

S = ^ — - ^ 100 (4) 

From a phase diagram 

K={^}V. (5) 

Inserting Eq 5 into Eq 4 and rearranging 

-m V: 

S = 100 (6) 

Substituting Eq 3 into Eq 6 results in 

--miK^}-
S = y^ 100 (7) 

where 

5 = saturation at the final State 
V, = volume of the specimen 
e = void ratio of the specimen 

Pi = pore pressure at state 1 
P2 = pore pressure at state 2 

Note: The cell pressure should be changed to keep the effective confining stress constant. 

TViaxial Test Results 

The first results reported are those from a combination monotonic and cyclic triaxial 
compression test performed at a constant confining pressure of 207 kN/m' (30 psi). Q' 
(CTI - as) versus the local vertical strain (e„) measured from the DCDTs is plotted in Fig. 
6a, whereas Fig. 6b depicts Q' versus the macro axial strain as determined from end platen 
movement. It is evident from a comparison of the two figures that the axial strains are 
remarkably close with the local being sUghtly larger than the macro values, but not by more 
than 10% anywhere. For this one particular test in which the vertical macro deformations 
were manually recorded, readings recorded by the DCDTs for the local response were 
noted. 

Figures Ha and b present the macro and local respectively, volumetric strain versus 
€ (ci - 63) for the same triaxial test. Cambridge stress and strain nomenclature was used 
because the variables are three-dimensional invariants. A comparison of Fig. 7a and b reveals 
that the results tend to diverge once dilation initiates, and the macro readings both lag and 
average out the local response. The lateral strain for the burette system was obtained by 
calculating the new volume and height from cap and burette readings. The height and volume 
of the specimen were used to calculate an average sample diameter and resulting radial 
strain. For the DCDT system, the volumetric strain was obtained using a right circular Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
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1 psic 6.895 kPa 

Cyclic CTC 
o^sOyor 30 psi 

9 .01 .02 .03 .04 00 .01 .02 

a) Macro c Bar (in/in) bl Local e bor <in/in> 

FIG. 7—Volumetric strain versus e: (a) macro measurements and (b) local measurements. 

cylinder assumption. The authors selected this method because for small strain, even with 
bulging, the middle third of the specimen closely resembles a right cylinder. However, 
because the vertical strains measured with the two systems were very close, the differences 
can be attributed to lateral response. One possibility is that the local measurement equipment 
was influencing the lateral behavior (that is, DCDT brackets failing to open or close 
properly). However, because the major divergence was noted when the specimen was dilating 
(that is, deformations occurring radially outwards), it was ruled out, leaving specimen bulging 
(that is, frictional development between end caps and soil grains) as the only rational 
explanation. 

Similar results of approximately six other CTC monotonic and cyclic tests concur with 
this behavior. Even though a number of the specimens had pronounced (visual) slip surfaces 
at failure, specimen bulging was evident. The results of these tests indicate that while larger 
height to diameter {HID) ratios free more of the specimen, they do not necessarily yield 
uniform stress and deformation fields within the specimen. 

Depicted in Figs. 8« and b are the macro and local, respectively, mean pressure, P' 
((ffi + a2 + o'3)/3), versus volumetric strain from a hydrostatic compression test. As ex
pected, both indicate decreasing volumetric response with increasing mean pressure (below 
particle crushing level). However, also evident is a pronounced slope variation with the 
macro (burette-piston) device recording almost twice the local's volumetric response at peak 
monotonic load. The permanent deformation measured in the unloading phase of any cyclic 

2 0 , - ^ 

1 psi= 6.895 kPa 

.006000 .001 .002 .003 .004 .005 

B) L o c a l V o l u m Q t r i c S t r a i n 

0.000 .001 .002 .003 .004 .00 

a) Macro V o l u m e t r i c S t r o i n 

FIG. 8—Mean pressure versus volumetric strain: (a) macro measurements and (b) local 
measurements. 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



212 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

portion is quite similar, whereas the values recorded at maximum load are much smaller 
for the macro system. Results of four other hydrostatic compression tests [5] (not depicted), 
both with and without the DCDT measuring system attached, show similar response as 
presented, and no influence of DCDTs. Consequently, the difference could be explained 
only in terms of (1) membrane penetration, (2) Mctional end cap effects, and (3) specimen 
inhomogeneity. Because considerable effort was expended to control specimen homogeneity, 
it is the authors' opinion that approximately only 10% of the anomalous behavior could be 
attributed to variation in density. Furthermore, for hydrostatic compression, end effects 
should make the local reading higher for both vertical and radial strains. It should be noted 
that the DCDT system has almost no membrane penetration (that is, DCDT brackets actually 
span from soil grain to soil grain). 

In an attempt to estimate the effects of membrane penetration on burette readings, the 
following equations are presented. However, the results of these computations are only very 
crudely quantitative; the intent is to provide an indicator of the need to run a membrane 
correction test. Because membrane penetration was a primary concern, several tests were 
run to quantify the amount of membrane penetration. 

Assuming that the average particle size is Djo, then a crude approximation of the pene
tration between four surface grains, by the membrane, is depicted in the cross-section and 
planar view of Fig. 9. 

Assuming that the membrane is pushed down into the space between four adjacent spheres 
arranged in a hexagonal close-packed structure. 

v = D,^[\ 
12 • Cos 30° 

(8) 

The number of volumes penetrated by the membrane equals the total surface area divided 
by the surface area required for each penetration. 

iV = ^ = , ^ - ^ (9) 
- • D,ô  Cos 30° 

The entire volume of membrane penetration equals the sum of all of the individual 
penetrations. 

W = N-v (10) 

8 y = . A „ H Z ) { l - ^ ^ , ^ L _ | (U) 

a b 
FIG. 9—Interstitial membrane penetration: (a) plan view and (b) cross-sectional view. 
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Calculating the volumetric strain due to membrane penetration 

_ 8V _ . £10 f l _ _ _ J I _ _ _ 1 m. 
^™'~ V„~^' D {2 12-Cos 30°; ^̂ •̂' 

Using the given specimen dimensions and the average particle grain size, the volume 
change associated with membrane penetration is 5.4 cm^ (0.27 in.^) or a volumetric strain 
of 0.0018. If this value were to be added to the recorded DCDTs' response at peak monotonic 
load, it would explain the discrepancy between the measuring systems. However, because 
the permanent deformation recorded in the unloading phase of the cyclic portion is quite 
similar for both tests (Fig. 7), but much less (macro) at peak load, frictional influences 
associated with higher pressures are also definitely present. Consequently, the DCDT and 
macro response would be quite similar if both membrane and frictional effects could be 
accounted for in the latter test. 

The membrane penetration was also calculated by using the unload portion (from 483 to 
207 kPa; 70 to 30 psi) of a hydrostatic test [13]. The specimen was assumed isotropic and 
the vertical strain was multiplied by three to obtain the volumetric strain at both the peak 
and bottom of the unload curve. This method resulted in a membrane penetration of ap
proximately 0.0012, which is on the same order as the value from the equation. 

Finally, the benefits of using DCDTs over the conventional burette-piston measuring 
system in terms of resolution are presented in Fig. 10. The test, a 100-cycle CTC, shows 
the gradual shakedown of a dense granular soil (Fig. 10a) and the DCDTs' excellent ability 
to monitor such phenomena (Fig. 106). 

Conclusions and Recommendation 

A number of significant conclusions can be drawn from the results reported herein. First, 
the influence of friction associated with the end caps is minimal on the axial strain behavior, 
at least for CTC which employ poUshed end caps and Teflon spray. However, its effects on 
lateral or volumetric behavior are more pronounced, and the use of a greased membrane 
between the soil grains and platens is recommended. 

The conventional triaxial monitoring method of burette and piston is not recommended 
for two reasons: (1) the use of friction reduction materials on platens makes piston monitoring 
impossible, and (2) the use of volume-monitoring devices forces the determination of the 
influence of membrane penetration on any test in which the cell pressure is changing. 

Contact or noncontact specimen-monitoring systems are improving. Of those investigated, 
the DCDT system had one of the best resolutions and the fewest determinants. The benefits 
of using such a system over conventional monitoring are 

1. The specimen doesn't need to be saturated because exterior movement is measured 
directly. 

2. The influence of membrane penetration is minimal (device spans soil grains). 
3. The deformations determined by the DCDTs if end cap friction is present are much 

closer to the response that would be measured if end effects were ehminated. 
4. The resolution is only a function of the sensitivity of the voltmeter used. 

The use of a data acquisition and reduction system is recommended because (1) the course 
of the test may be more closely monitored, and (2) a number of readings for the same load 
step may be obtained and averaged, resulting in a smoothing process from which trends are 
more evident. 
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It is recommended that further research be directed to the development of improved 
specimen-monitoring techniques and methods of reducing frictional end effects. 
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ABSTRACT: A practical reevaluation of some aspects of conventional triaxial test methods 
is made, based on Bishop and Henkel's book The Measurement of Soil Properties in the Triaxial 
Test (2nd ed., Edward Arnold, London, 1%2). Some advances in measurement techniques, 
methods of preparing, installing and saturating specimens, and the measurement of the initial 
effective stress are discussed, with particular emphasis on jjotential sources of disturbance and 
methods to reduce this. The use of unconsolidated undrained tests and various stress paths in 
relation to current needs is represented. 
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consoUdated undrained tests, consolidated tests, stress path testing 

One of the purposes of this review paper is to reevaluate some triaxial test methods, 
described in The Measurement of Soil Properties in the Triaxial Test by Bishop and Henkel 
[/] and still followed in routine work, to identify where changes are due. 

There is no doubt that the "Triaxial Book," as it is referred to here, established the state 
of the art in triaxial testing of cylindrical soil specimens and has been the standard reference 
for the triaxial test from its publication (1957) until the present (1988). Part I of the book, 
which describes the basic principles underlying strength and deformation measurement in 
relation to practical problems, has become the "engineer's guide" to triaxial testing while 
Parts 11 to IV have become the "technician's guide." In practice, only the following triaxial 
tests, described in Part I, are routinely carried out: 

(a) unconsoUdated undrained (UU) triaxial compression test without measurement of 
pore pressure [7, pp. 10-11] 

(b) isotropically consolidated undrained (CIU) triaxial compression test, which may be 
performed with or without measurement of pore pressure [7, pp. 15-18] 

(c) isotropically consolidated drained (CID) triaxial compression test [7, pp. 18-21] 
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Limitations of these particular tests, as well as the more general limitations of the triaxial 
test on cylindrical specimens, are well covered in the book. For example, regarding the UU 
test, it states 

The routine undrained test on undisturbed samples is often performed in about 10 minutes. The 
direct use of these results in the total stress analysis involves a . . . number of compensating factors 
as both c' and <))' and the pore pressure change determine the final result. Current practice in this 
respect is justified largely on empirical grounds [1, p. 32]. 

Despite this and other statements (for example, Ref 1, p. 11), strengths measured in 
conventional UU tests are often taken as the undrained strength in the ground and the 
scatter of data from the tests is often taken as an indication of natural variability. 

With regard to isotropically consolidated tests. Bishop and Henkel state 

In the field consoUdation of the soil generally occurs under conditions in which the major and 
minor principal stresses are not equal; for example, under Ko conditions in level ground, or under 
the particular stress system obtaining in a slope. For a full investigation of these cases it is necessary 
to consolidate the specimens under stress ratios similar to those occurring in the field [/, p. 106]. 

Again, despite this and other very clear statements (for example, Ref i , p. 8), the use of 
isotropic consohdation rather than anisotropic consolidation prevails. 

For a proper review of the "Triaxial Book" and to identify areas for change, the following 
points must be recognized: 

1. There was a preoccupation with the measurement of strength in the late 1950s and 
early 1960s, with less emphasis being paid to the measurement of detailed stress-strain 
properties. Even when differences in stress-strain properties resulting from varying the 
consolidation path were observed, for example as clearly shown by Ladd and Lambe 
[2], the significance was not fully appreciated in practice. The conventional triaxial test 
was perfectly suitable for measuring triaxial strength, but its potential and limitations 
in measuring stiffness were, perhaps, not fully understood. 

2. Much of Bishop and Henkel's research at that time was directed toward understanding 
the behavior of compacted, partially saturated soils. There was, as a result, less em
phasis in the book on the handUng and testing of "undisturbed" (tube and block) clay 
samples, and no reference is made to "undisturbed" samples of sand. 

3. At that time, all measurements were made by mechanical transducers mounted ex
ternally to the triaxial cell. 

4. Stress path testing had not been formalized, and simple control of stresses, now feasible 
with hydrauUc, mechanical, or pneumatic systems, was not available then. 

This reevaluation will concentrate on topics not sufficiently covered in the "Triaxial Book," 
for the reasons given above, and on subjects in the book often used inappropriately or 
requiring modification. The topics considered are inextricably linked with developments in 
equipment, measurement techniques, data logging, and computer control. A number of the 
methods now available are only feasible because of these developments while others have 
only been identified as a result of our widening understanding of soil behavior in general, 
including the effects of soil sampling. 
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After a brief review of advantages and limitations of triaxial testing on cylindrical spec
imens, the following topics are discussed; 

(a) methods of measurement, including axial load, pore pressure, and axial displacement, 
with special emphasis given to axial deformation measurements; 

(b) methods of preparing and installing specimens; 
(c) measurement of initial effective stress in cohesive soils; 
(d) methods of specimen saturation; 
(e) unconsolidated undrained testing; and 
(f) stress path testing. 

The discussion will be restricted to the conventional triaxial test on cyhndrical specimens. 
Many topics, such as partially saturated soils, cyclic testing, the effects of end restraint and 
bifurcation, membrane and drain restraint, membrane penetration, multistage testing, and 
methods of radial measurements are not included here. 

To prepare the paper, the writers have drawn on their combined experience in research 
laboratories (including the Imperial College laboratory where Bishop and Henkel developed 
many of the methods described in the book), in commercial laboratories, and in the practical 
use of triaxial test results. This paper is not meant to be a comprehensive state of the art 
on conventional triaxial test methods, but only aims to emphasize some of the areas the 
writers feel deserve attention. 

Advantages and Limitations of the TViaxial Test on Cylindrical Specimens 

The main advantages of the conventional triaxial test are 

(a) relative simplicity of drainage control and measurement of pore pressure; 
(b) ability to apply principal stresses in known directions; 
(c) ease of measuring axial and volumetric strains; 
(d) use of solid cyhndrical specimens which can be conveniently obtained from standard 

tube samples; and 
(e) versatiUty of the equipment which may be used for a variety of determinations besides 

triaxial strength and stiffness (consohdation and permeability parameters, wave velocity, 
and so forth). 

The triaxial test, however, has limitations [7, pp. 27-32]. The fundamental hmitation is 
related to the stress states that can be appUed to the specimens, where one is restricted to: 

1. Triaxial compression, in which 

o-y, vertical stress = a,, major principal stress 
(y„, horizontal stress = 0-3, minor principal stress 

= <ji, intermediate principal stress 

In triaxial compression, a, the angle between a, and the vertical direction, = 0°, and 

fe = (ff2 - 0-3)/(<T, - CT3) = 0 
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2. Triaxial extension, in which 

and therefore a = 90° and b = \. 

CT„ = a j = 0-2 

In drained triaxial compression and extension, any combination of a^' and a„' can be 
applied so that maneuvers within the triaxial plane in stress space shown in Fig. 1 are 
unlimited. However, because the use of specimens cut at different angles and tested in the 
triaxial cell to assess anisotropy [7, p. 28] can be questioned [3] and because a and b are 
linked and a can only be 0° or 90°, neither anisotropy nor the effects of principal stress 
rotation can be properly investigated in the triaxial test. 

The increasing bank of data obtained through more sophisticated laboratory tests (using 
the hollow cyhnder apparatus, directional shear cell, and true triaxial apparatus), through 
in situ testing, and through measurements of field performance has allowed a better insight 
into both the anisotropy of soils and the importance of b. These tests also show that drained 
and undrained strength and stiffness parameters all vary with a and b. 

Hypothetical variations of the undrained shear strength (S„), effective friction angles (cj)'), 
and undrained compression secant stiffness at 0.1% strain {EMA) with a and b are shown 
as examples in Fig. 2. (Only the simple case in which the directions of CTI and CTJ vary in a 
single plane is considered.) Figure 2 illustrates that from a specimen at an initial condition 
the triaxial test can furnish data at only two points on the surface representing all possible 
variations in strength or stiffness. Therefore, triaxial results should be related to other 
laboratory or field results by reference to surfaces of the form shown in Fig. 2. 

Even if other limitations of the test, such as rate effects and end restraint, are ignored, 
the direct use of triaxial data in analysis of most engineering problems (in which in general 
a and b deviate from those in the triaxial test), therefore, involves reliance on experience. 

Triaxial 
compression 
ff, = ff, 
CTii = CTiii = ffa 'H ' I I I 

Of > O2 > O3 

Cf\, On, (T||| unordered 

Triaxial extension 

FIG. 1—Triaxial plane. 
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Su TC 

^ 0 . 1 

^ 0.1 TC 
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(b) DRAINED STRENGTH (0) SECANT STinmEJtS AT 0.1H STRAIN 

b = ((Tj - OaWCT, - CT3) TC = TrmM compnulon 
TE = TrhnM otteittlon 

FIG. 2—Hypothetical surfaces representing strength and stiffness parameters versus a and 
b axis. 

For example, when using triaxial compression/extension data to estimate plane strain be
havior, one may decide to [4] 

a) use triaxial results directly because they should provide a conservative evaluation of 
plane strain parameters 

b) use results published in the literature to adjust triaxial values 
c) use constitutive models which can predict plane strain behavior from input data ob

tained from triaxial results 

Most situations are less studied and in these cases the application of triaxial results to practical 
problems requires a substantial amount of experience and engineering judgment. 

Methods of Measurement in the Triaxial Test 

The advent and widespread use of electrical transducers has had an important influence 
on methods of triaxial testing and on the quality of the results. The use of these transducers 
has allowed an increase in the precision of measurements^ facilitated measurements inside 
the triaxial cell, enabled the use of automatic data logging, and provided feedback in control 
systems. 

Potential uses of closed loop feedback systems are described here. The increased precision 
and the use of automatic data logging have a number of obvious advantages. Some of the 
advantages of electrical transducers, particularly for internal measurements, are illustrated 
here for the cases of axial load, pore pressure, and axial displacement measurements. 

Measurement of Axial Load 

Load measurements are typically taken outside the triaxial chamber. Even if a low friction 
piston seal system is used, such as those described by Berre [5] or Chan [6], there may be 
an error in the load measurements, especially when low loads are being measured or when 
high bending loads on the piston are present. This problem can be overcome by internal 
load measurements. 
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Since the introduction, at the end of the 1960s, of the submersible load cell designed by 
Skinner and described by Bishop and co-workers [7], a variety of other load cells have been 
developed. Cells suitable for triaxial measurements should be insensitive to eccentricity of 
load and not affected by changes in cell pressure. 

To correct for the additional axial compliance internal load cells introduce into the system, 
calibration curves must be relied on or internal measurements of displacements must be 
made. 

Measurement of Pore Pressure 

Two alternative approaches for accurate measurements of pore pressure are [i, p. 30] 

1. Run the test at such a rate that the pore pressure is uniform throughout the specimen 
and measure the pore pressure at the specimen ends. 

2. Make internal local measurements of pore pressure in the anticipated failure zone, as 
applied by Taylor [8]. 

Usually, the first solution is adopted on the grounds of simplicity and reliability. The 
second solution requires more skill and a fast response measuring system [1, p. 30]. 

The null indicator was the standard device for measuring pore pressure when the "Triaxial 
Book" was published. The advent of the electrical pressure transducer and the use of double 
drainage connections to the platens have greatly faciUtated the measurement of pore pres
sure. 

The combination of a base and midheight measurement of pore pressure is extremely 
valuable in the automation of triaxial testing and for the control of consolidation loading 
rates, as discussed later, and allows one to determine when uniform conditions have been 
reached within the specimen. The availability of miniature pressure transducers has facili
tated local measurements of pore pressure as illustrated by the midheight piezometer probe 
described by Hight [9] and shown in Fig. 3. Because midheight pore pressure measurements 

ii^ 

• Top drainage 

Soft saturated 
kaolin pad 

Transducer for 

Bottom drainage 
=̂ —> base pore water 

pressure measurement 
FIG. 3—Midheight piezometer probe. 

Latex rubber 
membrane 

Silicone rubber 
moulding 

Miniature pressure 
transducer 

Latex rubber 
applied after 
installation of 
transducer 

Latex rubber extension 
to membrane 

11 mm int. dia. O rings 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



BALDI ET AL. ON REEVALUATION OF CONVENTIONAL TEST METHODS 225 

are made where the influence of end restraint is small, as long as interference between the 
piezometer and specimen is also low, continuous measurements of pore pressure at relatively 
fast shear rates are possible. Figure 4 compares the effective stress paths from tests on similar 
specimens taken to failure in UU tests in 30 and 1383 min, using the piezometer probe 
illustrated in Fig. 3. 

Measurement of Axial Displacement 

Axial displacements of a triaxial specimen are generally measured external to the cell by 
means of the relative displacement between the load piston and the triaxial cell. The intro
duction of submersible electrical displacement transducers has faciUtated measurements of 
axial displacement made inside the cell. 

The ability to make more accurate measurements of axial displacement, especially locally 
on the central part of a triaxial specimen [10-14], has highlighted the following: 

Soils have a high initial stiffness, even under slow monotonic loading, and highly 
nonlinear stress-strain properties [13]. Figure 5 presents the stiffness determined with 
local measurements of displacement on a low plasticity clay (overconsolidation ratio 
[OCR] = 1.5) reconsolidated to its estimated in situ stress state. 
Yielding often occurs at strains less than 0.1%, making accurate measurement of small 
strains important. 
Failure strains, especially after anisotropic consolidation, tend to be considerably lower 
than those quoted in Table 8 of the "Triaxial Book" [1, p. 127] (and widely used as a 
guide to calculate times to failure). 
Lack of initial alignment, and therefore specimen tilting, is common. 

Strain rate Time to Pore pressure 
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FIG. 4—Effective stress paths in unconsolidated undrained tests performed with different 
strain rates and with different pore pressure transducer positions. 
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FIG. 5—Typical stiffness curve obtained by local measurements of axial displacement. 

5. The error involved in the conventional external measurement of axial displacement 
can be substantial, depending, inter aha, on 
a) initial lack of fit and aUgnment 
b) whether or not consohdation is carried out prior to shear 
c) consolidation path 
d) stiffness of the soil and, therefore, the ease with which lack of fit can be consoUdated 

out 

Sources of Measurement Error—Because external axial deformation measurements are 
most commonly used, a brief summary of potential sources of error is given here and indicated 
in Fig. 6, using the notation of Jardine and co-workers [75]. Typical errors comprise: 

(a) seating errors due to the closing of gaps between ram/internal load cell and platen, 
and platens and porous stone; 

(b) alignment errors which may result from equipment and specimen nonconformity; 
(c) bedding errors caused by lack of fit or surface irregularities at the interfaces (top and 

bottom) between the specimen and loading surfaces (platens or porous stones); 
(d) compliance errors which may occur in: 

• the tie bars as they extend and cause relative displacement of the cell top with respect 
to the piston 

• an internal load cell as it deflects under load 
• the loading system in the hydraulic triaxial cell [15], as it deforms under increasing 

load 
• lubricated ends, when these are used 

(e) nonuniform strains along the specimen height resulting from end restraint. 
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FIG. 6—Sources of errors in external axial deformation measurements. 

Errors Due to Misalignment—One of the most serious errors in axial strain measurements 
results from misalignment between the triaxial cell and the specimen. Errors due to mis
alignment will, therefore, be considered in detail here. It is necessary first to separate the 
sources of misalignment associated with the specimen from those associated with the ap
paratus. 

Misalignment associated with the specimen arises from improper positioning or ends not 
perpendicular to the specimen axis. Misalignment associated with the apparatus may result 
from 

(a) porous stones of nonuniform thickness 
(b) nonverticahty of the loading ram 
(c) eccentricity of the ram 
(d) nonhorizontality of the platen surfaces 

In considering misalignment, it is helpful to distinguish between triaxial cells with external 
tie bars and those with internal tie bars [5,14] as shown in Figs. 7a and b, respectively. 

In celb with external tie bars (Fig. Id), the connection between the loading ram and 
specimen top cap is made after the cell top has been placed. Some common forms of 
connection are shown in Fig. 8. 

Bishop and Henkel noted that with the steel ball and coned seating, shown in Fig. 8a, 
there is some freedom of movement which allows the specimen to be brought into line as 
the load is applied. However, this causes uncertainty in the definition of strains at the 
beginning of the test [/, p. 37]. The definition at the start of the test may be improved with 
the halved steel ball and flat-ended ram connection (Fig. 86), but misalignment will persist 
so that great care must be given to trueing the ends of the specimen and centering it [i, p. 
37]. A simple connection, commonly used in practice, is presented in Fig. 8c. The problems 
of this connection are similar to those mentioned above. 
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FIG. 7—Triaxial cells with external and internal tie bars. 

Examples of misalignment associated with this type of connection are illustrated in Fig. 
9. With cells with external tie bars the misalignment will not be consistent between tests 
but will depend on the uniformity of clamping pressure apphed and on the seating of the 
O-ring seal often used in the cell base. 

In cells with internal tie bars (Fig. 7b), the connection between the loading ram and top 
cap generally involves a platen rigidly connected to the ram, as with the screw connection 
shown in Fig. 10a. In this case, the ram and platen alignment is fixed, is consistent between 
tests, and can be easily checked. Either the equipment ahgnment (without specimen) or the 
system alignment (with specimen) can be checked with these details by lowering the upper 
platen close to the mating surface. (A similar mating between the ram and top cap occurs 

12.5 mm dia. steel ball 

conical 
seating 

(a) 
Steel ball and 
coned seating 

Flat ended ram 

Halved 
steel ball 

(b) 
Halved steel ball 

and flat ended ram 
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hemispherical end 

rti 

FIG. 8-

(c) 
Hemispherical 

tipped ram 
and coned seating 

Examples of connections typically used with triaxial cells with external tie bars. 
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(a) 
Perfect alignment 

(b) (c) (d) 
misalignment due to apparatus 

f+1 

(e) (t) 
misalignment due to specimen 

FIG. 9—Examples of possible initial misalignment with coned seating connections. 

when a load cell is used in a triaxial cell with external tie bars [Fig. 7a] but in this case the 
variations in alignment between tests remain.) 

The corresponding misalignment is illustrated in Fig. 11. Minor eccentricities (Figs, l ie 
and e) are probably accommodated within the specimen, but nonparallel load platen and 
specimen surfaces are certainly of consequence. 

Improper mating may be "ironed out" either when the connection is made or after the 
start of the test. Forcing the specimen aUgnment prior to testing will cause specimen dis
turbance. This can be illustrated by reference to testing experience with a low plasticity clay 
and with the suction cap connection shown in Fig. 10b, which was designed by Skinner* for 
use in cyclic triaxial compression-extension tests. Disturbance of the specimen, due to its 
being forced into alignment when the vacuum was applied to create the connection, caused 

' Personal communication, 1974. 
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(C) RESIN POT CONNECTION 
FIG. 10—Examples of possible connections for compression! extension tests. 

reductions in initial effective stress of up to 50% and strains that depended on the initial 
lack of alignment and initial stiffness of the soil. 

The importance of misalignment during shearing may be seen from the test results shown 
in Fig. 12. UU tests on 102-mm-diameter specimens of stiff clay, using a connection of the 
type shown in Fig. 8c, were carried out with external and with midheight measurements of 
axial displacement. These measurements have shown that nonuniform deformations due to 
initial misalignment persist until a significant shear stress is applied. The shear stress at 
which equal incremental displacements were measured at each side of the specimen was 
found, not surprisingly, to relate to the undrained strength of the specimen. Prior to this 
shear stress being reached, substantial tilting of the specimen was taking place, with sub
sequent yielding at the ends. 

Specimen misalignment can be eliminated by precise trimming or, for example, by casting 
the specimen ends in resin or plaster, or by use of special details, such as the connection 
shown in Fig. 10c which does not force alignment [16]. 

Equipment misalignment can be improved only by using equipment with better tolerances. 
This is most easily attained in triaxial cells using internal tie bars. Figure 13 compares the 
results of two isotropically consolidated undrained tests on lightly overconsolidated recon
stituted specimens of a silty clay from Pontida, Italy. For one specimen, a triaxial cell with 
external tie bars was used, and the ram-top connection was made using the detail of Fig. 
86. In the other, a cell with internal tie bars and the screw connection shown in Fig. 10a 
was adopted. A higher initial stiffness and a more credible variation in stiffness are achieved 
with the cell with internal tie bars and the screw connection. 

Because it is difficult to completely avoid misalignment, it may be preferable if the resulting 
nonuniform strains are monitored with internal displacement gauges mounted on the spec
imen. The amount of misalignment can then be evaluated and the average value of axial 
strain can be defined. 

Evaluation of Stiffness with Internal and External Measurements—Retemng to the typical 
stiffness characteristics shown in Fig. 5, it is of interest to examine to what extent these may 
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(a) 
Perfect alignment 

i 

(b) (c) 
misalignment due to apparatus 

[=4=1 
i 

FIG. 11-

I I I 
(d) (e) 

misalignment due to specimen 
-Examples of possible initial misalignment with screw and suction cap connections. 

be determined using conventional external measurements of displacement. It will be assumed 
that seating errors have been avoided and that errors resulting from comphance have been 
calibrated out. (It is unlikely that compliance errors associated with the use of lubricated 
ends can be calibrated out because they depend, inter alia, on loading time, cell pressure, 
and loading direction [17].) 

In UU tests on stiff to hard clays, typical alignment and bedding errors are likely to result 
in serious errors in the external strain measurements for values less than 1%. This strain 
will increase when the steel ball and coned seating connection (Fig. 8a) is used. Taking the 
characteristics shown in Fig. 5 to be representative of a stiff clay specimen, much of the 
initial response of the specimen is not detected correctly. 

In consolidated tests, anisotropic consolidation is generally more effective than isotropic 
consolidation in reducing bedding and seating errors as well as solving some misalignment 
errors during the consolidation phase, rather than during the shear phase. In carefully 
prepared anisotropically consolidated undrained (CAU) tests undergoing substantial con-
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FIG. 12—Shear stress causing strain equalization in UU tests after nonuniform strains re

sulting from initial misalignment. 

solidation and limited swelling, reliable resolutions of up to 0.01% strain may be obtained. 
However, swelling after anisotropic consolidation, and especially when the horizontal stress 
is greater than the vertical, may reintroduce errors \11,18\. 

Currently used methods of specimen preparation and current tolerances on alignment in 
triaxial apparatus are unlikely to eliminate these errors. Thus detection of the high initial 
stiffness of soils and their degradation with strain is prevented. 

Presently, accurate measurements of axial displacement may be made easily by local 
measurements with transducers mounted in the cell on the specimen periphery. With the 
addition of an internal load cell for accurate measurement of low loads and with allowance 
of time for pore pressure equalization, the determination of the initial part of the stress-
strain curve can be improved considerably. 

The monitoring intervals suggested by Bishop and Henkel (for example, Ref 1, p. 95) for 
routine tests, giving a first reading at an axial strain of 0.3%, are totally inadequate for 
initial stiffness measurements. Earlier measurements are required and if standard strain rates 
are used, faster logging rates are necessary. Alternatively, very slow strain rates or, as 
suggested by Atkinson and Evans [19], initial stress control may be used to obtain the 
required initial data. In these cases, the results might be affected by the different strain 
rates adopted. However, for typical strain rates these effects are probably of minor impor
tance. 

Specimen Preparation and Installation 

Disturbance due to shear strains and water content changes must be minimized if a 
specimen representative of the field is to be obtained [1, p. 83]. Laboratory disturbance 
during specimen preparation and installation is superimposed on those previously caused 
by sampling, transport, and storage. 

For clays, the shear strains occurring during undrained tube samphng have been quantified 
approximately by Baligh [20] using the strain path method. The effect of the predicted strain 
paths for normally and overconsolidated clays has been examined by Hight and co-workers 
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FIG. 13—Comparison of stiffness measurements with different types of test details. 

[21]. These studies show that substantial changes in effective stress occur in the samples, 
and nonuniform pore pressures exist within them immediately after sampling. In most cases, 
water migration during the delay between clay sampling and laboratory testing [22] will 
allow equilibration of pore pressures within the tube, but storage may result in further 
changes in the mean effective stress in the sample. This has been shown for laboratory 
reconstituted samples [23], but the process involved requires further investigation. 

The starting point in the laboratory is, generally, a tube sample having a mean effective 
stress within it which may be higher or lower than that in situ [21], depending on the soil's 
stress history and sensitivity. Figure 14 presents some sources of possible disturbance during 
sampUng, storage, preparation, and installation, and indicates the direction in which the 
mean effective stress may change. The relative importance of the changes is shown specu
latively by the length of the arrows. 

Cohesionless soils can sustain, at most, only a Umited suction. Therefore, the effective 
stress in situ is often almost totally lost due to stress rehef during conventional sampling. 
Experimental evidence shows that standard sampUng techniques significantly affect the 
mechanical properties of sands [24,25]. The major cause of disturbance seems to be the 
shear stress and strain history involved in tube sampling and in subsequent handling. The 
stress reUef alone has minor influence [22,26,27], but the reduction of the effective stress 
makes the sample very sensitive to disturbance. Disturbance may consist of possible changes 
in density and fabric. Both types of disturbance have to be minimized because a change in 
either will cause different static and cyclic properties [28,29]. 

No theoretical method has yet been applied to predict, at least approximately but in a 
quantitative manner, the effect of sampling in sand. Indirect measurements such as the 
formation factor [28], the initial dynamic shear moduli, or the shear wave velocity [26,50], 
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FIG. 14—Factors affecting the initial mean effective stress in cohesive materials. 

may provide empirical methods to evaluate disturbance, but the degree of sensitivity of 
these parameters to the various sources of disturbance still requires study. 

To try to reduce sampling disturbance, alternative methods of samphng such as those 
based on impregnation [31] or in situ freezing have been developed [32]. One of the most 
recent versions is the in situ radial freezing technique [33]. Comparisons of cyclic results 
from the laboratory with field behavior and indirect evidence, such as shear wave velocity 
measurements, show in situ radially frozen samples of dense sand are significantly less 
disturbed than tube samples [26,30,34]. Freezing has also been applied to samples after 
retrieval from the ground to reduce possible disturbance during transport and laboratory 
handling [35-37]. However, freezing can only be applied to sands with a limited fines content, 
and frozen samples are subject to disturbance by variables such as temperature fluctuations 
(including those that may occur in frost-free freezers) and sublimation [38]. 

Sample Extrusion 

Sample extrusion is only mentioned briefly by Bishop and Henkel during their discussion 
on clay specimen preparation [1]. Even now, the effects of sample extrusion are poorly 
understood and are largely based on the limited data available for clays [22,27,39]. There 
is little doubt that the sample can be significantly strained during extrusion, especially if 

(a) high friction values exist between the soil and the sample tube or support during 
extrusion 

(b) there is inadequate support of the sample as it leaves the tube 
(c) significant time has elapsed since sampling 
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Clearly there may be advantages in avoiding extrasion. Existing methods for this include 
using plastic or stocking (as in the Delft sampler) liners or presplit tubes, and splitting the 
tube. However, none of these methods is in widespread use. 

Disturbance during extrusion may be decreased in the following ways: 

1. Typical techniques to reduce friction between the soil and tube include the use of 
smooth internal surfaces in the tube, paint or Teflon coatings, and so forth. The friction 
between the soil and support may be minimized with a thin application of a lubricant, 
or a liner which accompanies the soil as it leaves the tube. For this, a band of aluminum 
foil [40] or plastic foil has been used. 

To reduce the force required for extrusion, the sample tube may be cut into shorter 
sections to reduce the total wall friction. Attention should be paid during cutting 
because the tube may distort (disturbing the sample) if it is not clamped in shape. 

2. The alignment of the internal tube surface to the support for horizontal extrusion or 
to the vertical for vertical extrusion must be carefully checked to avoid dragging or 
bending of the sample. 

3. For clays there may be advantages in immediate extrusion and trimming of the sample 
perimeter before there has been significant water content redistribution [22]. For con
tractive clays there may also be an advantage in performing extrusion immediately 
after sampling, before strengths adjacent to the tube can recover and increase the 
resistance to extrusion. The extruded soil then could be stored in suitable containers 
which provide support but do not require further extrusion. Whether this will prove 
truly advantageous still requires investigation. 

The choice of sample extrusion technique depends on, inter alia, material sampled, sam
pling method, sample quaUty, time since sampling, and specimen preparation technique to 
be used. 

Generally, samples are extruded with relative tube-to-sample movements in the same 
direction as during sampling. This eliminates the problem of extruding past the cutting edge, 
which normally has a smaller inner diameter than the rest of the tube, and maintains the 
sample strains in one direction. Any disturbed sections of the sample should be removed 
prior to testing. Conventionally, if obviously disturbed sections are not present, at least one 
and a half tube diameters from the head and toe of the sample should not be used for triaxial 
tests [40]. In cohesive soils, pocket penetrometer or torvane results may help in evaluating 
the extent of disturbed zones. 

Samples that can stand unsupported are often extruded horizontally. This allows the 
complete sample to be seen, described, and photographed, and the most appropriate section 
for specimen use can be chosen. Sensitive samples, or those witlr low cohesion, are normally 
extruded vertically. With these materials, only a Umited height of material can be extruded 
without support. Some arrangements allow the material to enter directly into a trimming 
tube, as described later in the section dedicated to cohesive specimen preparation. In this 
case, direct examination of the sample is difficult and other techniques, such as radiography, 
may be even more desirable. 

In conclusion, it must be remembered that disturbances during extrusion are usually 
concentrated at the sample boundaries and that significant pore pressure gradients may be 
established in cohesive soils. 

Test Preparation for Cohesive Soib 

Specimen Preparation—Several preparation techniques were mentioned in the "Triaxial 
Book," and others have been developed and used since then. These methods include sub-
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sampling, trimming with guide parts, trimming with manually guided ring cutters, and the 
use of lathe trimmers. Only some of them will be discussed here. 

One method described in detail in the book involves a subsamphng process [1, pp. 83-
84]. Three brass tubes are simultaneously pressed into the sample, which is laterally confined 
in a larger tube, to provide three subsamples of 38-mm (1.5-in.) diameter (satisfying the 
requirement for a set of three specimens for a triaxial test). Subsampling tubes made with 
internal diameter of 38 mm (1.5 in.) and wall thicknesses of either 0.76 mm (0.03 in.) or 
1.59 mm (0.0625 in.) are referred to. For these tubes, the ratios of outside diameter, B, to 
wall thickness, t, are 52 and 26, respectively. 

This method of preparation is still used occasionally. However, there is a tendency for 
the thicker-walled tube, which had originally been intended for stiff clays, to be adopted. 
Predictions of strains due to tube sampling by Baligh show a strong dependency of strain 
magnitude at the centerline of the sample on the ratios of B/t [20]. For a Bit value of 26, 
unacceptably large strains are likely. In view of this potential for serious disturbance, this 
technique should be discontinued. Where it is used, it should be recognized that subsampling 
may establish strains and pore pressure gradients in the specimen similar to those existing 
from tube sampling [21]. 

Cohesive or shghtly cohesive self-supporting specimens may be trimmed with thin-walled 
tubes in which the specimen is trimmed to size ahead of the trimming tube as it is advanced 
by a manual press. This operation typically takes about 15 min, and final trimmed surfaces 
are immediately covered, thus reducing drying. Details of a similar method are described 
by Eischens, who used a variable speed compression machine to control the trimming rate 
[41]. 

As with the subsampling method previously described, this technique will cause some 
surface disturbances but the resulting strains and pore pressure increases will be much 
smaller. 

Specimens that cannot stand unsupported can be prepared by vertically extruding the 
specimen into a trimming ring, while the excess material is trimmed away ahead of the ring, 
as previously described. In this case a short trimming ring is used, and the specimen enters 
directly into the membrane which is expanded in a mold connected to the trimming ring 
(Fig. 15). Similar systems are described in the literature [37,40]. 

Full size specimens (that is, having the same diameter as the sample) may also be used. 
This reduces disturbance due to trimming, but edge disturbance caused by sampling may 
not be removed. In general, the authors believe the disturbance of a carefully trimmed 
specimen from a tube sample is less than that of an untrimmed specimen. Therefore, the 
authors prefer some trimming of the edges of the specimen to remove the zone most severely 
distorted by tube sampling. 

Pore Pressure Gradients During Specimen Preparation—Pore pressure gradients, caused 
by cutting and drying, develop during specimen preparation and installation. A reduction 
of pore pressure gradients due to cutting may be obtained by minimizing the thickness of 
the cut, especially as the final diameter of the specimen is approached. Quantitative data 
to support this statement are, however, lacking. 

As shown in Fig. 16, a high potential for drying from the specimen surface exists unless 
precautions are taken during specimen preparation and installation, such as working in a 
controlled-humidity environment. The effect of drying on the initial effective stress in clays, 
pj, has been monitored with internal pressure probes by Wesley [42] and evaluated ap
proximately by Sandroni [43] using measured changes in water content combined with the 
volumetric compressibility of the clay. The last method involves the assumption that the 
specimen remains fully saturated during evaporation. Changes of p„' due to drying may be 
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Hose Clamp 

FIG. 15—Apparatus for specimen preparation during vertical extrusion. 

significant, as shown in Fig. 17, and depend on specimen dimensions (surface area/volume), 
clay compressibility, and evaporation time. 

Soils should not be left exposed to air except for the time strictly necessary for working. 
Enclosure of the specimen halts the evaporation process, and equilibration of pore pressure 
gradients may then occur. 
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Water Exchange Between Specimen and Membrane—Membranes will absorb water and 
soften during prolonged immersion [/, p. 39]. The amount of water absorbed varies with 
membrane batch, type, and time of immersion (Fig. 18). The permeability of the rubber 
appears to be reduced during absorption, and the amount of water absorbed correlates with 
the initial permeability of the membrane [17]. The ability to absorb water means that there 
is a potential for water transfer between the membrane and specimen. In Fig. 19, a com
parison is presented of the changes in initial effective stress, p„', that occur with time after 
placing a soaked and an unsoaked membrane on specimens of low plasticity clay. Although 
the low compressibility of this clay may have emphasized the differences, there is no doubt 
that transfer of water between membrane and specimen causes some changes in /?„'. 

There appears to be an advantage in using presoaked membranes, both to minimize 
changes in /?„' and to further reduce subsequent leakage. However, in soil with a high 
negative pore pressure, the specimen might absorb water from the membrane. For some 
applications, lubricated prophylactics, which typically seem to absorb less water (Fig. 18), 
may be useful. 

Water Exchange Between Specimen and Filter Paper—When filter paper is used either to 
facilitate radial drainage or to protect the porous stones from clogging, water exchange 
between the specimen and filter paper will take place until the suctions in each balance. 
The resulting gradients in specimen pore pressure will exist until equilibrium is reached. 

The suction that can be estabhshed in filter paper is related to its water content [44]. 
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E3 - Si - W^ - S3 = latex membranes (from De Campos ,1984) 
P^ = Lubricated Prophylactic 
C-i - A^ - B^ = Other latex membranes 
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FIG. 18—Water absorption in different membranes. 

There is some scope, therefore, for minimizing water exchange between the specimen and 
paper by initial adjustment of the water content of the filter paper to obtain a suction near 
to that expected from the specimen. It should be noted that the use of radial filters may 
introduce water content inhomogeneities in the specimen [45]. 

Water Imbibed from Pore Pressure Measurement!Drainage System—When the specimen 
is brought into contact with porous stones, the suction in the soil, - « , , is estabhshed in the 
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FIG. 19—Effects of unsoaked and soaked membranes on the initial mean effective stress as 

measured at the middle of the specimen. 
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stones, the cavities behind them, and in the drainage Hnes up to the first closed valve. If 
this suction cannot be maintained, cavitation will occur. In view of their relative dimensions, 
cavitation will probably take place in cavities or drainage lines before it can occur in the 
porous stones. Once cavitation has occurred, a pore pressure gradient exists and water flow 
into the specimen can occur. The amount of water transferred depends on, inter alia 

(a) volume of water available in the measuring system (including top and bottom drainage 
lines) 

(b) time before the confining stress is applied to the specimen 
(c) coefficient of consolidation of the soil 
(d) whether or not cavitation occurs in the porous stones (if cavitation does not occur in 

the stone, then water will not be drawn from the stone itself) 

Methods to minimize the potential for water transfer to the specimen obviously center 
around 

(a) having a small volume of water available in the pore pressure measuring system (this 
is, of course, consistent with the requirements of a stiff measuring system); in UU 
tests with pore pressure measurement, solid ends and a stiff piezometer probe may 
be used 

(b) using high air entry porous stones inset into the pedestal, as shown in Fig. 131 of the 
"Triaxial Book," when cavitation in coarser stones is likely [1, p. 184] 

(c) minimizing the time during which the installed specimen is under zero total stress 
(d) avoiding the availability of free water 

A technique sometimes employed to minimize the available water during mounting is to 
use coarse dry filter stones (usually used with soft soils) or saturated stones with an air entry 
value higher than the negative pore pressure (in stiff specimens) and with a cavity behind 
them which is left dry [5,46]. Flushing of the coarse stones or the empty cavity behind the 
high entry valiie porous stone is performed after an increase of cell pressure about equal 
to the initial suction in the specimen. 

Bishop experienced with the "fuse-wire" technique [47] in which the specimen is separated 
from the porous stone during installation by a loop of thin wire (Fig. 20). Only on undrained 
application of the confining stress, when the pore pressure in the specimen has been elevated 
to a positive value, is the specimen brought into contact with the porous stone as the applied 
stress embeds the wire into the base of the specimen. A similar technique can be used to 
separate surface-mounted piezometer probes from the specimen until pore pressures are 
positive [9]. However, these techniques increase compliance and the potential for air en
trapment. 

Test Preparation for Cohesionless Soils 

In the "Tricixial Book" only the preparation of reconstituted cohesionless specimens is 
covered. Increased interest in problems related to sands, such as liquefaction, has promoted 
both the use of reconstituted specimens and of "undisturbed" specimens from tube samples, 
block samples, or "intact" frozen samples. 

Reconstituted Specimens—The preparation method used greatly influences the fabric of 
the sand and thus its mechanical properties. A summary of methods for reconstitution of 
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FIG. 20—Fuse wire technique. 

sand specimens is given by Mulilis and co-workers [28]. The most commonly used techniques 
are pluviation and tamping. 

1. Pluviation—Basic principles of pluviation are given by Kolbuszewski [48] and various 
modifications to the method are described in the literature [28,29,32,49,50]. With these 
techniques it is possible to prepare specimens having a wide range of relative densities 
(usually from 10-15% to 90-95%), thus avoiding the use of vibrations to obtain high 
densities as described in the "Triaxial Book" for the funnel method [1,90-92]. Im
provements in saturation procedures make wet pluviation unnecessary. Specimens can 
be prepared dry and saturated subsequently. Pluviation of sand specimens is fast and 
thus particularly useful when large specimens are to be prepared. However, it is difficult 
to prepare uniform specimens [51], and the method, up to now, is not suitable for use 
with materials having a large grain size distribution because particle segregation, par
ticularly when fines are present, may occur. 

2. Tamping—A basic undercompaction tamping method has been described by Ladd 
[52]. This technique is relatively easy to follow, and, when properly performed, provides 
very consistent specimens, even from material having a large grain size distribution. 

When circumstances permit, the complete method including the determination of 
the optimum undercompaction value by cyclic or extension tests should be followed. 
However, this often is not practical. Experience at ISMES has shown an initial estimate 
can be obtained as follows: 

(a) The undercompaction percentage may be obtained from the estimate 

Uni = (95 - D,)(D,)2'V100% 

where Uni is the percentage undercompaction in the first layer and D^ is the relative 
density of the compacted specimen (in percent) before consolidation. This is based 
on experience in the preparation of specimens as loose as 20% Z)̂ . The percentage 
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undercompaction calculated by this formula may correspond to a dry density near 
or below the minimum dry density of the material. This is usually possible due to 
the bulking behavior of the moist material, but care is required in the preparation 
process. If it is not possible to prepare a layer at the desired density, a lower 
percentage of initial undercompaction is used. 

(b) The initial water content to be used can be estimated by placing a known weight 
(dry weight plus water content) in a plastic bag and then slowly adding water while 
kneading until the material starts to cling together, but without free water sticking 
to the bag. 

(c) Material for undercompaction may be prepared by weighing the dry soil for each 
layer and adding water later, rather than weighing it from the bulk wet soil for 
the entire specimen. This avoids possible errors in dry density due to nonuniform 
water content. 

For any reconstitution technique, it is important to inspect the specimen during prepa
ration, consolidation, and testing to see if any part is displaying unusual behavior. If any 
differences are seen, the preparation procedure should be adjusted for subsequent specimens 
to remove this behavior. 

Undisturbed Unfrozen Samptes—Unfrozen sand specimens have been prepared from tube 
samples in the following ways: 

1. By free draining the sample tube, negative pore pressures can be developed. A short 
column of soil, extruded vertically, can be self-supporting for a short time, especially 
if some fines are present. This soil column may be tested directly (after trimming of 
the ends) or it may be trimmed to a smaller diameter. 

2. By vertically extruding the specimen into a mold, using a method similar to that 
described for cohesive specimens, essentially continual support for the specimen is 
provided. This method also works for clean sands and has been used successfully for 
a large number of specimens and types of materials and is comparatively easy to 
perform. However, the potential for significant disturbance increases with reduction 
of the fines content. 

Before preparing any sand specimens from a tube sample, the material within the tube 
should be inspected. Settlement of the sand or free water indicates major disturbance. 

Undisturbed Frozen Samples—A number of different techniques to prepare frozen spec
imens are available [38]. Specimens may be successfully prepared using a single-wall core 
barrel with a diamond-tip coring device and direct circulation. Liquid carbon dioxide is 
generally used as a circulating fluid and to help keep the system cool. Details of a similar 
technique have been described by Singh and co-workers [32]. Experience shows that liquid 
carbon dioxide behaves better than liquid nitrogen because the latter tends to freeze the 
cored sample to the barrel. Good specimens can be prepared this way, but the procedure 
is not easy and the diamond bits are expensive. 

Good results have been obtained also from frozen tube samples by placing the tube in a 
hot oven for a very short time. Melting occurs along the sample boundaries while the central 
core remains frozen. The sample may then be extruded and trimmed using previously 
described methods. The use of an electric wire saw, in which the normal wire is replaced 
by a resistance wire which will melt the specimen along the cut, may facilitate the preparation 
and the trimming process. The specimen can be refrozen during the trimming process by 
applying liquid nitrogen. 
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The Measurement of Initial Effective Stress in Oays 

The measurement of the initial effective stress, pj, in undisturbed clay specimens after 
installation in the triaxial cell is not routinely performed. Yetp„' is an extremely important 
parameter, valuable in 

(a) assessing the amount of specimen disturbance, particularly in soft clays [2] 
(b) interpreting the results of unconsohdated undrained tests in which there is no rehable 

measurement of pore pressure during shear [55] 
(c) providing an estimate of the in situ horizontal stress in stiff clays [54], particularly 

when p„' has not been seriously modified by sampling, drying, and so forth 
(d) determining the appropriate path to follow during reconsolidation [5] 

An estimation of the initial effective stress may be made by 

(a) attempting to measure the negative pore pressure or suction, - M „ in the specimen 
while it is subjected to zero total stress 

(b) applying a confining stress under undrained conditions to elevate the pore pressure 
to an easily measurable value and assume that the difference between cell pressure 
and pore pressure is equal to p„' 

(c) adjusting the chamber pressure to eliminate the tendency for volume change of the 
specimen. The cell pressure which prevents volume change is considered to be ap
proximately equal to />„'. This procedure is performed by initial appUcation of a 
confining pressure roughly equal to the initial negative pressure, or enough to cause 
a small initial axial deformation of the specimen. The pore pressure measuring system 
is flushed then, and volume changes are monitored and kept to zero by subsequent 
adjustment of the cell pressure. 

The first approach is adopted, for example, at Massachusetts Institute of Technology 
(MIT) where a pedestal with an inset high air entry value porous stone and a carefully 
deaired measuring system is used. Limitations to the value of suction that can be registered 
are set by cavitation occurring in the system at around -70 kN/m^ [46]. 

The accuracy of the second approach depends on the assumption of an initially saturated 
specimen and measuring system. The evaluation may be improved by measurements of pore 
pressure resulting from increasing undrained steps in total stress. These values are used to 
extrapolate back to the p value (p„') corresponding to zero total confining stress. In any 
case, this method depends on the prior elimination of trapped air in the system. 

In the third approach, which is adopted by Norwegian Geotechnical Institute (NGI) [5] 
and which can be considered a modification of a method proposed by Skempton [54], the 
effective stress is assumed from the volume change tendency. 

The time taken for an equiUbrium pore pressure to become established in the specimen 
to allow the measurement of p„' depends on a number of factors. These include specimen 
size, method of pore measurement, the coefficient of consolidation, and gradients caused 
by specimen disturbance, such as those discussed previously. Typical examples of the equil
ibration time for 38-mm-diameter by 76-mm-high specimens, using measurements at the 
base and midheight, are shown in Fig. 21. 

Saturation 

To avoid errors in the measurement of specimen volume changes or the pore pressure 
changes representative of a fully saturated soil, full saturation of the specimen and the pore 
water measurement system, including drain hues, is required. Usually, the degree of satu-
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FIG. 21—Example of time required for equalization of initial mean effective stress. 

ration is monitored in terms of Skempton's pressure parameter B, where a B value of 1 is 
taken to demonstrate complete saturation. However, it must be remembered that the pa
rameter relevant for triaxial testing is the degree of saturation, which is related to B through 
the porosity and compressibility of the pore fluid and soil structure. The same B parameter, 
say 0.95, may mean 99.9% saturation in a stiff soil, but only 96% in a soft soil [55]. 

Therefore, some types of soils (typically very dense cohesionless soils or overconsolidated 
stiff clays) may have a high percentage of saturation even though they show B values less 
than one. For these cases, other methods of determining saturation must be used rather 
than attempting to obtain a B close to 1. These include the use of piezoelectric crystals inset 
in the platens to determine the compression wave velocity in the specimen [56], which is 
very sensitive to the presence of air or, more usually, monitoring changes of B with increasing 
back pressure at constant effective stress. Further changes of B will not occur when full 
saturation is achieved [57]. 

B values indicating acceptable levels of saturation for the aim of the test have to be related, 
therefore, to soil compressibility. The use of a simple criterion, such as obtaining a B value 
greater than 0.95, may not be valid in all cases. 

Potential Causes of Gas in the System 

Incomplete saturation means the presence of gas, usually air, in the system (specimen 
and pore pressure lines). It is helpful to examine the causes of air within the system (illus
trated in Fig. 22): 

1. Air within the specimen as a result of 
(a) partial saturation in situ (that is, prior to sampling) 
(b) partial saturation of the specimen after reconstitution in the laboratory 
(c) gases exsolving on reduction in pore pressure 
(d) cavitation when the suction level exceeds that sustainable in the pore space 

2. Air within the measuring system (that is, top and bottom porous stones, drainage lines, 
and pressure transducer) which has collected because of 
(a) inadequate deairing initially 
(b) cavitation under - u, 

3. Air trapped 
(a) between the membrane and specimen 
(b) between the membrane and porous stones and top platen 

4. Air diffusion through the membrane into the specimen. 
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FIG. 22—Possible gas entrapment within the system. 

Saturation of the specimen itself is not desirable in the case of 1, a) and, while desirable 
in the cases of 1, b), c), and d), it can only be achieved by changing either the water content 
or the effective stress in the specimen, as discussed later. 

Clearly, elimination of air occurring from 2), 3), and 4) is desirable. In most cases this 
can be achieved without modifying the effective stresses in the specimen. 

Flushing of deaired water beneath the pedestal will remove air within the measurement 
system. Where top drainage is used, a similar flushable system should be used. 

Perhaps greater attention could be paid to eliminating the air trapped between the mem
brane and specimen, top cap, and porous stones during installation. Potential air traps around 
the porous stone can be avoided by using porous stones inset into the pedestal and top cap. 
It may be helpful to unroll the stretched membrane with its end anchored at the pedestal, 
rather than enveloping the specimen in one step by releasing the vacuum in a membrane 
stretcher which inevitably traps air. Buri [58] had considerable success in reducing trapped 
air by inserting a small hollow plastic tube between the specimen and membrane and with
drawing this when assembly was complete. An alternative technique is to allow the assembled 
specimen to stand in a cell filled with deaired water so air may diffuse out through the 
membrane from around the specimen. Diffusion of air can take place between the cell water 
and the specimen because the rubber membrane is relatively permeable to air. 

The use of deaired water in the cell, especially when used in conjunction with a remote 
air-water interface, helps to slow air migration from the cell into the specimen [59]. When 
tests of long duration are planned, oil may be used instead as confinement fluid to reduce 
migration, but oil-membrane compatibility should be considered. 

Methods of Saturation 

Because full saturation is, at best, difficult to maintain during installation, subsequent 
saturation methods are used. These usually consist of a combination of flushing and back 
pressuring. 

Flushing—Flushing is usually used to remove gas bubbles from the trictxial system, but it 
is not very effective on its own for achieving saturation. In the past, particularly before the 
use of back pressure was adopted, flushing was used in the saturation process for clays [60]. 
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Now, however, the practice is limited to sands, mainly due to time limitation. Flushing can 
be applied either to the complete system (specimen and connecting lines, and so forth) or 
limited to the lines outside the specimen up to the porous stone. Typically, the flushing fluid 
is deaired water. In some cases, a preliminary flushing with a gas more soluble in water 
than air, such as carbon dioxide, may be used to displace the air [61]. 

Potential problems with flushing involve 

(a) reduction of the initial effective stress with consequent swelling if flushing is performed 
under too low an effective stress 

(b) piping 
(c) consolidation or swelling of one part of the specimen with respect to the other causing 

a nonuniform void distribution 
(d) leaching of soluble salts from the specimen 
(e) transport of fines with possible clogging of the drainage lines 
(f) undesired chemical reactions occurring between the flushing fluid and the soil, for 

example, when carbon dioxide is used and lime or hmestone components are present 
[61] 

Sometimes clay specimens are flushed around their periphery before the membrane is 
sealed, as described by Bishop and Henkel [1, p. 67,109] for soft clays. When this procedure 
was developed, flushing after specimen assembly was more difficult than now due to the 
use of null indicators. Therefore, a high degree of initial saturation was essential. With 
techniques available today, subsequent saturation is possible. This procedure of flushing 
around the specimen periphery should be avoided because the problems associated with it 
(swelling and p„' changes) are usually higher than the benefits it may provide. 

When flushing is used, it should be performed 

(a) under a proper effective stress within the specimen 
(b) under minimized gradient 
(c) using the same water as exists in the pores when leaching is suspected 
(d) without the use of carbon dioxide when reaction with soil components is possible 

Back Pressure—Saturation by back pressure, as it is referred to in the literature, actually 
involves increases in the specimen pore pressure to obtain saturation. This method is based 
on the compressibihty (controlled by Boyle's law) and solubility (controlled by Henry's law) 
of air in water, which both increase with the applied back pressure. Basic principles and 
suggestions for the use of back pressure to saturate specimens and criteria for evaluating 
back pressure values and time of application have been described elsewhere [1,40,55,60]. 

Two basic techniques are used for specimen saturation by back pressure. While the basic 
techniques are easy to perform, the implications of the methods are quite complicated. To 
help clarify this, the basic methods are illustrated here. 

1. Saturation may be obtained by an increase in the cell pressure with drainage to the 
specimen closed. This is illustrated in Fig. 23a), in which the dashed line is used to 
represent the pore pressure present in the specimen as the cell pressure is increased. 
Each incremental increase of cell pressure will cause a corresponding incremental 
increase in the pore pressure, from which the B value may be determined. When the 
resulting pore pressure change is less than the change in cell pressure, the effective 
stress applied to the specimen will be increased. 
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FIG. 23—Saturation techniques by back pressure. 
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This process of incremental increases may continue until 
(a) saturation is achieved, at which point, if required, drainage is opened to an applied 

back pressure equal to the existing pore pressure and the remaining consolidation 
stress is applied 

(b) the maximum desired effective stress is apphed; saturation may be continued by 
the next method presented. 

2. The second method involves saturation with drainage open to maintain a set effective 
stress. The heavy line in Fig. 23b represents the pore pressure present in the specimen 
during this process. As the figure shows, this procedure usually consists of an initial 
undrained increase in cell pressure, as in method 1, to bring the pore pressure to zero 
or a positive value. Drainage is then opened to the desired back pressure. This may 
be equivalent to the existing pore pressure (to maintain the current effective stress, 
PM' as in the figure), or to the value required to obtain the effective stress desired. 

This effective stress difference (pu in Fig. 23b), is then maintained by simultaneous 
increases in the back pressure and the cell pressure, with drainage open. In practice, 
this method is usually performed in small undrained stages so that B values may be 
determined, with the drainage occurring between stages. 

A variation of these classic procedures is described by Rad and Clough [62] who used an 
initial vacuum in the specimen and in the cell to facihtate saturation. 

Method 1 will minimize sweUing of the specimen because free water is not available to 
enter the specimen, but there is no choice in the effective stress during the process. Also, 
it is not very effective if initial saturation is low because application of a confining stress 
increase will cause a much smaller increase in the pore pressure. The choice of effective 
stress to maintain during method 2 is important because the specimen is subject to swelling 
if too low a value is used. 

Both methods involve some change in the effective stress acting on the specimen before 
saturation is attained. Specimen volume changes due to this effective stress change cannot 
be accurately measured by a burette connected to the specimen because the accuracy of 
this requires a saturated system. Instead, they may be estimated from changes in specimen 
dimensions. 

As described, the methods are based on specimens under an isotropic state of stress. 
Although somewhat more cumbersome, the methods are also applicable to specimens under 
anisotropic stress states. 

Unconsolidated Undrained Tests 

For convenience in presentation, unconsoHdated undrained tests in clays are considered 
here separate from other types of triaxial testing. 

Bishop and Henkel point out that as a result of the modified stress history caused by 
sampling, the A value measured in a UU test is very different from the value in situ under 
a similar change in shear stress [/, p. 11]. They add that, for this reason, pore pressure 
measurements are not usually made during UU tests on saturated samples. Although the 
book does not suggest performing the UU test this way, these statements seem to represent 
the philosophy behind the current test methods, namely of running a UU rapidly without 
the measurement of p„' and of pore pressures during shear. 

Current criticisms of the test concentrate on the basic shortcomings of the method for 
determining the undrained shear strength, 5„, rather than on current test procedures. Some 
of the shortcomings mentioned include shearing starting from an isotropic state of stress 
and significant changes in effective stress from in situ conditions [4]. The inconsistency of 
results obtained by the standard UU test procedure shows that some criticism of the test is 
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justified. However, improvements in the test methods are possible, and can lead to a 
reduction in scatter of experimental data and to a better interpretation of the test. With 
current methods, the following limitations exist: 

1. Several stages in the preparation and installation of cohesive specimens for triaxial 
testing, during which pore pressure gradients can be estabUshed in the specimen, were 
previously identified. Unless time is allowed for their equilibration after installation 
of the specimen, pore pressure gradients will affect specimen behavior, and the resulting 
variation will be superimposed on those caused by changes in the meanp„' value due 
to sampling disturbance. The consequent scatter of data can be reduced only by allowing 
time for the equalization of the initial pore pressure differences. UnpubUshed com
mercial data from UU tests, with and without delay periods, have demonstrated a 
reduction in scatter due to pore pressure equalization before shear. 

2. Having simply the shear strength from a UU test does not provide the necessary 
information for the interpretation of the test; the starting point ip„') and the effective 
stress path followed are also required. The situation is similar to having, as a result of 
a consolidated undrained test, the failure point only. Most geotechnical engineers would 
not accept this from a CU test because it is not possible to judge if the result is reasonable 
or has to be rejected. Similarly, in interpreting standard UU results, one does not 
know what the initial effective stress is and, consequently, how close it is to the mean 
effective stress in situ. There is a range of mechanical overconsolidation ratios (typically 
about 4 to 8) for which the mean effective stress in situ is quite close to the residual 
effective stress of high quality samples. There are also soils, namely overconsoUdated 
stiff sandy clays, that have an undrained shear strength mainly controlled by water 
content and not very sensitive to limited changes in initial effective stress (Fig. 24). In 
these circumstances, if the quality of the sample is high and no major additional 
disturbance is added in the laboratory, then a reasonable estimate of S„ may be obtained 
from UU tests. In other cases, namely in normally consolidated or in lightly overcon
soUdated soils or when soils are severely disturbed, the differences from in situ con
ditions may be so large as to prevent the use of UU tests to determine 5„ [21]. The 
additional knowledge of pore pressure during shearing allows a better insight into the 
specimen response and helps to distinguish between different types of soil behavior. 

I 

(ai + a;)/2 
FIG. 24—Examples of effective stress paths of UU tests on stiff sandy clay specimens having 

different initial effective stresses and the same water content. 
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Certainly the UU test is subject to basic limitations if one wants to use it to measure the 
undrained shear strength in compression applicable to in situ conditions. In this respect, 
other procedures are, in general, superior (see the following section). However, it should 
be recognized that 

1. The UU test is simple and, when using a midheight pore pressure probe to measure 
pore pressure during shear, remains relatively quick, even with the introduction of an 
initial delay to allow pore pressure equalization. 

2. Our understanding of the effects of sampUng are improving and some allowance can 
be made for these effects, especially in stiff clays in which the effects can be less severe. 

3. The additional disturbance caused by volumetric strains during reconsolidation is 
avoided, thus increasing the possibility of identifying the effects of bonding and aging 
which may have survived the sampling process. 

4. The UU test provides a rapid method for distinguishing between different types of 
stiff clay behavior (for example, plastic clays and sandy clays). 

5. In some particular cases the UU tests may provide reasonable estimates of 5„ resulting 
from in situ stress conditions. 

6. With correct measurement of pore pressure during shear, an estimate of the effective 
stress failure envelope can also be defined in some instances. 

7. In some practical circumstances, the UU test may represent the only viable test method; 
for instance, in the testing of large specimens of clay in which consoUdation times 
would otherwise be excessive. 

Based on these factors and depending on the soil type, the UU test may have a place in 
practice, provided that equalization of pore pressure gradients after installation is allowed 
and the initial effective stress pj is measured. 

The addition of saturation before shear and correct measurements of pore pressure during 
shear may also increase the accuracy of the test and improve its interpretation. 

By use of the above, the complexity, duration, and cost of the test are increased, but the 
quality and the practical use of the results are incomparably higher. Without improvements, 
the standard UU test is often of Uttle more value than a pocket penetrometer test. 

Stress Path Testing 

Control of the stress path is possible during either the consoUdation phase, the shearing 
phase, or both. The paths followed for the standard consoUdated triaxial compression or 
extension tests (CIU and CID) represent just two of the possible triaxial stress paths. 

Stress Path Test Methods 

While a standard pressure system and a displacement-controlled loading frame are suf
ficient to follow the stress paths for standard isotropically consoUdated tests, both in compres
sion loading and in extension unloading, other stress paths require some form of integrated 
control of the vertical, CT,,', and the horizontal stress, a^'. 

When the "Triaxial Book" was pubUshed, methods of controlling stress were somewhat 
cumbersome and not amenable to automation. Bishop himself made a major contribution 
to rectifying this when he introduced the hydrauUc triaxial cell [15]. This apparatus, with 
suitable control systems, enables the principles of stress path testing, formalized by Lambe 
[63], to be put into practice relatively simply. 
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Methods with the Hydraulic Triaxial Cell—The hydraulic triaxial cell (HTC) allows both 
the vertical and horizontal stress to be controlled while retaining the ability to control 
drainage and run constant rate of strain tests. It is the simple and independent control of 
the confining pressure and the deviator stress that gives the HTC the flexibility to follow 
with relative ease the full range of stress paths in triaxial space (Fig. 1), but, perhaps more 
importantly, it allows the use of anisotropic reconsoUdation stress paths to be performed 
routinely. 

The basic HTC requires operator control for general stress paths. Soon after its intro
duction. Bishop instigated the development of computer-control systems. A system was 
operational at Imperial College in London in the mid-1970s [64\. 

The philosophy behind this system is illustrated in Fig. 25. Feedback from electrical 
transducers measuring the horizontal stress, CT„, the axial load, L, the midheight pore 
pressure, u„, the base pore pressure, u^, the £ixial displacement, A/i, and the radial dis
placement, Ar, enables the current state of the specimen to be defined and its response to 

Internal load cell 

Internal displacement 
transducer 

Radial strain belt 

M - Motor 
AV - Air valve 
VT - Volume change 

transducer 

AWI - Air water interface 
PT - Pressure transducer 

FIG. 25—Schematic of the computer-controlled HTC system at Imperial College, London. 
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a change in stress or displacement to be measured. Control over Oy, CT„, and, in drained 
tests, back pressure (u,,), is achieved using air valves rotated by motors under the direction 
of the microcomputer. 

The system shown is capable, in principle, of running any triaxial stress path test. Re-
consolidation to estimated in situ stresses is relatively straightforward as, of course, are 
stress history and normalized soil engineering properties (SHANSEP) procedures [65]. The 
use of internal measurements, and in particular, the midheight and base measurements of 
pore pressure are key features of the design. During anisotropic consolidation, measurement 
of Mft and M„ allows pore pressure differences along the specimen height to be maintained 
within predefined limits by control of the rate of stress change. Similarly, rates of strain 
during conventional drained testing can be controlled automatically, without predefining 
these on the basis of assumed failure strains and pore pressure distributions. Combined with 
feedback from the radial strain belt, the information on u,, and M„ enables various methods 
of K„ consolidation to be carried out (stress controlled, rate of strain controlled, and so 
forth). 

A similar system has been used by Atkinson [66] but with an external measurement 
system. A different approach to computer-controlled triaxial testing has been adopted by 
Menzies [67] who used ram pumps to control ay, a„, and u,, in a HTC system which relies 
on feedback from the pressure sources and not directly from the measured values of load 
or displacement at the specimen. The use of the Menzies system in a commercial laboratory 
is described by Coatsworth and Hobbs [68]. 

Methods with Conventional Triaxial CeW—Stress path testing is also feasible in conventional 
triaxial equipment. For example, in a standard triaxial cell, a deviator stress may be applied 
by dead loads on the ram [7, p. 78]. Alternatively, a standard displacement-controlled 
loading press may be easily modified to apply a controlled deviator stress by use of a double-
acting pneumatic actuator attached to the reaction bar of the frame (Fig. 26). A combination 
of the two methods has proved to be practical. For example, during anisotropic consolidation, 
the initial consolidation may be performed by dead weights of limited mass which are thus 
easily manageable, keeping the press free. The final consolidation, which requires larger 
weights, may be carried out in the press, reducing disturbance and allowing a more accurate 
start to the test. The detail shown in Fig. 26 allows a simple change from stress- to dis
placement-controlled loading for use either in compression or in extension. 

Computer control for automatic stress path testing with modified conventional equipment 
can be developed by simply controlling, by the computer, the confining pressure or the back 
pressure, while a standard displacement-controlled loading frame appUes a displacement to 
cause a deviator stress. Law describes a system in which only the back pressure is adjusted 
during shearing to follow the desired stress path [69]. With systems of this type, the deviator 
stress is not directly controlled. 

The addition of direct control of the axial load makes the system more flexible. For 
example, a system based on a load frame capable of controlling both load and displacement 
offers most of the advantages of an HTC-based system. The addition of a computer, analog-
to-digital (A/D) converters, and so forth allows automatic stress path testing to be per
formed. 

Consolidation I Reconsolidation 

One of the most important stress paths to control in triaxial testing is that followed when 
bringing a specimen from the installed state to the final consolidation state because the path 
chosen will affect the specimen behavior during shear. 
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double acting pneumatic actuator 

compression reaction bracicet 

dispiacement controiled 
loading frame 

FIG. 26—Displacement-controlled loading frame equipped with a double-acting pneumatic 
actuator for stress- or strain-controlled tests. 

Clays—Alternative consolidation paths are illustrated schematically in Fig. 27 for the case 
of a normally consolidated reconstituted clay for which samphng was performed in labo
ratory. The improved fit between in situ and specimen behavior when anisotropic consoh-
dation is used is obvious. However, water content reduction during reconsoUdation may 
introduce subtle changes to behavior. There may also be significant residual effects due to 
sampKng [4], such as the effects of aging and cementation, so that anisotropic reconsoUdation 
is not the panacea for all sampling problems. 

Water content changes during reconsoUdation should be minimized. They are restricted 
by keeping the reconsoUdation path inside the yield surface (that is, paths abc, age for a 
normally consoUdated clay in Fig. 28, as opposed to path adc or any other path crossing 
the yield surface). 

A further constraint on the reconsoUdation path is imposed when attempting to measure 
the small strain response of specimens from retrieved samples. This is illustrated in Fig. 29 
for the case of a lightly overconsolidated soil and uses the idea of mobile small strain zones 
introduced by Jardine [70] and applied to the sampUng problem by Hight and co-workers 
[27]. The smaU strain zone may be considered as a region around a point in stress space, 
within which strains accompanying stress changes from that point are less than some small 
Umiting value, say 0.1%. The location of the small strain zone relative to the current stress 
state is determined by the recent stress path direction and time. Its location, and therefore 
the measured small strain response, will be different for the two reconsoUdation paths, abc 
and adec shown in Fig. 29. In this case, path adec, which includes a unloading leg, more 
closely restores the in situ small strain region. 

The reconsoUdation paths shown in Figs. 28 and 29 avoid exceeding the preconsoUdation 
pressure, cryc • In the SHANSEP procedure, reconsoUdation paths deliberately exceed CTVC 
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by some 1.5 to 2 times to erase the effects of sampling [65]. Swelling back to the estimated 
in situ OCR (Fig. 30, path abed) is assumed to restore the in situ behavior for soils in which 
behavior is normalizable. Otherwise, the effects of cementation, quick structures, aging, 
and so forth are, of course, largely eliminated so that a "lower bound" strength is obtained. 
Experience suggests that small strain stiffnesses are restored using SHANSEP procedures, 
mainly because the appropriate stress path directions are involved. 

In general terms, the appropriate reconsolidation path to follow will depend on p„', the 
soil stress history, and the material to be tested. The duration of the secondary consoUdation 
at the final consolidation point should last the same time for each specimen to minimize the 
difference of possible secondary effects on the initial part of the stress-strain curve. 

a = Effective stress state after Imperfect sampling 
b = Effective stress state after perfect sampling 

a-«->->-c s UU effective stress path (ESP) to failure 
b - » ^ - d = UU ESP to failure 

'in-situ'aged clay ESP to failure 
= 'In-situ'young clay ESP to failure 

a{,)i2 

C4 

I 

r\ 

/ 

b | i_ 

/ 

0 Axial strain, 8y 

(a) UNCONSOLIDATED UNDRAINED BEHAVIOUR AFTER SAMPLING 

a = Effective stress state after sampling 
a b = Reconsolidation path 
b-:̂ x—,— c = CIU effective stress path (ESP) to failure 

_— s 'In-situ'aged clay ESP to failure 
= 'In-situ'young clay ESP to failure 

(a; + ai,) 12 

? )• 
I 

to* 

\ 
..—c 

/ ' 

Fb 
^ Axial strain, &v 

(b) ISOTROPIC CONSOLIDATION TO IN-SITU MEAN STRESS 
FIG. 27—Effects of different consolidation paths on stress-strain behavior of a normally 

consolidated clay. 
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a s Effective stress state after sampling 
a b s Reconsolldatlon path 
b-«->—>-c s CKoU effective stress path (ESP) to failure 

'in-situ'aged clay ESP to failure 
s 'in-situ' young clay ESP to failure 

-Aged 

<y 

»? 

b* 

(a; + a^)/2 0 Axial strain, 8y 

(c) ANISOTROPIC CON8OLI0ATION TO IN-SITU STRESSES 
FIG. 27—Continued. 

Sands—In most cases, the consolidation path for sands starts from the isotropic effective 
stress imposed on the specimen during the installation to maintain the specimen size and 
shape. In practice, consohdation paths usually follow either the isotropic line or the K„ line. 
As in clays, these two different consolidation paths produce quite different stress-strain 
curves (Fig. 31), but the same failure envelope [77]. 

In most practical applications, the major problem remains the retention or the duplication 
of the fabric and the density existing in situ, as previously discussed. In general, it is unlikely 
that simple reconsolidation of specimens from tube samples or reconstitution to the in situ 

a } Effective stress state after sampling 

Alternative reconsolidation paths 

(0^h,c + 0^i,c)/2 

(or: + Oiy) 12 
FIG. 28—Alternative stress paths for Ko consolidation. 
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0 p c = In-situ consolidation path 

c = in-situ actual state of stress 
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(CT; + a )̂ /2 

(a) R/IECHANICALLY LiGHTLY OVERCONSOLIDATED SOIL IN-SITU 
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^ 
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(b) RECONSOLIDATION TO IN-SITU STRESS AFTER SAIMPLING 

•b 
I 

b* 

0 p c = In-situ consolidation path 
a d e c = Lab. reconsolidation path 

Location after reconsolidation 

'In-situ'location 
of small strain zone 

( a ; + ffh) /2 

(c) RECONSOLIDATION TO IN-SITU STRESS AFTER SAMPLING 
FIG. 29—Effects of consolidation paths on location of small strain zone. 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



BALDI ET AL. ON REEVALUATION OF CONVENTIONAL TEST METHODS 257 

b 
I 

b* 

1.5/2 (Ti,c 

(a;, + aid 12 
FIG. 30—SHANSEP reconsolidation method. 

density will reproduce general stress-strain properties representing in situ behavior [24-
26,30]. However, after a cyclic stress history has been applied to reconstituted dense spec
imens, prepared close to the in situ density, to cause them to have the same shear wave 
velocity as in situ, the response of the specimens from radially frozen samples and from 
reconstituted specimens has been quite similar [26]. This may mean that by matching the 
shear wave velocities to those in situ, laboratory specimens could be used to reproduce to 
an acceptable level the mechanical properties of the intact sand [26,72]. The duplication in 
the laboratory of the in situ shear wave velocity might be an improvement over existing 
techniques for dealing with reconstituted and standard tube sand specimens. However, 
evidence for this is limited at this time. Additional studies are necessary, mainly to investigate 
the sensitivity of the shear wave velocity to all aspects of disturbance and the relationships 
among shear wave velocities, cyclic stress history, and the mechanical behavior of sands. 

Shear wave velocities may be derived from low amplitude cyclic loading tests, as performed 
by Tokimatsu and Hosaka [26], but this requires very accurate load and deformation mea
surements and the assumption of the value of Poisson's ratio. Alternatively, direct shear 
wave velocity measurements may be obtained by using piezoelectric transducers inserted in 
the platens. PreUminary experience at ISMES shows that both piezoelectric shear crystals 
and benders give similar initial shear moduli ( G ^ (Fig. 32), and compare well to those 
obtained from resonant column tests (Fig. 33), as also shown in the literature [73]. 

MEDIUM DENSE TICINO SAND 

a = CID test 
b,c,d, = CKgD tests 

W 

800 1200 

a(,)/2 (KPa) 

3 4 5 6 

AXIAL STRAIN £, (%) 

FIG. 31—Effects of different consolidation paths on stress-strain behavior of a normally 
consolidated sand from the Ticino River, Italy. 
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FIG. 32—Comparison of initial shear moduli from shear wave measurements obtained from 
piezoelectric shear crystals and benders. 

Stress Paths to Failure 

For undrained tests on fully saturated soils, each total stress path for compression gives 
the same effective stress path. The same holds for extension. Therefore, conventional equip
ment can be used for shearing the specimen. In drained tests, an infinite choice of effective 
stress paths within the triaxial plane are possible, and more elaborate systems may be 
necessary to follow the stress path chosen. 

An example of the advantages of stress path testing can be seen by considering the stress 
path followed in the conventional CID test (paths ab and cd in Fig. 34). This path is 
particularly unsuitable for the determination of the strength parameters c' and <})' at the low 
stresses relevant to many field problems (for example shallow slope stability). Having a 
stress path system available, alternative, more appropriate, stress paths may be followed, 
for example: 

(a) paths ae and ch in Fig. 34 in which CTV' is held constant while VH' is reduced, or 
(b) path fg in Fig. 34 in which a^' and <T„' are maintained constant while Ub is increased, 

to simulate swelling in an unloaded slope. 

A computer-controlled stress path system should allow switching smoothly from stress to 
stain control. Such a change can be made as failure is approached to avoid instability of the 
system. This technique has been used extensively with the HTC to investigate the failure 
envelope at low stresses by Gens [74] and is advocated by Atkinson.'' The use of stress 
control initially also allows full drainage to be ensured while passing through the small strain 
zone. 

Condnding Remarks 

The triaxial test on cylindrical specimens is one of the most popular methods for deter
mining the strength and stiffness characteristics of soils. The basic principles and methods 

* Personal communication, 1986. 
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FIG. 33—Comparison of initial shear moduli obtained from benders and resonant column 

measurements on reconstituted specimens of a lake bed sediment taken near Pontida, Italy. 

underlying the test were admirably described in The Measurement of Soil Properties in the 
Triaxial Test by Bishop and Henkel [i ]. A number of other test methods have been developed 
since the publication of the "Triaxial Book," some of which have been presented here. 

The main points discussed may be summarized under the following broad categories: 

Triaxial test results depend on the degree of soil disturbance. In cohesive soils, the use 
of undisturbed samples and of appropriate laboratory methods allows a reasonable 
determination of in situ properties. By the adoption of appropriate test details, addi
tional disturbance due to specimen preparation, drying, and water exchange between 
the specimen and membrane, filter paper, and pore pressure measuring and drainage 
systems can be reduced. 

For testing undisturbed cohesionless specimens, major problems he in the phases 
before the samples arrive at the laboratory. Disturbance is usually more severe than 
for cohesive soils and greatly affects the soil properties. Promising developments to 
reduce disturbance include the adoption of new sampling and handling techniques, 
such as freezing and, hopefully in the future, impregnation. New methods such as 
those based on shear wave velocity measurements or other indirect parameters may 
help in assessing disturbance and in promoting the use of reconstituted specimens to 
represent field behavior. 
Improvements in equipment, and especially in measurement methods, have been de
veloped. Electrical transducers increase measurement precision, and enable measure-
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(a; + (jj,) /2 
FIG. 34—Examples of possible drained stress paths. 

ments to be made inside the cell, the use of automatic data logging, and automatic 
test control by means of computers and feedback systems. 

New details in equipment and the use of pore pressure transducers have facilitated 
the saturation of the specimen and the measurement of the initial effective stress. 

3. Measurements made within the triaxial cell have shown that measurement errors during 
triaxial testing can be severe, particularly for axial deformation measurements. Internal 
measurements, improvements in specimen preparation, and better tolerances in equip
ment enable a more accurate definition of the yield and stiffness characteristics of the 
soils, especially during the initial part of the stress-strain curve. Use of a pore pressure 
probe located at the midheight of the specimen, in conjunction with the classic mea
surement made at the base, can demonstrate pore pressure equalization during shear, 
and differences in readings can be used for the definition of the strain rate. 

4. Although the general use of UU tests has been questioned in the Uterature, a properly 
performed UU test can provide, in some circumstances, useful information. Some of 
the scatter of UU results is due to the test methods conventionally used rather than 
from the natural variability of soils. More consistent results may be obtained by allowing 
the equalization of pore pressure prior to shear. A better interpretation of test results 
may be obtained with the measurement of the initial effective stress, pj, and of pore 
pressures during shear. 

5. An appropriate stress path both for consolidation and shearing will provide a better 
reproduction of in situ stress-strain properties. For instance, X„ consohdation provides 
a considerable improvement over isotropic consolidation for the representation of many 
in situ conditions. 

It is important that developments in equipment and methods of tests be considered and 
adopted in practice if the viabihty of triaxial testing is to be maintained. Unfortunately, 
many valuable testing techniques have not yet been adopted in routine activities. 
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ABSTRACT: The paper presents the 1986 practice at the Norwegian Geotechnical Institute 
(NGI) for triaxial testing of soils that are fully saturated in situ. The test procedures for 
specimen mounting, saturation, consolidation, and static and cyclic shearing are outlined. 
Sample disturbance, specimen height, end friction, and anisotropic consolidation are discussed 
at length. Simphfied procedures for anisotropic consolidation according to soil types are pro
posed. Sources of error are mentioned. A new method to measure the initial shear modulus 
in triaxial soil specimens is described. 

KEY WORDS: triaxial test, procedures, consoUdation, trimming, shear, cyclic load, test error, 
initial shear modulus 

Triaxial tests were originally used to determine shear strength parameters when the vertical 
stress increased while the horizontal stress was kept constant. It was gradually realized that 
laboratory specimens ought to be subjected more closely to the same stresses and stress 
changes as in the field. Equipment and procedures were then developed so that any com
bination of vertical and horizontal stress could be applied. 

This paper presents the 1986 practice at the Norwegian Geotechnical Institute (NGI) for 
triaxial testing of soils. The authors' aim was not to deal in detail with all aspects of triaxial 
testing. Rather, several specific topics were selected for discussion because of their difficulty 
and impact on soil parameters. Sample disturbance, specimen height, end friction, and 
anisotropic consolidation are discussed at length. Simplified anisotropic consoUdation pro
cedures are proposed as a function of soil type. General guideUnes are offered with respect 
to triaxial equipment, specimen mounting procedures, data presentation, and sources of 
errors in the triaxial test. A new method to measure the initial shear modulus in triaxial 
soil specimens is presented. Recommendations for further developments are made. 

lYiaxial Equipment 

Figure 1 presents the layout for a triaxial test. The specimen, enclosed in a rubber mem
brane, is loaded by the piston through the top of the cell by either a motor-driven press, 
deadweights on a hanger, or by an air-operated double-acting piston on top of the loading 
frame. 

Valve selector blocks for cell pressure and pore pressure are connected to the triaxial cell 

' Research engineer and head of laboratory, respectively, Norwegian Geotechnical Institute, P.O. 
Box 40 Taasen, N-0801 Oslo 8, Norway. 
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-Differential 
pressure 
manometer 

FIG. 1—Layout of a typical triaxial test unit {additional consolidation units not shown). 

with outlets to a screw control, a Bourdon gauge, a constant pressure cell, and an air pressure 
supply. 

A mercury differential manometer can measure the difference between the cell and pore 
pressures very accurately. The triaxial test unit is also equipped with electronic transducers 
for automatic data logging. 

For maximum utilization of a loading press and its auxiliary equipment, two extra con
solidation units can be included in the triaxial test unit. A consolidation unit consists of a 
triaxial cell where the piston can be locked, a cell pressure unit, and hangers for application 
of deadweights on the piston. 

Two types of triaxial cells are in use at NGI, one for static loading and one for cyclic 
loading. Andresen and Simons [i] and Berre [2,3] have described the equipment, including 
recent improvements. The cell for cyclic loading is also superior for static loading and will 
probably gradually replace the cells presently used for static loading. 

Sampling Disturbance 

To obtain reliable stress-strain strength and pore pressure parameters from undisturbed 
specimens, the quality of the specimens must be reasonably good. Material at the ends of 
the sample within 1.5 or preferably 3 times the sample diameter should not be used for 
triaxial testing unless X-ray inspection indicates that the material is really undisturbed [4\. 

For clays, the volumetric strain when consolidating the specimen to the in situ effective 
stresses, e„, can be used as an indication of the sample quahty. Berre [J] suggested the 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



266 ADVANCED TRIAXIAL TESTING OF SOIL AND ROOK 

following criterion to evaluate sample quality from the volumetric strain of soft sensitive 
onshore clay specimens, measured during anisotropic consolidation to the in situ stresses: 

€„, % Test QuaUty 

<1 very good to excellent 
1-2 good 
2-4 fair 
4-8 poor 
>8 very poor 

The results of oedometer tests at two offshore sites (Fig. 2a) were used to evaluate this 
criterion. If one uses a volumetric strain of, for example, 1.5% as the maximum allowable 
strain, one would reject 78% of what are considered high quality specimens in the case of 
a soft clay deposit and 20% in the case of a stiff clay deposit. (The preconsohdation stresses 
were obtained by averaging Casagrande's and Janbu's methods). A criterion of 1.5% vol
umetric strain for soft clays may thus be too strict in practice. Data compiled by Kleven^ at 
NGI show that one should consider allowable strain as a function of stress history (ratio 
p'c/p'a) and depth (Fig. 2b) [5]. 

Table 1 summarizes the results of an investigation carried out at NGI on the effect of 
sample disturbance on the undrained shear strength at small strain [6-8]. The soil samples 
were Drammen clay, consolidated anisotropically past their preconsohdation stress, and all 
were unloaded to an overconsolidation ratio of 2.5. Reference specimens, sheared without 
any kind of disturbance, were called "perfect." The diameter of the reference specimens 
was 80 mm. 

The specimens denoted "sampled" in Table 1 were quickly unloaded and taken out of 
the triaxial cell, trimmed to a smaller diameter (54 mm), mounted into a new triaxial cell, 
and then reconsolidated. "Sampled, fully remolded" means that the specimens were "sam
pled" as described above, and in addition completely remolded before being formed into 
new specimens and remounted into the cells. "Strongly deformed but not sampled" means 
that the specimens were disturbed by deforming them about 7% under undrained conditions 
and thereafter reconsoUdated to the same consohdation stresses. The compression tests were 
deformed 4-7% and the extension tests - 7 % before reconsolidation. 

After the sampUng treatment described above, some of the specimens were reconsolidated 
to p'„ (Test Series 1), that is, loaded anisotropically to the same stresses as they carried 
after the laboratory overconsoUdation, while some were consohdated anisotropically to p'c 
and then unloaded anisotropically to p'<, (Test Series 2). The stress p',, here is the maximum 
vertical stress the specimens were subjected to during the first consolidation. Table 1 also 
gives the volumetric strain e î which took place during the reconsohdation. 

The test results show that 

1. p'c-^p'o-consolidation tends to give too high strengths and may lead to unconservative 
designs. 

2. The undrained shear strength in triaxial extension can be overpredicted by as much 
as 60 to 80% because of disturbance. 

Hight et al. [9], in their discussion of the effect of sampUng disturbance, referred to a 
strain path analysis of the tube sampling process made by Baligh [10]. According to Baligh, 

^ A. Kleven, Private communication, NGI, July 1985. 
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FIG. 2—(a) Preconsolidation stress from high quality clay specimens, (b) Strain at in situ 
overburden stress from oedometer tests on high quality clay samples [5]. 

the degree of disturbance at the centerline of a sampling tube is a function of the ratio 
between the diameter of the tube and the wall thickness. For the 3-in. (7,6-cm) tubes used 
in the North Sea, this ratio is about 40. According to Baligh's data, an element on the 
centerhne of the tube should, during the sampUng process, first be compressed axially about 
1%, then be extended back to zero strain and further to - 1 % axial strain, and finally be 
compressed back to zero strain. 
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TABLE 1—Effect of sample disturbance. Drammen clay, OCR = 2.5, \ = 27%. 

Test Spedmen 

Sampled, 
undisturbed 

Sampled, fully 
remolded 

Strongly deformed, 
but not sampled 

Stress System 

compression 
extension 
compression 
extension 
compression 
extension 

Reconsolidation 

Test series 1, 
p'„-consolidated 

e™i, % 

0.7 
0.9 

12.4 
15.7 
1.3 
1.8 

T/T„f 

0.89 
1.02 
0.41 
1.00 
0.96 
1.64 

Test series 2, 
P'c -^ p'o-

consolidated 

tvol, % 

0.6 
1.0 

15.4 
14.6 
3.6 
5.5 

T/T„t 

1.03 
1.12 
1.09 
1.20 
1.24 
1.79 

T = Undrained shear resistance at 2% axial strain or the peak value if this occurred before 2% eixial 
strain. 

T„, represents "perfect" sample. 

Figure 3 shows the results of eight triaxial tests on plastic clay from Drammen. All 
specimens were first K^ consolidated to a common stress well above their in situ precon-
solidation stress. Then four of the tests were used to study the effect of sampling disturbance 
at an overconsolidation ratio (OCR) of 1, and four were K„ unloaded to an OCR of 2.5 
before the study of the effects of sampling disturbance. The tests marked "disturbed" were 
strained according to Baligh's data and allowed to drain at the same stresses as they carried 
before the straining, and then sheared undrained. This process should, in principle, duplicate 
what happens when a tube sample is taken in the field and the material later reconsolidated 
back in the laboratory to the in situ stresses. The stress-strain plots should indicate the effect 
of the sampling disturbance on the undrained shear strength behavior of reconsolidated 
specimens. The tests in Fig. 3 experienced the following volumetric strains during recon
solidation: 

OCR 

1.0 
2.5 

e,oi, % 

»1.0 
«0.13 

The following preliminary conclusions can be drawn from Table 1 and Fig. 3: 

1. Compression tests (OCR = 1 and 2.5)—The peak shear strength is about the same 
for the disturbed and the undisturbed tests while the initial moduU are much lower for the 
disturbed tests. For OCR = 1, the shear resistance at high strains is much higher for the 
disturbed test. 

2. Extension tests (OCR = 1 and 2.5)—The ultimate shear strengths and the initial moduli 
are higher for the disturbed than for the undisturbed tests. 

Specimen Mounting 

General 

If the specimen is extruded with the sampling tube in a horizontal position, then the 
surface on which the sample is extruded must be Uned up with and be at exactly the same 
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FIG. 3—Comparison of triaxial tests on undisturbed and disturbed specimens. Drammen 
clay, OCR = 1.0 and 2.5. 

level as the sampling tube. The sliding friction between sample and table must be eliminated. 
The sample is extruded toward the top of the sampling tube. Foreign or disturbed material 
in the tube is discarded. At the top and bottom of the sampling tube, material within 1.5 
or preferably 3 times the sample diameter is not used for triaxial testing. Extreme care is 
taken to avoid, as much as possible, deforming the specimen during the mounting process. 
The mounting is done in a cabinet with humidity around 90% to minimize evaporation from 
the specimen. 

Undisturbed specimens, if less than 80 mm in diameter, are usually mounted with full 
cross section. Larger specimens are trimmed down to a diameter of preferably 54, 71, or 
80 mm, and never less than 35 mm. If no provisions are made to reduce end friction, the 
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specimen height is from 1.85 to 2.25 times the diameter. For well graded materials, the 
maximum dimension of the largest soil particle should not exceed 1/6 of the specimen 
diameter. For other materials, the maximum particle size should not exceed 1/10 of the 
specimen diameter. Grooves and holes in the ends of the specimens are filled with remolded 
material if they cannot be removed by further trimming and if a new sample cannot be 
trimmed. Grooves and holes in the ends greater than about 1/10 of the specimen diameter 
are cast in with gypsum. The end surfaces should be plane and perpendicular to the lon
gitudinal axis of the specimen. The angle between an end surface and the longitudinal axis 
should not deviate from a right angle by more than ±0.6°. The height of the specimen is 
measured within ±0.1 mm with a height measuring device. To obtain the average diameter 
of the specimen, one measures the circumference at top, midheight, and bottom to the 
nearest ±0.1 mm with a flat strip. The entire sample preparation is done under such con
ditions that the volume of water evaporating during the process does not exceed 0.3% of 
the total volume of the specimen. 

Coarse filter disks are kept dry during mounting to prevent sweUing of the specimen by 
sucking in water from the filters. High air entry value filter disks are always kept saturated. 
For soils with a strong tendency to suck in water, the compartments behind high air entry 
value filter disks are filled with air. 

The triaxial cell is usually filled with castor oil. Problems with leakage through the rubber 
membrane are then reduced. The castor oil also acts as a lubricant for the piston through 
the top of the cell. 

The specimen is usually confined by one membrane made of natural rubber. Such mem
branes have very good mechanical properties. However, they tend to absorb some water 
especially when they are new. The initial absorption can be reduced if the membrane is 
stored in water some days before its use. 

Normally and Slightly Overconsolidated Clay Specimens 

The specimen is trimmed with a wire saw. If the clay is quick or extremely soft, extrusion 
is done vertically from the sampling tube directly into a cutting cylinder [11,12]. In a new 
version of the cutting cylinder [5,23], the membrane is mounted inside it. The sample is 
then pushed directly into the rubber membrane, and a small suction can be applied to the 
specimen before the cutting cylinder is removed. This procedure is used when the sample 
contains so much silt and sand that the specimen cannot stand upright unless supported 
laterally. 

Tests carried out at NGI indicate that end friction is of minor importance for soft clays. 
Therefore, no attempts are made to reduce end friction for such clays. 

Filter paper strips (four strips in spiral, see under Heavily Overconsolidated Clay Speci
mens) on the sides of the specimen are used for offshore samples, which are sheared at 
higher rates than onshore samples (see under Static and Cyclic Shearing). For both offshore 
and onshore testing, filter disks with two drainage tubes are placed both at the top and the 
bottom of the specimen. 

For compression tests on very soft homogeneous clays, the paraffin method is often used 
[14]: the cell is filled with liquid paraffin, and no rubber membrane is used around the 
specimen. The interfacial tension between paraffin and pore water completely prevents the 
paraffin from penetrating into the pores of either the clay or the high air entry value filters. 
The rubber membrane correction, which for very soft clays can account for more than 10% 
of the measured shear stress at high strains, is completely avoided. The paraffin method 
has not given water-paraffin interface leakage problems in soft homogeneous clays, for 
effective horizontal stresses up to 100 kPa. Preliminary tests indicate that castor oil may be 
used instead of liquid paraffin. 
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Heavily Overconsolidated Clay Specimens 

Jacobsen [15] found that the undrained shear strength for very stiff boulder clay increased 
by about 50% when decreasing end friction by the technique recommended by Roscoe [76] 
and Rowe and Barden [17] and using a height/diameter ratio equal to 1. According to Lee 
\18], the importance of using smooth ends increases with increasing tendency for dilatancy 
of the soil and is more important for cyclic than for static testing. To reduce end friction, 
heavily overconsolidated clays are always mounted between poUshed, stetinless steel plates 
covered with silicone grease and one rubber membrane, as shown in Fig. 4. In special cases, 
three rubber membranes with grease in between have been used at each end to reduce end 
friction. However, very stiff specimens may tend to split up vertically at the ends if too 
many membranes are used. 

Reducing end friction has two advantages: 

1. Stresses and strains at large strains are much more homogeneously distributed over 
the whole specimen height. Pore pressure during undrained shearing can then be accurately 
measured for much higher rates of strain. 

2. Too early formation of shear planes in "unstable," strongly dilatant soils can be pre
vented by using frictionless ends and reducing the height of the specimen. This may be more 
correct in cases where shear planes in the field cannot be formed easily [15,19]. 

Two aspects important for heavily overconsolidated clay specimens are looked at in more 
detail: (1) specimen height and (2) filter paper. 

Specimen //«g/i(—Following Jacobsen's [15] work, Berre [5,20,21] obtained the following 
results from anisotropically consolidated undrained triaxial compression tests on plastic 
Drammen clay (/̂  = 27%) (Table 2). 

The term "rough" means that the filter and the test specimen have the same diameter 
and that no attempt was made to reduce end friction. The term "smooth" means that polished 
metal plates with silicone grease and rubber sheets (or membranes) were used at the ends 
instead of filter disks. To extend Berre's observations, the effects of height/diameter ratio 

Rubber membrane with 
silicone grease between 
membrane and pedesta^l 

Pins to avoid that the 
specimen slides away 
from the plates 

Rubber membrane w i t h ^ 
silicone grease between^^ 
membrane and pedestal 

Ring-shaped filter. 

Drainage tubes 

Polished 
steel plate 

Rubber 
membrane 

Filter paper in contact 
with ring filters 

Polished 
steel plate 

"^Drainage 
tubes 

FIG. 4—Reduction of end friction in triaxial tests. 
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TABLE 2—Effect of end friction and height I diameter (H/D) ratio in triaxial tests 
on Drammen clay with OCR between 1 and 4. 

Consolidation 

Anisotropic 
to/j'„ 

Anisotropic 
to \3p\ 

Isotropic 
K„ = 1.0 

Overconsolidation 
Ratio (OCR) 

1.2-1.5 

1.0 

4.0 

HID 
Ratio 

1.62 

1.11 
1.85 
1.85 

Conclusions 

Tests with smooth ends and 
rough ends agree. 

Tests with different HID agree, 
both had rough ends. 

Tests with smooth ends and 
rough ends agree. 

and end friction were investigated on Drammen clay specimens with an overconsolidation 
ratio of 40, Figure 5 presents the test results obtained for triaxial compression and triaxial 
extension tests. Figure 6 reproduces the early portion of the stress-strain curve (axial strain 
between 0 and 1%) at a much larger scale. 

The results show that 

1. The use of smooth ends and a height/diameter ratio of 1 instead of 2 resulted in a 
higher strength jn compression, but only at axial strains higher than 10%. 

2. In triaxial extension, no differences were seen for specimens with height/diameter 
ratios of 2 and 1. Rough ends were used for both the high and the low specimens. 

3. The initial part of the stress-strain curve for the compression test on the low specimen 
with the rough ends is steeper than for the high specimen with rough ends, indicating that 
false deformations are less pronounced for rough-end tests. The curves for the tests with 
smooth ends indicate that false deformations are higher for smooth-end tests than for rough-
end tests. The determination of the modulus at low strain level appears therefore to be 
more reliable from tests with high specimens and rough ends. 

Filter Paper—Fom strips of filter paper are placed in spiral on the side of the specimen 
and down to the ring filter. The incHnation of the spirals is chosen such that they do not 
affect the deformation of the specimen when it is sheared undrained. 

Shear Mode 

Undrained compression 

Undrained extension 
Undrained two-way cychng 

IncUnation of Filter Strip 

1:1.3 (1 is vertical distance 
and 1.3 is distance along the 
specimen perimeter.) 

1:1.5 
1:1.4 

The filter paper is soaked in water at approximately the same salt concentration as the 
pore water of the clay, but free water on the surface of the paper is wiped away before it 
is placed on the specimen. Teflon® tape is placed over the edge of the rubber membrane 
on the smooth end plates where the filter papers come on the plates to avoid the silicone 
grease clogging the filter paper drain. The inchnation of the filter paper strips is chosen 
such that there should be a minimum of deformation of the strips during shearing. However, 
in zones with intense straining (for example, necking zones in extension tests), the strips 
have been observed to fail in tension. 
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Curve H/D Ends 
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Smooth (2 memh) 

w is water content 
during shearing 

±0.2 ±0.4 ±0.6 ±0.8 

Axial strain, EJ (VO) 

±1.0 

FIG. 6—Detailed stress-strain curves at tow strains showing effects of end friction and height/ 
diameter ratio. 

Reconstituted Specimens {Sand and Silt) 

The specimen is built in by tamping, vibrating, or raining the material into a cyhndrical 
split mold Stretching the rubber membrane on its inside. To ensure a uniform porosity in 
tamped or vibrated specimens, it is usually necessary to compact or vibrate the initial layers 
to higher porosities than the succeeding layers (undercompaction [22]). 

A small variation to this procedure is, however, implemented at NGI: a constant height 
of soil is used in each layer rather than a constant mass.' Pluvial compaction is also used, 
especially for sands with a uniform grading, but it has proved difficult to obtain very low 
porosities with this method [23]. The free-end technique is not used for routine testing of 
reconstituted sand specimens. 

Regardless of the method used to build in the specimen, extreme care should be taken 
to measure the initial diameter, height, and total dry mass of the specimen. The specimen 
should be saturated by first flushing carbon dioxide through the specimen and then deaired 
water. Before removing the split mold, a suction should be maintained until a cell pressure 
of about +5 kPa has been appUed. 

After shearing, it should be checked that the upper and lower halves of the specimen 
have been deformed approximately equally. Otherwise, the mounting specifications should 
be adjusted to achieve this in subsequent tests. 

If a sand specimen does not collapse under its own weight, the mounting is done in the 
same manner as for clays. 

Application of Initial Cell Pressure 

When the triaxial cell has been filled with fluid, a cell pressure equal to the estimated 
initial negative pore pressure in the specimen is apphed. The dry filters (and the dry com
partments behind high air entry value filter disks) are flushed with water at approximately 

' C. Chan, Private communication to R. S. Ladd, 1985. 
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the same salinity as the pore water of the specimen. With a mercury null-indicator connected 
to the specimen, the volume change is monitored. The cell pressure is continuously adjusted 
until no more volume change takes place. The cell pressure at this time is called the "swelling" 
pressure. For a fully saturated material, the swelling pressure is equal to the initial negative 
pore pressure in the specimen. The devices for measuring vertical displacement and volume 
change of the specimen should now be set to zero. The cell pressure is then increased to 
twice the swelling pressure, but never higher than the specified maximum radial consolidation 
stress. The specimen is allowed to consolidate fully, usually overnight, under this pressure. 

Saturation 

Because the specimens tested are fully saturated in the field, it is attempted, after appli
cation of the initial cell pressure, to saturate as well as possible the specimens, the filter 
disks, and pore pressure measuring system. This is done partly by increasing the initial 
saturation as much as possible and partly by applying a back pressure prior to further 
consolidation. 

Initial Saturation 

To increase the initial degree of saturation for sand and silt specimens, specimens may 
be flushed first with carbon dioxide and thereafter with deaired water. Flushing with CO2 
replaces the air in the test specimen with a gas of greater solubiUty in water. The volume 
of carbon dioxide passing through the material to be saturated should not be less than twice 
the volume of voids in the material. For very loose specimens, care must be taken to ensure 
that the carbon dioxide stream does not destroy the specimen. The gas pressure should not 
exceed 2 kPa, and the carbon dioxide drainage tube should be kept under water. These 
requirements are usually satisfied if the gas stream is left on for at least 20 min and if about 
three bubbles evacuate per second. 

If the specimen is so loose that it is Ukely to change volume when saturated with water, 
the saturation with CO2 is done during the mounting, usually just before the split mold is 
removed. For "undisturbed" sand and silt specimens, the permeabihty usually is too low to 
flush CO2 through the specimen. However, it may still help to saturate parts of the specimen 
if only the filter disks are flushed with CO2. 

Rad and Clough [24] described a new technique to increase the initial saturation of sand 
specimens. The method first applies a high vacuum to the soil while avoiding increasing the 
effective stresses. After water percolation through the sand and a short waiting period under 
vacuum, the sand is saturated under back pressure. 

Application of Back Pressure 

During application of back pressure the difference between cell pressure and pore pressure 
is kept constant, equal to the initial cell pressure a'^ (which usually is equal to twice the 
sweUing pressure). Deadweights are applied on the piston to keep it just in contact with the 
top cap. The back pressure is appUed so slowly that usually almost no deformations take 
place. Based on earlier experience at NGI, the maximum allowable deformation during 
application of back pressure should be as small as possible and never greater than 

H, • 0.001 • ^ ^ 
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where 

Hi = initial specimen height, 
^'rcmx = maximum effective radial consolidation stress, and 

crV, = initial effective cell pressure (usually equal to twice the swelhng pressure). 

The dial gauge is placed so that it is not influenced by the magnitude of the cell pressure. 
For drained tests, a back pressure of 100 to 200 kPa is used. For undrained tests, it is 

attempted to reach a B-value equal to about 0.95 for static tests and 0.98 for cyclic tests. 
For soft clays, a back pressure of about 200 kPa may be sufficient. For very stiff clays and 
dense sands, back pressures up to 1500 kPa may be required. It seems to be more important 
to obtain a high fi-value for dilatant than for nondilatant materials. For soft clays, B-values 
as low as 90% seem to be acceptable for static testing. If it proves difficult to obtain a 
satisfactory B-value, a constant volume test may be carried out instead of an undrained test. 

Consolidation 

Triaxial tests are usually consohdated under the same effective stresses as those carried 
out in the field before sampling. The cell pressure is increased such that the difference 
between the cell and the pore pressure becomes equal to the desired effective radial con
solidation stress, and the piston force is increased or decreased until the axial stress is equal 
to the desired value of the axial effective consolidation stress. 

Ko Versus Simplified Consolidation Procedure 

During Ko consolidation, the stresses are applied such that no radial deformation of the 
specimen takes place. To consoUdate to the in situ stresses and reach a correct ratio between 
radial and axial stress for an overconsolidated material by K„ consolidation, the specimen 
must first be K„ loaded to the preconsolidation stress, p\, and then K„ unloaded to the in 
situ stresses. Although excellent for research purposes, Ko consolidation is very time-con
suming and therefore prohibitive in practice. In addition, consolidation through p\ may 
lead to an overestimate of the undrained shear strength, as indicated by Table 1. Therefore, 
the specimen is consohdated anisotropically, directly to the in situ effective stresses, a\o 
and (T'„„. Originally this was done by a number of stress increments keeping, for each 
increment, the ratio between radial and axial stress equal to a'hola'„„, both for normally 
and overconsolidated materials. However, this procedure was found to be too time-con
suming in practice. Berre [7] investigated the effect of the number of consolidation incre
ments on the shear behavior in triaxial tests. He used good quahty undisturbed Drammen 
clay specimens consolidated to about 1.2 times the preconsolidation stress. The plasticity 
index of the clay was about 27%. 

Figure 7 presents the results of four triaxial tests, two sheared in compression, two sheared 
in extension. In one test series, consolidation to the in situ stresses was carried out in 18 
increments to follow exactly the K„ line; in the second test series, only 2 stress increments 
were used to reach the same state of anisotropic effective stress. For triaxial compression, 
the test data show practically the same stress-strain curves, pore pressure-strain curves, 
and effective stress paths for the two methods of consolidation. For triaxial extension, the 
shear resistance is slightly higher for the test with the simplified procedure. 

The above evidence combined with recent experience with overconsolidated and normally 
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FIG. 7—Comparison ofK„ consolidation and simplified anisotropic consolidation in triaxial 
compression and extension tests on Drammen clays. 

consolidated clays from the North Sea leads NGl to propose the following simplified con
solidation procedure: 

1. For clays and clayey materials with overconsolidation ratio less Chan 1.5 and other loose 
materials, load to the in situ stresses in two increments of radial stress (OA and BC) and 
two increments of the deviatoric stress (AB and CD), as shown in Fig. 8fl. The first isotropic 
effective stress cell increment plus the initial cell pressure (about twice the swelling pressure) 
should be no more than 0.5 times the in situ effective horizontal stress, cr'fc„, especially if 
large volumetric strains are expected. An isotropic effective stress greater than 0.5 times 
the in situ effective vertical stress risks loading the clay outside the yield surface, as illustrated 
in Fig. 86. The conceptual behavior shown applies to a lightly overconsolidated clay. The 
position of the yield locus depends on the preconsolidation stress. Might et al. [9,25] first 
expressed concern in this respect for low overconsolidation, low plasticity clays. 

The deviatoric loading is usually done in four to six steps. A new step is not applied until 
the rate of axial strain is less than or equal to about 0.08%/h. Normally the deviatoric 
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OCR « 1.5 

la) 

Estimated Kj-line-

Yield locus 

tb) 

FIG. 8—Proposed simplified consolidation stress path for lightly overconsolidated clays, (a) 
Ko versus simplified consolidation for lightly overconsolidated clay, (b) Hypothetical yield 
locus for lightly overconsolidated clay. 

loadings (AB and CD) take one day each. The second cell pressure increment is usually 
applied in the evening the same day as the deviatoric loading AB is finished. 

2. For p'o consolidation of all other materials, where little water expulsion is expected 
(that is, <2% volumetric strain), a "one-step" consolidation is used, with apphcation firstly 
of a cell pressure equal to the in situ effective horizontal stress and secondly of a deviator 
stress equal to the deviatoric stress in situ. 

The latter procedure applies also to heavily overconsolidated clays with in situ coefficient 
of earth pressure at rest greater than 1.0, as illustrated in Fig. 9. This approach is beheved 
preferable to a procedure applying an effective cell pressure equal to the effective overburden 
stress and then increasing the mean effective stress to reach the in situ effective stresses 
(path OBA in Fig. 9). Along path OBA, swelling may occur, and load application is very 
cumbersome. Along path OCA, negligible additional compression occurs for a highly ov
erconsolidated clay, and the actual load application is simpler. 
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FIG. 9—Proposed simplified consolidation stress path for highly overconsolidated clays. 

Testing of Shallow Samples of Normally Consolidated Soil 

In the case of geotechnical design for pipelines, extremely low stresses need to be applied 
to soil specimens. Figure 10 illustrates one such case, where the difference between cell 
pressure and back pressure may be 1 to 10 kPa, the back pressure about 5 kPa, the piston 
load to be apphed during consolidation may be negative, and the deviatoric load at failure 
only 1 kg. In the case shown, the specimen was tested without a membrane with the paraffin 
method. 

Static and Cyclic Shearing 

Before the start of shearing, one checks that practically no movement of the mercury in 
a 1.2-mm^ boring null indicator takes place over a time interval of 2 min. 

-^^iJj 

Asp,c. = 50cm 

Uji = 5 kPa 

FIG. 10—Stresses for triaxial testing of very shallow specimens. 
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Static Tests 

Figures 11 and 12 present the typical results plots for undrained triaxial compression and 
extension tests. (One can also combine these figures.) The specimens were anisotropically 
consolidated to the in situ effective stresses. Shear stress-strain and pore pressure-strain 
curves and two types of effective stress paths are provided. The consolidation test data are 
usually not exploited in routine testing, but consolidation stress increments and the respective 
axial and volumetric strains are tabulated. 

For undrained tests on offshore clay specimens, the rate of axial strain is about 2%/h. 
The specimen is then surrounded by four filter paper strips in spiral, and the total axial 
strain during sheiaring is about 20%. For undrained tests on onshore clay specimens, the 
rate of axial strain is about 0.8%/h. No filter paper strips are used, and the total axial strain 
during shearing is about 7.5%. The reason for shearing onshore specimens more slowly is 
partly that failure may take place at very small strains for sensitive onshore clays and partly 
that loading in the field usually is much slower onshore. The strain rates given above apply 
to specimens with diameter 54 mm and height 110 mm. 

Drained tests must be run so slowly that the excess pore pressure at the midheight of the 
specimen at failure is less than 2% of the radial effective consolidation stress. 

Cyclic Tests 

Figures 13 and 14 give examples of four plots prepared specifically for presentation of 
cyclic test results. Pore pressure and axial strain are presented as a function of number of 
cycles for both the preshearing and the undrained cychng parts of the test. Preshearing 
consists of consecutive parcels of, for example, 1(X) waves appUed under undrained condi-
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FIG. 11—Typical results of static undrained triaxial tests on soft clay: stress-strain curves. 
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FIG. 12—Typical results of static undrained triaxial tests on soft clay: effective stress paths. 

tions. Drainage is allowed between each parcel. The cyclic shear stress level during pre-
shearing is very low (5% of effective consohdation stress, for example). Undrained cycling 
is the application of the actual cyclic stresses to be modeled, under undrained conditions. 
As part of the cyclic test results, the effective stress path and the detail of the cycUc pore 
pressure during cycling are also given. The sequence of each load cycle can also be given 
as a function of axial strain. 

Lxjad periods between 5 and 15 have been used so far, with 10 s most common for 
duplicating North Sea waves.- Moreover, when frictionless end plates are used in connection 
with cyclic triaxial tests, the pore pressures will still be unevenly distributed to some degree 
within the specimen due to the rapid variation in the vertical stress. To allow the pore 
pressure to equalize, the cyclic loading is stopped after 500 and 1500 cycles. Equalization 
takes at least 15 min for clay specimens. 

After undrained cycling has been completed, a monotonic undrained compression or 
extension test is run to study the effect of cyclic loading on the static shear strength. No 
drainage is allowed between the cycling and the monotonic loading, but the pore pressures 
reach equilibrium before the monotonic test is started. 

Undrained Creep Tests 

No perfect solution has been found for keeping the water content of the specimen suf
ficiently constant for undrained tests lasting several days. The best test technique consists 
probably of using the paraffin method with no rubber membrane around the specimen [12]. 
However with today's knowledge, this technique works well only for compression tests on 
soft homogeneous clays when the effective radial stress is less than about 100 kPa. If a 
rubber membrane is required, membranes made of natural rubber latex in combination with 
castor oil in the cell probably give a minimum of water migration. Castor oil in the cell 
seems to be preferable to deaired water because water tends to leak through the membrane 
and the lesikage cannot easily be detected. Castor oil (resinous oil) in the cell seems to give 
a very small migration of water from the specimen into the membrane. 

For undrained creep tests lasting several weeks, automatic data logging often results in 
an undesirable quantity of test data. The daily readings of strain and pore pressure are still 
best if taken manually. 
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FIG. 13—Typical results of cyclic undrained triaxial tests on dense sand: axial strain and 

pore pressure during (a) preshearing and (b) cycling. 

Strain Measurements 

For ordinary tests the axial compression during shearing is still measured outside the cell, 
but two improvements have been made: 

1. The piston through the top of the cell tilts slightly as a result of the rotation of the 
bushing. The vertical movement of the piston must therefore be measured as close to the 
axis of the piston as possible. To achieve this the movement of the piston is measured 
through a lever arm as shown in Fig. 1. 

2. The linear variable differential transducer (LVDT) is no longer fixed to a dial gauge, 
because the variation in the dial gauge spring force probably tends to disturb the measure
ment of very small movements. 
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FIG. 14—Typical results of cyclic undrained triaxial tests on dense sand: (a) cyclic pore 

pressure and (b) effective stress paths during cycling. 

The measurement of strains in the range 10'^ to 1 0 ' ' % has long been unsatisfactory until 
the recent work at Imperial College by Burland and his coworkers [26-30]. At NGI, work 
has recently been initiated in this area to measure displacements inside the cell directly on 
the specimen. A simpler and possibly as accurate approach as that at Imperial College, using 
flexible strain gauged strips of spring metal mounted on footings glued to the membrane, 
is being developed at NGI. An initial study* indicates that accurate measurements can be 
obtained during static and cyclic loading. 

' N. S. Rad, Private communication, NGI, July 1986. 
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Sources of Error 

To minimize piston friction, the pistons and rotating bushings used at NGI are nitrid 
hardened. The bushing is rotated by a small electric motor. To check the magnitude of 
piston friction, several comparisons of inner and outer deviatoric load measurements were 
made. They showed that the friction between piston and bushing is negligible. 

According to Silver [31], top cap tilt may lead to scattering in test results when testing 
rigid materials, especially for cychc tests. A rigid connection between piston and top cap 
should be considered in this case. Such a connection will make it easier to avoid false 
deformation at this point. 

Using "smooth encf^ techniques can cause problems with membrane sample-end plate 
contact at each end of the specimen and with false deformations. Whenever possible, one 
should try to keep the test technique at its simplest, with respect to end restraint, filter 
paper, and so forth. 

Part of the vertical load applied in the triaxial test is carried by the rubber membrane. In 
general, during consolidation, rubber membrane corrections are negligible in relation to the 
effective consolidation stresses. The widely used Duncan and Seed [32] formulas for mem
brane corrections assume no shppage between specimen and membrane. Visual observations 
made during consolidation and undrained shearing of plastic clay from Drammen confirmed 
that the membrane and specimen for this clay deform together, up to axial strains of about 
15%. This axial strain is a total strain, that is, the sum of the axial strains during consolidation 
and shear. At higher strains, the membrane showed signs of folding. To avoid the problem 
of membrane folding and to avoid an uncertainty in the effective stresses just before the 
start of shearing, especially for rebounded clay specimens having deformed significantly 
during consolidation, a method for pre tensioning rubber membranes is in use at NGI. This 
method more or less ehminates membrane stresses at the end of consolidation. The pre-
tensioning method has, so far, only been used for SHANSEP-type tests on clay that have 
been highly overconsolidated in the laboratory. In this case, the final consolidation stresses 
are small, the consoHdation strains are very large, and the rubber membrane correction is, 
therefore, very important relative to the final consoHdation stresses. 

Fake deformations can represent a large portion of the measured deformation at low 
strain levels. The problem is especially important in static extension and cyclic tests when 
the shear stress passes through zero. False deformation should be considered and corrected 
for when evaluating shear modulus and damping at low strain levels. 

The duration of each consolidation increment should be kept approximately constant for 
research tests run for comparison purposes. Deviations may be acceptable for the early 
consolidation steps, but it is important that the last two consolidation increments have 
consistent reference times. 

Initial Shear Modulus from Bender Elements 

Piezoceramic bender elements were first used in soil testing by Shirley [33] and Shirley 
and Hampton [34]. The bender element, a plate which protrudes cantilevered into the soil 
specimen, bends from side to side pushing the soil. It has a large coupling factor with the 
soil and produces a shear wave which propagates perpendicularly to the soil particle motion. 
Shultheiss [35-37] and Hamdi and Taylor-Smith [38] used bender elements mounted in 
various laboratory apparatus to measure the shear wave velocity in a soil specimen. NGI 
installed the bender elements in its geotechnical testing devices and compared the results 
with results from the resonant column device. 

A piezoceramic bender element is an electromechanical transducer capable of converting 
mechanical energy (movement) either to or from electrical energy. The element itself consists 
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Piezoceramic - r ,„,T^„ ,-, . - . . , - . ,T 
plates, surfaces. EXCITED ELEMENT 

Top layer expands, 
RELAXED ELEMENT bottom layer contracts 

FIG. 15—Piezoceramic bender element before and after excitation voltage is applied [39]. 

of two thin piezoceramic plates rigidly bonded together with conducting surfaces between 
them and on the outer surfaces (Fig. 15). The polarization of the ceramic material in each 
plate and the electrical connections are such that when a driving voltage is applied to the 
element, one plate elongates and the other shortens. The net result is a bending displacement 
which is greater in magnitude than the length change in either of the two layers (plates). 
When the element is forced to bend, one layer goes into tension and the other into compres
sion. This results in an electrical signal which can be measured through wire leads. Figure 
15 shows the shape of an element before and after a driving voltage is apphed [39]. 

The bender element is placed in a slot in the pedestal or top cap in the triaxial cell as 
shown in Fig. 16. The soil particles move in the same back and forth movement as the 
cantilevered tip of the element, resulting in shear waves propagating through the specimen 
in a direction parallel to the length of the relaxed element. There is good impedance match 
between the cantilevered bender element and the soil. 

Figure 17 describes the measurement technique with the piezoceramic bender elements. 
The bender element at one end of the triaxial specimen generates the shear wave pulse. A 
second element is used to determine the arrival time of the shear wave at the other end of 
the specimen, and gives a direct measurement of shear wave velocity. The measurement is 
simpler than that for a resonant column test and can be made in any of the standard 
geotechnical testing devices. A very fast electronic switch or a function generator is used 

Shear wave 
propagation 

SOIL 
SPECIMEN 

Direction of , 
tip movement BENDER 

ELEMENT 

SILICONE 
J~ RUBBER 

FIG. 16—Bender element mounted in triaxial pedestal [39]. 
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FIG. 17—Measurement of initial modulus by piezoceramic bender elements [39]. 

to provide the excitation voltage to the bender element. Because of the very short travel 
time of the shear waves from one end of the specimen to the other, an oscilloscope of very 
high resolution and accuracy is needed to record the results. 

The shear wave velocity (V,) and initial shear modulus (G„ax) for the soil specimen can 
be determined from: 

K = L,/T, (1) 

(2) 

where 

L, = consoUdated height of specimen minus protrusion of bender elements (protru
sion = 7% of specimen height for a 100-mm high triaxial specimen), 

T, = travel time, and 
p = mass density of soil. 

Figure 18 compares the initial shear modulus, G^^, measured on five clays with the 
resonant column and the piezobender techniques. For this comparison, the piezoceramic 
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FIG. 18—Comparison of initial shear modulus from resonant column and bender element 
techniques [39]. 
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elements were mounted in the resonant column cell. The G„^ values presented apply to 
shear strain levels of 10 '% and below. The agreement between the two devices is excellent. 
NGI has now implemented bender elements in other laboratory devices, including the 
oedometer and simpler shear tests. 

Further Developments 

Among the more pressing issues, one should note 

• Improve measurements of strains at stress levels less than 5% of the failure stress. 
• Investigate further effects of sample disturbance, end friction, and reconsolidation to 

the in situ effective stresses. 
• Investigate pore pressure nonuniformity in cyclic tests and the need for small pore 

pressure probes inserted into the test specimen. 
• Investigate effect of top cap tilt on test results, especially for cycUc tests on rigid material. 
• Improve data acquisition systems from the points of view of noise levels and logging 

rapidity. 
• Develop "intelligent" loggers and data processors that can select and reduce only the 

meaningful data, especially for cyclic tests. 
• Use desk computers to steer different stages of triaxial tests. 
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ABSTRACT: A study of triaxial testing under elevated cell pressure is presented. The influence 
of test conditions, namely end lubrication and slendemess ratio, on such tests is discussed. 
Results of a tomodensitometric investigation of internal homogeneity are given. The main 
results of the high pressure study are presented, including time effects on isotropic compression. 

KEY WORDS: triaxial test, high pressure, lubricated ends, slendemess ratio, calcareous sand, 
density, x-ray, tomodensitometer, time effect 

Some classic geotechnical engineering field problems, including high embankment dams, 
piles, and deep tunneling, involve mean pressures significantly higher than those found in 
common practise. A pew interest in this subject stems from specific offshore geotechnical 
problems, especially ones in which long piles and/or marine calcareous sand deposits are 
concerned. 

The purpose of this study, undertaken as part of a research program on offshore piling, 
was to characterize and compare the behavior of two sands, a marine calcareous one and 
a siliceous one, under high confining stresses. Within this work, a prehminary study was 
conducted to evaluate the influence of the experimental conditions of the specimen end 
restraint and slendemess ratio on the result of drained compression triaxial tests performed 
under both low and elevated confining pressures. 

Two main types of specimens are considered: (1) the conventional specimen (rough ends, 
length-to-d»amet#r ratio [L/D] = 2) and (2) the specimen using lubricated ends and a 
slendemess ratio reduced to 1. Two kinds of granular materials of different mineralogic 
composition are used: a siliceous sand and a marine calcareous sand. Besides current triaxial 
experiments on thes^ specimens, original tests were performed using an x-ray scanner ap
paratus to investigate the internal homogeneity of the specimens. 

The behavior of granular materials under elevated cell pressures is discussed for both 
stages of the triaxial test: isotropic compression and triaxial shear. Special attention is paid 
to the effects of time on this behavior. 

In this paper, the words low pressure and high pressure will be used; a numerical definition 
of the threshold between these two domains cannot be given because the sensitivity of 

' Project engineer, GEODIA Offshore Geotechnical Consultants, 16, rue M6d6ric, Paris, France. 
^ Charge de recherche Centre National de la Recherche Scientifique (CNRS) and maitre de confer
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granular materials to mean stress is significantly dependent (as will be shown) on the min
eralogy of the sand particles, among other factors. For siliceous materials, the cell pressures 
used in common practice of triaxial testing (lower than 1 MPa) can be considered as defining 
a low-pressure range, while higher pressure will be considered as the high-pressure range. 

Effects of End Lubrication and Slenderness Ratio on Drained Compression Triaxial 
Tests: Low- and High-Pressure Range 

Previous Works 

End Restraint in Triaxial Testing—The basic requirements for reliable triaxial testing are 
controlled specimen preparation to ensuring reproducible initial state, complete saturation 
of the specimen, well-centered axial load, neghgible friction on the loading ram, well-
controlled cell and pore pressures, and accurate measurements of axial load, axial defor
mation, and volumetric change. These requirements are easily fulfilled as far as research 
tests in the low-pressure range are concerned. However, less satisfactory test conditions can 
be encountered when dealing with industrial tests or with high-pressure apparatus. 

Beyond these basic requirements, additional specifications to improve the homogeneity 
of the test have been proposed by several workers. End restraint was recognized, a long 
time ago, to be responsible for strong heterogeneous responses, such as barreling and 
localization of deformation along failure planes. Bishop and Henkel discussed this point in 
their classic book [1]; it was also underlined by Sowers in the introductory paper of the 
ASTM symposium on laboratory testing of soils in 1963 [2]. Roscoe and co-workers con
ducted a series of tricixial compression and extension tests, with measurements of axial and 
radial strains, revealing severe nonuniformities throughout the specimen [3]. Kirkpatrick 
and Belshaw showed experimentally the existence of rigid cones inside the specimen due 
to end restraint [4]. 

Because the triaxial test is an elemental test, performed to obtain mechanical properties, 
the specimen should be perfectly homogeneous. From a more technical point of view, the 
area correction that is necessary to take into account the radial variation of the specimen 
during the test in order to calculate the actual axial stress (and estimate the membrane 
action on the actual lateral pressure) can be obtained from axial and volumetric strains only 
as long as the specimen shape remains cylindrical. In other cases, additional assumptions 
must be made: cylinder of average area [5] or more realistic generant shapes, such as 
parabolic or sinusoidal ones. 

Lubricated End Platens and Slenderness Ratio—Antifriction devices were designed and 
tested in order to suppress end-restraint effects. The most popular device is lubricated end 
platens, using one or several rubber disks, coated with silicone grease in contact with the 
poUshed steel platens. Such devices were developed by Bishop and Green [5], Rowe and 
Barden [6], Biarez [7], and others. 

If the antifriction device works, the slenderness ratio (length to diameter) should have 
no effect on the test results; actually, the value of this ratio varies over a wide range from 
one author to another. Most authors recommend use of rather short specimens, with enlarged 
lubricated ends [6,8-14] essentially because this arrangement allows one to suppress the 
rigid cones, and then to improve the homogeneity of the test up to large axial strains. A 
theoretical study by Vardoulakis indicated that, regarding the bifurcation from the homo
geneous deformation mode (cylindrical shape) to an axisymmetric diffuse heterogeneous 
mode, the bifurcation stress generally increases by decreasing the slenderness ratio; hence, 
shorter specimens would tend to shear more homogeneously up to large strains [15]. 
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A typical result of the improved boundary conditions in triaxial tests on dense cohesionless 
materials is to smooth out the pronounced peak observed commonly in classic tests. Most 
pubhshed results of lubricated-end tests on dense sand show a soft maximum in the curved 
stress ratio (CTI/CTJ) versus axial strain, followed by a slight softening. Some authors consider 
that this softening is due to remaining imperfections and present results from improved tests 
without any decrease in stress ratio [9]. 

Strength Parameters—Regarding the influence of the modified test conditions on the 
strength parameters, various opinions are expressed in the literature. Bishop and Green, 
concluding a very detailed experimental study in 1965 on that question, estimated that, as 
long as the slenderness ratio is 2, conventional and frictionless ends give the same friction 
angle at peak stress; shorter specimens give higher angles, unless perfect end lubrication is 
provided [5]. The value corresponding to L/D = 2 is estimated to be the "true" friction 
angle. Many authors disagree with these conclusions and conclude from their own experi
ments that the friction angle with conventional ends is always slightly higher [6,11,16,17]. 
Drescher and Vardoulakis, in a theoretical analysis based on a static method of slices, 
corroborate these findings [18]. 

Bedding Error—Although there is general agreement on the use of lubricated platens and 
a slenderness ratio reduced to 1 (essentially because of the improved homogeneity of the 
test), another specific problem concerns experimentahsts—the so-called bedding error. Bed
ding error is related to the measurement of the axial strain at the very beginning of the test; 
it is due to the deformation of the antifriction device which is generally much more com
pressible than the specimen. Several recent works are devoted to this problem [9,16,19]. 
For drained compression tests, using specimens with a slenderness ratio of 2, the bedding 
error can lead to initial moduh 60% lower if frictionless conditions are used [5,6,11,14]. 
However, the end-restraint effect can, in turn, induce an overestimation in the modulus 
[17]. Goldscheider attempted to determine a correction to be applied to the axial strain by 
evaluating the difference between conventional and lubricated tests [79]; the scatter of the 
results is significant. Other authors use a local measurement of the axial strain in the central 
part of the specimen for calculating the initial modulus [9]. 

Current works devoted to bedding error by the authors' research team will not be discussed 
here. (This topic is reviewed in Ref 20; related information can also be found in Ref 27.) 

Experiments 

Description of the Problem—The experiments reported in the first part of this paper were 
performed as a preUminary study, with the intention of determining what test conditions 
should be used in an experimental program on calcareous sand tested in drained triaxial 
compression under elevated cell pressures. To the authors' knowledge, the only work on 
soils for pressure ranges up to 10 MPa was published by Roy and Lo in 1971 [14]. The 
conclusions of that work were favorable to the use of improved test conditions for the same 
reasons as apply to the low-pressure range: improving the specimen shape (cylindrical) at 
the end of the test and preventing the premature development of predominant failure surface. 
Nevertheless, the idea that test refinements are unnecessary for high-pressure range still 
remains common; in the last 20 years, many high-pressure tests have been performed with 
conventional conditions, namely rough platens and LID = 2 [22-27]. 

Hence, the purpose of the preliminary study was to control the effects of improved test 
conditions, especially into the high-pressure range. 

Moreover, the recent theoretical and experimental advances related to bifurcation analysis 
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(diffuse heterogeneous mode, localization) gave a new motivation in questioning the ho
mogeneity of tests, as attested by recent work [15,18,28-31]. A number of experimental 
techniques have been used to control the homogeneity of tests and detect actual localization; 
however, in the classic triaxial test performed on cyUndrical specimens only the external 
surface of the specimen can be directly observed. How can one be sure that an apparent 
homogeneous deformation mode (cyHndrical shape) does not actually conceal a heteroge
neous mode of any kind? Tomodensitometry, a recent technique using an x-ray scanner, 
can provide an insight into the internal homogeneity. Original tests performed using this 
technique are reported hereafter. 

Test Procedure—The test conditions compared were: (1) conventional ends, LID = 2; 
(2) lubricated ends, LID = 2; (3) lubricated ends, LID = 1. The material used in this 
preliminary study is Hostun (Drdme, France) RF sand, a fine angular siliceous sand, uni
formly graded (Fig. 1), with D=a = 0.32 mm, uniformity coefficient = 1.70, minimum and 
maximum volumetric weights of 13.24 and 15.99 kN/m', respectively, and grain specific 
gravity of 2.7. 

Some tests in the preliminary study and half of the tests in the high-pressure study reported 
in the second part of this paper were performed on a calcareous sand, referred to here as 
SC. Figure 1 shows the grain size distribution of this second material, a well-graded sand, 
with D50 = 0.17 mm, C„ = 2.80, 7, ranging from 9.81 to 13.01 kN/m\ and G, = l.ei. 

The specimens were air pluviated at a constant drop height, from zero (relative density 
about 20%) to 1 m (relative density of 90%). This technique ensures homogeneity and 
reproducibility of the initial density. 

The radius of the specimens was 100 mm for the low-pressure tests. The specimens were 
axially strained at 1%/min in drained conditions. The membrane was 0.4 mm thick. Mem
brane correction was applied. The antifriction device used consisted of polished steel platens 
(larger than the specimen) and two rubber disks, 0.4 mm thick, coated with siUcon grease. 
Drainage was ensured by a 18-mm central porous stone on each platen (see Fig. 7). Axial 
and volumetric strains were calculated from the global height and volume, as €1 = - Log(H/ 
Ho) and €„ = -Log(y/yo) (positive compression). 

50 20 10 
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Grain size distribution for both sands. 
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Hereafter, the "loose" and "dense" densities refer to the relative densities given in the 
preceding paragraph. 

Strength Parameters and General Features—Figaie 2 illustrates the typical stress ratio 
versus strain curves obtained for dense and loose specimens under 90 kPa of lateral pressure 
for various test conditions. 

In good agreement with previous works, the main features observed are: 

1. Conventional test conditions (nonlubricated ends, LID = 2) on dense specimens lead 
to a pronounced stress peak (Fig. 2a, dashed line); shear banding can be seen on the 
specimen. Simultaneously, the increase of the volumetric strain is abruptly stopped (Fig. 
2b, dashed line). Moreover, these conventional tests are very sensitive to imperfections. 
For example, the dotted hne in Figs. 2a and b gives the results for a second conventional 
test, identical to the first one except that it had a slight centering fault of the specimen; the 
peak stress is significantly lower, and furthermore the volumetric strain stops much sooner, 
indicating very early localization effects. 
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2. Lubricated platens and reduced slendemess ratio give a much smoother curve in both 
diagrams (Figs. 2a and b, solid lines). The specimen remains nearly cylindrical, although a 
diffuse heterogeneous mode of deformation can be observed in some cases (conic shape). 
Improved homogeneity is attested by the much larger dilatancy strain at the end of the test; 
on the other hand, the peak strength and the residual strength are not significantly different 
from those obtained in classic tests. 

3. Classic slenderness LID = 2 associated with lubricated ends leads to less reproducible 
results than reduced slendemess ratio. This is due to the development of an axisymmetric 
mode of diffuse heterogeneous deformation, extended to only a part of the specimen (upper 
or lower part). This produces a strength underestimation (Fig. 2a, mixed line), and a 
truncated volumetric strain evolution (Fig. 2b). 

For loose specimens, Figs. 2c and d show only shght differences between the tests con
ducted with lubricated ends and LID = 1 or 2. The results of the conventional test are 
somewhat different, showing much less contractancy and a shght softening. 

Figure 3« is a summary of the effects of test conditions on strength (peak stress), in terms 
of friction angle versus mean normal stress. Two sets of points can be distinguished, referring 
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to dense and loose specimens. In both cases, the most prominent feature is the decrease of 
the friction angle with the mean stress; the influence of the test conditions is limited to a 
few degrees (maximum 4°) on the friction angle, while the error due to reproducibility of 
the tests, especially in conventional tests and at very low mean pressure, is of the same 
order. However, significant variation of the peak axial strain is shown in Fig. 3b, depending 
on the test conditions; rough ends induce earlier peaks, as was illustrated in Figs. 2a and 
c. In the same way, but much more marked in dense specimens, the volumetric strain at 
the final stage of the test is sensitive to the test conditions (Fig. 3c). This sensitivity is due 
to almost unavoidably truncated volumetric strain evolution in the conventional tests (due, 
in turn, to the localization). This leads to nonsignificant final volumetric strains, as confirmed 
by the large scatter observed for conventional tests on the figure. With regard to the dilatancy 
rate at peak (Fig. 3d), despite a moderate scatter, it can be concluded that there is no 
significant influence of the test conditions. 

These results can be summarized as follows: rough ends induce restraint, leading to (1) 
slightly increased initial modulus and peak strength (if no premature localization) and (2) 
strong tendency to localize, from which neither rehable final volumetric strain nor peak 
strength can be determined; dilatancy rate under all conditions is more or less the same 
before localization occurs. Reduced slendemess ratio allows improved specimen homo
geneity with regard to the diffuse modes. 

High-Pressure Range—From a comparison of Figs. 2a and b (dense, dilatant) with Figs. 
2c and d (loose, contractant), one can hypothesize that the end lubrication and slenderness 
effects have less and less influence at higher pressures (inducing lower dilatancy). Actually 
this is not true, as was shown by comparative tests performed at a 10-MPa cell pressure, on 
both siliceous and calcareous sands. 

The test procedure is described in the second part of this paper. Quite similar results were 
obtained for this comparison on loose and dense, HF or SC sands; only the HF dense case 
will be presented. 

The comparison between the improved test (solid line) and the conventional test (dashed 
line) is shown in Fig. 4. In the latter, marked barreling was observed, followed by a mul-
tisurface localization. The stress ratio versus axial strain curve has a maximum followed by 
a slight softening. In the improved test, the specimen remained cylindrical up to 50% axial 
strain, without discernable localization. The stress-strain curve shows a monotonic increase 
in this case. This could be stated to be the "true" elementary response of the material. 

The initial modulus is, again, higher in conventional tests (up to 30%). The volumetric 
strain curves do not have systematic differences; as in the low-pressure range, the volumetric 
strain mobilization seems to be faster, leading here to slightly higher contractancy, despite 
the heterogeneity (barrehng, localization). The heterogeneity of the volumetric strains in 
high-pressure tests will be discussed in the next section. 

Tomodensitometric Survey of the Internal Homogeneity—The x-ray scanner, well known 
for its medical applications, is beginning to be used in the engineering domain. For dry sand 
specimens, a simple correlation can be established between the local x-ray attenuation and 
the local compactness; proper calibration for each specific material is required if quantitative 
measurements are desired. 

Briefly, an x-ray scanner irradiates the object to be examined, through a range of angles 
of incidence. Only a thin slice of the object is irradiated. For each incidence, the transmitted 
x-ray beam is recorded behind the object by detectors, giving a profile of the integrated 
local attenuation along parallel paths inside the slice. From the combination of these profiles, 
one can compute the local attenuation in elementary volumes ("voxels"). The attenuation 
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FIG. 4—Conventional and improved tests under high cell pressure. 

is affected by the mass density, depending on compactness and mineral density. Because 
the mineral density is unaffected, the degree of compactness is the variable governing the 
attenuation. A map of the compactness in a cross-section of the sand specimen (averaged 
over the thickness of the slice) can then be obtained. 

Practically, some difficulties in the numerical process can result from complicated geo
metric shapes or very dense inclusions. This leads to completely distorted pictures. The 
cylindrical shape of the authors' specimens is the optimum. Another difficulty is due to the 
modification of the spectrum of the x-ray beam in the first millimeters of their path inside 
the material. The less penetrating part of the radiation is absorbed in this zone, while the 
remainder goes through the sample; this "skin effect" gives an overestimated attenuation 
(compactness) near the boundary of the section; it can be avoided by special devices, or 
corrections, but the results presented here were obtained without any special disposition. 
Hence, the easily discemable external white halo should be neglected when evaluating the 
results. 

All the figures presented were directly photographed on a cathode ray tube (CRT) display. 
They can be interpreted as classic x-ray photographs. In the picture, the darker a zone is, 
the looser the material inside that zone is. When profiles are shown, they concern the 
attenuation along the zone indicated by dotted lines on the picture. Differences in lightness 
and darkness are to be interpreted in relative terms, because the system was not calibrated. 

1. Conventional versus improved test conditions on dense HF sand 
A special apparatus, designed to allow the tomodensitometric survey of a specimen during 

a triaxial test, consists of a rather rustic, manually operated mechanical press. The confining 
pressure is produced by atmospheric pressure on the dry specimen under vacuum. After a 
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given loading step, the specimen can be unloaded and, still under vacuum, removed from 
the apparatus and placed in the scanner. It is then possible to control the homogeneity of 
the compactness over the specimen at several stages of the test. 

Figures 5a and b show the density inside the conventionally tested specimen, rough ends 
and L/D = 2, at 10% axial strain. At this stage, a typical failure surface could be directly 
observed outside the specimen. In Fig. 5a a cross-section is shown at the middle height of 
the specimen (Z = 10 cm); the failure surface appears clearly as a dark straight line on the 
picture. Darker means looser, so this figure confirms the strong dilatancy observed inside 
the shear bands under low mean pressure, rep»orted in a number of works about strain 
localization [28,30,31]. In Fig. 5b another cross-section is shown, a few centimeters below 
the upper platen (Z = 15 cm). The brighter central zone, surrounded by a gray ring, is the 
section of the less deformed central cone, induced by end restraint (little dilatancy). More
over, the failure surface appears to be distorted; this indicates that, during its development, 
the surface could not penetrate the rigid zone, but had to pass around it. To the authors' 
knowledge, this observation is original. Although indicating only relative values, the density 
profiles deserve comment: the lower density, recorded inside the failure surface, is quite 
the same in both sections (1670 units); the mean value outside the surface, in the central 
section of Fig. 5a, is about 1730, while the value in the rigid cone, in Fig. 5b, is markedly 
denser (1880). (These units are uncaUbrated, but in monotonic increase with compactness.) 

For the improved tests (lubricated ends, L/D = 1), a question arises: does a specimen 
that remains cyhndrical after deformation conceal some strong internal heterogeneities? As 

FIG. 5—Conventional test: (top) Z = 10 cm, (bottom) Z = 15 cm. 
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will be discussed, some heterogeneities do exist, but these are much smaller and limited 
than in the conventional test. 

Figure 6a shows a section from just beneath the upper lubricated platen; this rather 
surprising picture reveals that a very small rigid cone is generated by the small porous stone 
placed for drainage at the center of the platen. In Fig. 7, a schematic of the actual arrange
ment, the cone is bordered by a failure surface, clearly identified by its high void ratio (dark 
circle in Fig. 6a). The density measure is, again, about 1650 units. The half angle of this 
cone can be estimated at 25° from another cross-section, 1 cm beneath, as shown in Fig. 7. 
This cone, being only a local perturbation, cannot affect significantly the overall measure
ments. 

Figure 6b shows the central cross-section (Z - 5 cm) of the specimen sheared at 20% 
axial strain. No failure surface is revealed inside the specimen, despite the large axial strain. 
However, a diffuse heterogeneity is observed, namely a denser small zone in the middle of 
the specimen (1800). The remainder is in a more or less homogeneous loose state, only 
slightly denser (1700) than the density measured inside the failure surfaces. This supports 
the idea of a critical void ratio, which can be reached immediately after localization inside 
the shear bands, or at large strains in the homogeneous specimens. No clear explanation of 
the denser central zone is proposed; further experiments are needed to clarify that point. 

2. High pressure tests on calcareous sand 
The SC specimens, once consohdated and strained under 10-MPa cell pressure, remain 

sufficiently cohesive to be easily handled. It is then possible to put them, once dried, inside 

FIG. 6—Improved test: (top) Z = S cm, (bottom) Z = 5 cm. 
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FIG. 7—Lubricated end, porous stone and x-ray cross-sections. 

the scanner. Figure 8 shows a section of such a specimen, along its axis (not a cross-section). 
The specimen was sheared to extreme strain (50%). A typical barrel-like shape is observed, 
but the most interesting result is the effect of end restraint: the "rigid" cones remain 
significantly looser than the other parts of the specimen. This result is quite reasonable 
because the material in these cones undergoes less stress and strain, and therefore less 
contractancy; however, it is commonly assumed that high mean pressure erases any restraint 
effect. It is shown here that the heterogeneity of strains, and therefore of particle crushing 
and alteration, is severely affected by restraint. 

These tomodensitometric results confirm in a unique way that the lubricated ends and 
reduced slenderness ratio ensure improved (but not perfect) homogeneous behavior in 
triaxial tests, in both the low- and high-pressure ranges. 

High-Pressure IViaxial Tests 

Test Procedure 

Consolidated drained (CD) compression triaxial tests were performed under elevated cell 
pressures (up to 15 MPa) on both materials already used in the prelinunary study: the 
siliceous HF sand and the calcareous SC sand. 

FIG. 8—Transverse section of a specimen tested under high pressure and under conventional 
conditions. 
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The conclusions of the preliminary study led to the choice of short specimens {LID = 
1) with lubricated end platens. 

Great attention was paid to the measurement of significant volume changes; for this reason, 
large specimens were used, namely 

D = 100 nun for CTS between 1 and 5 MPa 

D = 70 mm for a, between 5 and 10 MPa 

D = 50 nun for as between 10 and 15 MPa 
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All tests were performed on saturated specimens. Full saturation of the specimen was 
achieved by a precirculation of carbon dioxide gas and application of a back pressure of 300 
kPa; this back pressure was kept constant during the test by a self-compensating mercury-
pot system. 

All tests were performed under constant confining pressure. Specimens tested at confining 
pressure below 5 MPa were enclosed in a high-quaUty neoprene membrane, 0.5 mm thick; 
for higher pressures, two membranes were used. No membrane correction was appUed. 

Except in some specific cases, all the specimens were sheared at constant strain rate 1%/ 
min, up to large axial strains (50%). 

Test Results 

The behavior of granular materials was studied for both stages of the triaxial test: isotropic 
compression and triaxial shear. The specimens will be referred to as HFD, HFL, SCD, SCL 
with D and L for dense and loose, respectively, initial compactness. 

Time Effects on Granular Materials Under Isotropic Compression—Previous work has 
shown that under elevated confining pressures the compression of sand is not instantaneous 
but continues at an ever-decreasing rate over a long period of time, in a way similar to the 
phenomenon of secondary compression observed in clays [11,22]. 

"Creep" tests, in which the confining pressure was kept constant for 24 h, were performed 
to characterize time effects on the compression of granular materials. Typical results, pre
sented in the classic semi-log graph (e„ versus Log t), are given in Fig. 9. A time effect is 
clearly shown, analogous to a viscous phenomenon at a macroscopic scale. 
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The slope of the "secondary compression" (that is, the increase in volumetric strain, Ae„, 
measured between 1 h and 24 h of consolidation), is represented versus the confining pressure 
in Fig. 10. Despite a certain extent of scattering in the results obtained, it is shown that this 
time effect increases with the confining pressure. For siliceous sand HF, the compression 
may be considered instantaneous as long as the pressure is lower than 2 MPa, while, for 
calcareous sand SC (composed of fragile particles), time effects occur even at very low 
confining pressures. 

From these results, a threshold in stress level can be defined, corresponding to a sharp 
increase in time effect: about 0.8 MPa for the calcareous sand and 6 MPa for the siliceous 
one. This threshold can be called a "creep stress," with reference to the so-called creep 
load defined from static pile loading tests. 

Grain size analyses, performed at successive stages of the creep tests, showed that time 
effects are correlated to grain crushing [32]. Hence, the propagation of the rupture of 
particles may be the physical factor responsible for time effects on the compression of 
granular materials under elevated stresses. Further research is needed to give firm conclu
sions on that point; nevertheless, it can be stated that the mineralogy of the particles affects 
the value of the "creep stress." 

Triaxial Shearing Under High Pressures—Fibres 11 and 12 give typical stress-strain-
volume change behavior for dense HF and SC sands. The decrease of the friction angle 
when increasing the mean stress apphed to the specimen is shown in Fig. 13. It is worth 
comparing the friction angle measured in the high-pressure range with the so-called char-
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acteristic angle and the interparticle friction angle. The characteristic angle is defined by 
Luong and Touati as the mobilized friction angle when the minimum in volume change is 
reached in the first stage of low-pressure triaxial tests on dense material [27]. As far as 
siliceous sand is concerned, the actual friction angle does not decrease below these bounds 
(32°). On the other hand, for calcareous sand, friction angles obtained at high mean pressures 
are clearly smaller than the characteristic angle (<|)c = 39°), and than the interparticle friction 
angle (4)̂  = 38°), the latter determined indirectly on the basis of Rowe's stress dilatancy 
theory. This means that, for calcareous sands, with high compressibility linked with intra-
particle porosity and brittleness of their grains, the interparticle fiiction angle, (f),̂ , cannot 
be considered as a lower limit for the friction angle. 

Figures 11 and 12 show that the compressibility of granular materials under triaxial shear 
reaches a maximum value and then decreases in the high-pressure range. This behavior is 
also shown in Fig. 14 giving the evolution of the rate of volume change at peak stress: at 
very high pressures, the rate of volume change at peak becomes zero. This reduction of 
sand compressibility at the peak is related to the transformation of the material that occurred 
during the consolidation stage, as pointed out by Billam [33]. If the total volume changes 
due to both confining stage and shear stage of the test are considered, a monotonic increase 
with increasing pressure is observed (as expected). 
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For granular materials, grain crushing is the main cause of compressibility under elevated 
pressures. Figure 15 gives typical features of both siliceous and calcareous sands. The classic 
behavior is recognized here (that is, the main part of grain crushing occurs during the shearing 
stage of the triaxial test). The magnitude of crushing is expressed in terms of a crushing 
coefficient, C„ defined as 0.1 times the percentage of particles finer than Djo of the original 
sand. For both sands, grain crushing begins at very low pressure, because of the brittleness 
of the calcareous particles and the angularity of the sihceous particles. With higher pressures, 
the rate of grain crushing decreases, which is responsible for the decrease in compressibihty 
already described. 

Conclusions 

The use of short specimens {LID = 1) with lubricated ends in the compression triaxial 
test is preferable to the use of conventional specimens (nonlubricated ends, L/D = 2) for 
the determination of stress-strain parameters, because of the improved homogeneity. This 
improvement was discussed along these lines, on the basis of global considerations (global 
response, specimen shape), and local measurement (x-ray scanner). 

Despite the problem of bedding error, these modified experimental conditions were es
timated to be particularly advantageous, with regard to the following objectives: 

• Uniform distribution of stress inside the specimen, for the study of grain-crushing effect 
• Homogeneous deformation of the specimen, for measurement of significant volume 

changes 
• Large axial strains (> 10%) 
• Elevated confining pressures (> 1 MPa) 
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Classic behavior was obtained for two types of granular materials of different mineralogic 
composition, tested under elevated confining pressures: decrease of the friction angle and 
high compressibility related to grain crushing. 

In the case of calcareous sands, characterized by a very high compressibility, due to the 
intraparticle porosity and the brittleness of their grains, the friction angle may decrease far 
below the interparticle friction angle, previously considered as a lower limit. 

Finally, time effects (creep) observed during the confining stage of triaxial tests increase 
with the increasing pressure apphed to the specimen and seem to be related to the propa
gation of the rupture of particles. 
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ABSTRACT: The paper describes problems encountered in performing consolidated drained 
triaxial tests on Piedmont residual soil specimens trimmed from both Shelby tube samples and 
block samples. The micaceous silty soil has steeply dipping layers, planes of weakness, and 
granular seams. These characteristics complicate trimming and cause specimens to bend during 
consolidation and shearing. Because some specimens failed at strains of 14% to 20%, the 
nonuniformities influence the estimation of peak shear strength. To cope with variability, a 
multistage test on one specimen was compared to behavior measured on three single-stage 
tests performed on three specimens; all four specimens were trimmed from the same block. 
Comparative results were inconclusive. 

KEY WORDS: residual soil, triaxial tests, shear strength, testing procedures 

This paper describes the consoUdated drained triaxial testing of Piedmont residual soil 
samples—the procedures used for trimming samples, performing tests, and finally reducing 
test results, and the problems encountered. The overall research objective [1] was to de
termine the soil properties at a North Carolina State University (NCSU) test site and to 
evaluate how well different in situ equipment types measure the properties of Piedmont 
residual soil. The triaxial test was the primary tool for evaluating the shear strength, com
pressibility, and permeability of the sampled soils vsdth depth at the test site. 

Tests were run on both Shelby tube samples and block samples. During the 2-year project 
24 Shelby tube samples were taken from three boreholes, and nine 0.3- by 0.3- by 0.3-m 
block samples were trimmed from a 3.7-m-deep test pit. These samples were sealed in wax 
and stored in a humid room until trimming for tests. 

In all, 15 triaxial tests were performed on specimens trimmed from Shelby tube samples 
and 13 tests were run on specimens trimmed from the block samples. Observed behavior 
of specimens during both initial consolidation and shear to failure indicated nonuniform 
strains. 

Soil Characteristics 

The soils underlying the test site have weathered from gneiss and schist bedrock. Parker 
[2] says these rocks dip 60° to the northwest. This site has 15 to 17 m of Piedmont residual 
soil imderlain by 3 to 4.6 m of partially weathered rock before reaching sound bedrock. 
Sowers and Richardson [3] have described typical properties for Piedmont residual soils. 

' Assistant professor of civil engineering. North CaroUna State University, Raleigh, NC 27695. 
^ Research engineer, Rockwell International, 189 Wildwood Court, Richland, WA 99352. 
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3 1 2 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

Triaxial tests were performed on specimens taken from the upper 12.2 m of the residual 
soil profile having standard penetration test blow counts less than 25. The soils were visually 
classified as micaceous clayey silts, micaceous sandy silts, and micaceous silts. Specimens 
above 3 m had liquid limits of 70 to 90 and plasticity index values of 30 to 40 to classify by 
the Unified Soil Classification System (USCS) symbol MH. For specimens deeper than 3 
m hquid limits varied from 35 to 50 and plastic limit tests were difficult to run. Linear 
shrinkage limit tests [4] measured plasticity index values of less than 7 to classify by eithej 
the USCS symbols ML or SM soils depending on the percentage of fines. The tested soils 
had specific gravity values varying from 2.7 to 2.85 with an average value of 2.8. 

In their natural state the soils are multicolored with predominately red and brown in the 
upper 1,5 to 3 m; gold, brown, and tan down to the water table at 10 m; and gray, green, 
and tan below the water table. The micaceous soils underlying the upper 1.2 m of clayey 
soils have a banded appearance like the parent bedrock with 2.5 to 7.6-cm-thick bands 
distinguished by both color and textural differences. The soil surface polishes easily when 
rubbed because of the high mica content. In the side of the 3.7-m-deep test pit and in the 
block samples 0.6- to 1.9 cm clay nodules were observed. In many of these nodules were 
0.16- to 0.64-cm-diameter cavities up to 5 cm long. 

The soil samples deeper than 1.2 m have thin tan, red, and black Unes. These lines do 
not always parallel the thicker bands and may represent old joints. The black lines often 
are planes of weakness as samples fall apart on slickenside surfaces. St. John and co-workers 
[5] hypothesized that the slickensides formed from strains induced by differential expansion 
of the bedrock during weathering. Some soil samples have 0.16 to 1.2-cm-thick quartz seams. 
The size of the quartz fragments increases with depth. 

Figure 1 shows profiles of void ratio, saturation, percentage of fines (minus #200 sieve). 
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and in situ vertical stresses based on measurements on Shelby tube samples. The upper 5 
m have more than 50% fines, void ratios of 1 to 1.3, and saturation values decreasing from 
90 to 60%. For samples from 5 to 10 m deep the void ratios increase with depth and vary 
from 1 to 1.75, about 50% fines, and the saturation increases with depth from 60 to 100% 
at the water table. For samples below the water table the void ratio decreases with depth 
from 0.85 to 0.65, the saturation varies between 80 and 100%, and the samples had a 
decreasing percentage of fines. 

The stress plot portrays the total vertical stress, the in situ pore pressure measured below 
the water table, the effective vertical stress below the water table, the residual negative pore 
pressures, and the prestress pressures measured in consolidation tests, The open circles on 
the plot show the residual negative pore pressures, M„, measured as described in Ref 6. 
Because an unconfined sample has a zero total stress, the residual negative pore pressure 
represents the effective stress. The difference between the in situ vertical effective stress 
and M„ provides a measure for the stress unloading experienced by the sample. Because the 
in situ pore pressure for samples above the water table was not measured, the total vertical 
stress is used as a reference. The measured M„ values decrease with increasing depth although 
the effective vertical stresses increase. Vaughan [7] reports that the grain size distribution 
for residual soils often limits the maximum negative pore pressure that samples can hold 
and therefore causes samples to swell. The Shelby tubes sampled below the water table 
were observed to expand enough that the mechanical seals were sometimes pushed out the 
end of the tube. Samples would swell 1 to 3% based on measured recompression index 
values and stresses changing from in situ vertical effective stress to the residual pore pressure. 
This swelling takes place both in the tube and after sample extrusion. No quantitative 
measurements of the observed swelling were made. The Xs on the stress plot in Fig. 1 
indicate the prestress pressures determined from consohdation tests using the Casagrande 
procedure [8]. While the stress history causing a prestress pressure in residual soils differs 
from the stress history experienced by sedimentary soils, the prestress pressure still plays 
an important role in the estimation of field settlements. Above the water table the pressures 
varied from 300 to 500 kPa with one value of 600 kPa at 5 m deep. The samples below the 
water table had prestress pressures of almost 800 KPa. 

The Piedmont residual soils at this research site are micaceous nonplastic silts with varying 
color and texture. The presence of weakness planes, quartz seams, and the steeply inclined 
dip of the soil layers affects specimen trimming and testing. 

Testing Procedure 

The residual soil specimens with permeabilities greater than 1 0 ' cm/s could be tested in 
drained triaxial tests of moderate duration. The unsaturated specimens were saturated before 
testing by means of back pressure and permeation to provide accurate volume change 
measurements. This program represented an initial effort at testing residual soil specimens 
in the NCSU laboratories so test procedures closely followed those proposed by Bishop and 
Henkel [9]. Sample dimensions and equipment details were based on the existing NCSU 
laboratory facilities. The observed features reported in this paper will influence the pro
cedures used in future testing. To minimize the influence of specimen variability on measured 
strength envelopes, multistage testing was performed on three specimens trimmed from 
blocks following the procedure described in Ref 10. The other 25 specimens were sheared 
to failure at only one consolidation stress. 

To minimize breakage along weakness planes, samples were confined during trimming by 
a 12.5-cm-long and a 3.8-cm-inner-diameter cylindrical steel tube having a 0.3-cm-long and 
3.6-cm-inner-diameter cutting shoe. Before final trimming the Shelby tube samples were 
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cut into 6-in. (15.2-cm) lengths, extruded, and sealed. The block samples were cut into 
octants by first halving them with a serrated wire saw and then quartering each half using 
a band saw. Each octant of the full block, which was sealed in wax for later use, yielded 
four 7.6- by 7.6- by 15.2-cm blocks for use in triaxial tests, making a total of 32 triaxial 
specimens per block. Before advancing the trimming tube over the coarsely trimmed samples, 
they were roughly trimmed to size with a knife in the manner described in Ref 11. The 
trimmed samples' surface had small pockmarks left by quartz fragments and by trimming 
against the grain. The samples behave as if they had a grain as observed in wood because 
of the oriented mica particles. When breaks occurred along weakness planes the samples 
were abandoned, therefore tests generally measured properties of the stronger samples. 

The 3.6-cm-diameter and 7.9-cm-long specimens were tested in a Wykeham Farrance 
triaxial cell and loaded to failure by a Wykeham Farrance load frame. The cell pressure and 
back pressure were apphed by an air compressor and measured by Data Instruments Model 
AB pressure transducers. The vertical load was measured by a 900-N Wykeham Farrance 
proving ring. The piston met the specimen top cap at a ball joint which allowed the top cap 
to rotate. The specimen was contained by two Trojan prophylactics. No membrane correction 
was made to the measured axial load. Volume changes during both consolidation and drained 
shear were measured by burettes having an internal circular cross-sectional area equal to 
0.735 cm .̂ 

The triaxial specimens were consolidated td an isotropic initial stress after sitting for 1 
day at an initial isotropic effective stress of 6.9 to 13.8 kPa and a 345-kPa back pressure, 
which was reached in three steps: 138, 241, and 345 kPa. The specimens were then iso-
tropically consoHdated to pressures of between 52 and 621 kPa in one to four increments 
depending on the magnitude of the final stress. Isotropic consolidation was used for this 
preliminary program; future testing will examine the influence of Ko consohdation. After 
each consolidation increment, the specimen permeability was measured in a falling head 
test and 0.3 to 1.0 void volumes of distilled water flowed through the specimen. After the 
final consolidation increment, several permeability tests were performed and 1 to 5 void 
volumes flowed through the specimens. The measured permeability decreased with each 
consolidation increment and from the beginning to the end of consolidation specimens 
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experienced a twofold to fivefold decrease in permeability. The measured values varied 
from 10"' to 10"" cm/s for vertically oriented specimens. 

During consolidation at pressures less than the prestress pressure, the specimens consol
idated more perpendicular to the plane of layering than parallel to it. Therefore, as specimens 
consolidated they often tilted. For one specimen in particular the top cap moved laterally 
0.6 cm to 0.95 cm representing a tilt of 5 to 7°. This tilt caused problems at the start of 
shearing when the piston was moved into contact with the top cap. Figure 2 shows the plot 
of load versus deformation for one such test at the start of shearing. These results were 
corrected visually by taking the first two data points that show a concave downward trend 
and extrapolating them back to the horizontal axis. For the test pictured in Fig. 2, the zero 
deformation reading used in evaluation was 0.9 mm instead of the measured 0.1 mm. 

The isotropically consolidated specimens were sheared to failure under a compression 
loading stress path at a rate of 0.0046 cm/min or about 0.06%/min. The specimens were 
drained at the bottom while pore pressure was measured at the sealed top. The pore pressure 
measurements indicated that specimens were strained sufficiently slowly to ensure full drain
age. For some specimens, shear led to bending of the specimen. TTie 15 Shelby tube specimens 
failed in three failure modes. Four of the specimens failed in a symmetrical bulging mode, 
four specimens failed along fohation or weakness planes without tilting of the top cap, and 
seven specimens experienced top cap tilting. Of the seven specimens that experienced bend
ing, four showed slight bending while the other three experienced severe bending. Figure 
3 shows one specimen that failed in symmetrical bulging and one that experienced severe 
bending. 

Results 

The specimens that experienced bending during shear felt both nonuniform stresses and 
strains. The effect of these nonuniformities can be investigated qualitatively by comparing 
the test results measured for specimens that behaved in the different failure modes. Figure 

FIG. 3—Photographs of two failed specimens. 
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FIG. 4—Stress-strain curves for tests on Shelby tube specimens. 

4 compares three tests that failed in different modes. Test A on a specimen taken from 5 
m deep was consohdated to an isotropic stress of 145 kPa, which was two times the in-place 
vertical total stress and one quarter of the prestress pressure; the Test B specimen came 
from 6.4 m deep and was consohdated to a stress of 193 kPa, which was two times the 
vertical total stress and one half of the prestress pressure; and the Test C specimen came 
from 9.4 m deep and was consolidated to a stress of 152 kPa, which was equal to the vertical 
total stress and one half of the prestress pressure. Although these three specimens were 
consolidated to about the same stress, they represent different soil and observed behavior 
differences must be attributed to differences in both failure mode and soil characteristics. 
In Test A the top cap tilted slightly and the specimen experienced moderate bending; in 
Test B the tilting and bending were more severe; in Test C the top cap tilted little and the 
specimen bulged symmetrically. The specimen in Test A also failed along a weakness plane 
inchned at less than 30° to the horizontal, while the specimens in Tests B and C were not 
observed to fail along a plane. 

Figure 4 compares the results in plots of deviator stress versus average axial strain and 
volumetric strain versus axial strain. The stress-strain curve for Test A specimen rises to a 
peak at 7% strain and then decreases while the stresses for both Test B and C specimens 
increase almost linearly at strains greater than 2 to 4%. Test B and C specimens were still 
carrying increasing stress at average strains of 14 and 20%. The measured volumetric strain 
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plots appear similar for all three tests at axial strains less than 2%. The specimen for Test 
A has a larger prestress pressure and experienced a weakness plane; these factors combine 
with the different failure mode to explain the measured behavior different from Test B and 
C specimens. At low strain all three tests have about equal moduh with Tests A and C being 
slightly stiffer than Test B. 

Figure 5 compares the stress paths for Tests A, B, and C on a plot with the Kf line, which 
represents failure on ap-q plot, determined from the maximum stress measured at less than 
or equal to 20% strain for all 15 tests performed on Shelby tube specimens. The specimen 
for Test A, which failed at a strain of 7%, falls below the Kf line, while specimens for Tests 
B and C only reach the line at strains of 14 to 20%. Therefore this failure line may be 
influenced by the nonuniformities apparent at large strain. 

Figure 6 compares the test results for a multistage triaxial test performed on Specimen 
G with the results of three single-stage triaxial tests performed on Specimens D, E, and F. 
All the specimens were trimmed from one block taken at a depth of 3.4 m and tested at 
consolidation stresses equal to the vertical total stress (Specimens D and Gl), two times 
the vertical total stress (Specimens E and G2), and four times the vertical total stress 
(Specimens F and G3). These stresses equal approximately 0.1, 0.2, and 0.4 times the 
prestress pressure of 550 kPa. All six tests show stresses rising to a peak and then decreasing. 
The failure strain increases with increasing consolidation stress. Tests Gl and D have similar 
slopes and fail at 1.5%; Tests G2 and E also have similar slopes but Test E fails at 1.5% 
strain instead of 2% for the multistage Test G2; and the high stress Test G3 failed at 5% 
strain and a 28% lower maximum stress than Test F which failed at 12.5% strain. The 
multistage Test G3 showed a higher modulus than Test F. The Test G specimen experienced 
severe bending which got progressively worse with each stage and the errors should be most 
severe during the final stage, G3. Figure 7 compares the stress paths for Tests D, E, F, Gl, 
G2, and G3 with the Kf line based on the tests performed on vertically oriented specimens 
taken from 3.4-m-deep block samples. The strength results for the multistage test during 
Stages Gl and G2 fall within 10% of the results for the single-stage tests, while the error 
exceeds 30% for stage three when bending is severe. Multistage testing was abandoned early 
in the test program because of the brittle behavior observed on specimens consolidated to 
low effective stress. These results are inconclusive, but the potential payoff for determining 
the strength envelope in highly variable soils suggests further investigation is worthwhile. 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



318 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

400 

300 

200 
on 

D 

100 

0 o F(SST)/ 

o 

o 
o • 

,•0 ^G3(MST) J 

) 4 0v 

• ° 

°^G2 J 
f G I -1 

• 
0 

1 1 1 

5 10 15 20 
^axial in 'I' 

0-

5-

0 • 
0 • • 

° 0 

1 1 

° ° 0 
o 
> 

FIG. 6—Stress-strain curves for tests on block specimens. 

Summary and Conclusions 

The characteristics of residual soil affect the trimming of triaxial samples and their sub
sequent testing. Samples taken at this site had steeply dipping foUation inclining the axis of 
symmetry for anisotropy about 60° from the vertical axis. These samples exhibited spacial 
variabihty with weakness planes, quartz seams of medium-sand-sized grains, and an apparent 
grain direction caused by the high mica content. The samples were trimmed using a tube 
to provide some confinement. Even with confinement some of the samples broke along 
weakness planes so that test results only represent the stronger samples. 

The steeply dipping foUation caused specimens to bend during both isotropic consolidation 
and shearing to failure. Bending affects the uniformity of stresses and strains in the triaxial 
specimens. This influence should get larger and larger with increasing strains. Because both 
test B and C specimens failed at strains of 14 to 20% these nonuniformities can significantly 
influence the estimation of a peak shear strength. Future tests need to examine the influence 
of a fixed top cap and of frictionless end platens on measured results. Other variables that 
should be investigated include sample size and anisotropic consolidation. 

The variability of the residual soils makes multistage testing an attractive alternative so 
that the complete failure hne can be determined on one soil specimen. The example of 
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FIG. 7—Stress paths for tests on block specimens. 

multistage testing described in this paper was inconclusive. During the first two stages, the 
multistage test specimen failed at stresses within 10% of the single-stage test specimen. But 
for the third stage of the multistage test, the specimen bent severely and failed at a 30% 
lower stress than measured for the single-stage test. More extensive comparison of multistage 
and single-stage testing is necessary to establish the value of this technique for Piedmont 
residual soils. 

The triaxial test will remain a valuable tool for studying the behavior of residual soils, 
but the characteristics of these soils will increase the variability of test results over those 
reported for sedimentary deposits, and care must be taken to observe the behavior during 
consolidation and shearing. 
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ABSTRACT: Results of consolidated undrained triaxial relaxation tests on a soft sensitive 
clay of eastern Canada are presented and discussed. The initial consolidation phases of the 
triaxial tests are carried out under both isotropic and anisotropic stress conditions. 

The results show that pore water pressures remain approximately constant during the re
laxation phases of the tests. The phenomenological model developed by Prevost (Journal of 
the Geotechnical Engineering Division, ASCE, Vol. 102, No. GT12, 1976, pp. 1245-1259) 
describes the observed response quite well. In addition, because the clay possesses a well-
defined volumetric yield curve, the position of this curve should be taken into account when 
analyzing the results. Finally, triaxial test procedure and equipment modifications used in the 
laboratory investigation are fully described. 

KEY WORDS: triaxial tests, relaxation, undrained, sensitive clay, phenomenological model 

The effects of time and deformation behavior of clays have been the subject of numerous 
investigations, in particular during the last two decades. As a result of the classic separation 
between strength and settlement problems, various types of time effects have been separately 
defined and studied: creep, stress relaxation and steady-state deformation as related to 
stability problems, and secondary consoUdation as related to settlement problems. Only a 
few attempts have been made to develop a unified approach that encompasses all time-
related phenomena. 

In the earlier studies of time effects, different mechanical or rheologic models were 
proposed for the stress-strain-time response behavior of clays [1-6]. Linear and nonlinear 
springs and dashpots, and sliders were combined to provide a reasonable approximation of 
the behavior for certain soils and loading conditions. Mathematical relationships were de
veloped to describe creep, stress relaxation, steady-state deformation, and secondary con
solidation, in terms of the models' parameters. The accuracy of these models to predict both 
laboratory and field response depended on the proper formulation of the parameters and 
the boundary conditions. 

In recent years, it became evident that more and more complex models were needed to 
properly represent clay response. The mathematical difficulties associated with the analysis 
of these models and their inherent limitations led some investigators to consider phenom
enological approaches in which creep, stress relaxation, and steady-state deformation are 
simply considered to be different manifestations of the same basic phenomenon, that is, the 
dependence of clay response on time [7-9]. 
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322 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

Most laboratory investigations of the time effects associated with undrained shear strength 
of soft clays use triaxial creep tests [10]. Results reported in Refs 7,8, and 10 to 14 illustrate 
quite well the time dependence of clay response. 

Although triaxial stress relaxation tests are of shorter duration [75] than creep tests, they 
have not been used as extensively as the latter for the study of time effects on clay response. 
This is probably due to technical difficulties associated with the running of true stress 
relaxation tests. However, in spite of the paucity of data reported in the literature, it appears 
that the various relationships derived from creep tests may equally be used to describe 
relaxation phenomena [3,8,16,17]. It has been shown that, even though the deviator stress 
decreases with time, the pore water pressure remains more or less constant [3,8,16,17]. This 
is in accord with the hypothesis of Lo [18,19] and others that pore water pressures depend 
almost exclusively on strain. 

With the technical facihties existing today, relaxation tests may be as easily performed as 
creep tests. In addition, in the authors' opinion, relaxation tests provide better insight into 
the mechanisms that control the mobilization of the shear strength in clays than creep tests 
provide. Indeed, the relaxation test is the only test to find the long-term strength of the soil 
skeleton as it is. In an undrained creep test, because both the effective stresses and the soil 
structure continuously change as a result of increasing strains, it is difficult to relate the 
applied stress to the nonhomogeneous strain state throughout the specimen. In addition, in 
a drained creep test it is quite difficult to separate primary consohdation effects fi-om those 
due to creep. 

This paper presents the results of a laboratory investigation on the stress relaxation 
phenomenon observed in both isotropically and anisotropically consohdated undrained triax
ial tests. The soil used in this study is a soft sensitive clay from Louiseville, Quebec, Canada. 
Problems encountered with triaxial stress relaxation tests are presented, and the solutions 
adopted are discussed. In addition, the analysis of the experimental data is performed with 
reference to the phenomenological model of Prevost [9]. 

So9 Properties 

The soil used in this study was obtained from a test trench excavated on the outskirts of 
Lx)uiseville, a town located about 100 km northeast of Montreal. The site is located along 
Highway 40, on the north shore of Lake St-Peter. 

Undisturbed blocks of clay were recovered below the weathered crust, at a depth varying 
between 3 m and 5 m. The general properties of the Louiseville clay are summarized in 
Table 1. 

IViaxial Relaxation Test Procedures 

Both isotropically consolidated and anisotropically consolidated undrained triaxial tests 
were performed on the Louiseville clay. The specimens used in the study measured 50 mm 
in diameter by 100 mm in height. Top and bottom porous stones, as well as filter paper side 
drains, were used to speed up consolidation and equalization of pore pressure. A back 
pressure of 200 kPa was applied in all the tests. For the initial consolidation phase, a dead 
weight system was used for the application of the axial load. 

For the isotropically consolidated undrained (CIU) tests, three confining pressures, a/ , 
were used: 30, 58, and 96 kPa. These particular values were chosen in such a way that, 
while at 30 kPa and 58 kPa the soil remained overconsoUdated and sensitive, at 96 kPa, it 
became normally consolidated and insensitive. Indeed, the preconsohdation pressure was 
found to be about 90 kPa under isotropic consolidation conditions. 
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TABLE 1—Geotechnical properties of the Louiseville clay. 

Natural water content 
Liquid limit 
Plastic limit 
Plasticity index 
Liquidity index 
Silt content 
Clay content 
Activity 
Field vane strength 
Sensitivity (by field vane) 
Oedometric preconsolidation pressure, Opo' 
Vertical strain at â '̂ 
Isotropic preconsolidation 
Volumetric strain at cr,,' 

pressure, (r^i' 

82% 
59% 
26% 
33% 
1.7 
22% 
78% 
0.4 
30kPa 
20 

100-120 kPa 
3-4% 

80-100 kPa 
6-8% 

For the anisotropically consolidated undrained (CAU) triaxial tests, the specimens were 
initially consolidated under a stress state (a^', as/ = K^u), where an average value of 
about 0.70 was retained for ^o, the coefficient of the lateral pressure at rest. This value of 
Ko was based on the plasticity and the degree of overconsolidation of the clay [20]. Three 
initial consolidation stress states (a,/, a/) were used in the CAU tests: (35 kPa, 21 kPa), 
(77 kPa, 53 kPa), and (103.5 kPa, 75 kPa). For the first two of these, the specimens remained 
overconsolidated throughout the shearing process, whereas for the last, the effective stress 
path during the subsequent undrained loading was such that it approximately followed the 
volumetric yield surface of the clay. 

Table 2 presents a summary of the tests performed and the volumetric strains experienced 
by the soil specimens at the end of the consolidation phases. 

Once the consolidation phases of both the CIU and CAU tests were completed, the 
specimens were sheared at a constant strain rate e of 0.33%/h, for a period of time r,, up 
to a predetermined strain level Cj, corresponding to a deviatoric stress ^ (e,, f,). When this 
level of strain was reached, the press was stopped and a relaxation test was performed. 
During the relaxation test the strain of the specimen was kept constant. Both the decay of 
the deviatoric stress and the pore water pressure were monitored throughout the relaxation 
process. After 24 hours of relaxation, the test was resumed up to another strain level and 
an additional relaxation test was performed. In some of the tests reported here, up to seven 
relaxation phases were carried out on the clay specimens. 

TABLE 2—Triaxial test consolidation information. 

Type of 
Test 

CIU 

CAU 

Test 
Number 

CIU-30 
CIU-58 
CIU-96 
CAU-21 
CAU-53 
CAU-75 

Consolidation Stresses 

(Tu, kPa 

30.0 
58.0 
96.0 
35.0 
77.0 

103.5 

<T3c', k P a 

30.0 
58.0 
96.0 
21.0 
53.0 
75.0 

Volumetric 
Strain at End of 
Consolidation, 

2.56 
3.31 

10.43 
2.17 
2.83 
6.93 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



324 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

Standard Piston Cell 

At the beginning of this investigation, a standard triaxial cell was used. The axial load 
was recorded by means of a very stiff load cell in contact with the top of the piston, at the 
exterior of the triaxial chamber. However, it was soon discovered that when the press was 
stopped to perform a relaxation test, there was some unforeseen relaxation in the press 
mechanism, resulting in a substantial decrease of the axial load. It then became impossible 
to separate the decrease of the axial load due to the relaxation of the soil specimen from 
that due to the press. 

Modified Piston Cell 

To solve the problem of the relaxation of the press, various approaches were tried. In 
each of these, efforts were made to keep the length of the soil specimen constant by 
monitoring its displacement through a linear variable differential transformer (LVDT) and 
manually adjusting the press platen to annul the measured displacement. 

After several trials, it became evident that the most effective way of keeping the length 
of the soil specimen constant was to physically prevent it from deforming. This was achieved 
by clamping the piston to a fixed rigid frame attached to the triaxial cell. With such an 
arrangement, the piston was prevented from moving either in an upward or a downward 
direction. The axial load was then monitored by means of a very stiff load cell which was 
an integral part of the piston and of the same diameter. This load cell was screwed to the 
bottom end of the piston, in contact with the top cap of the soil specimen inside the triaxial 
cell. For an additional check on the constant strain condition, an LVDT was placed on the 
top of the piston to monitor any possible displacement. 
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TABLE 3—CIU relaxation test results. 

Test 
Number 

CIU-30 

CIU-58 

CIU-% 

Relaxation 
Phase 

Number 

1 
2 
3 
1 
2 
3 
4 
5 
6 
1 
2 
3 
4 
5 
6 
7 

Axial Strain 
During Relaxation 

Phase, % 

1.00 
1.90 
2.90 
0.85 
1.54 
1.% 
2.55 
3.37 
4.10 
0.63 
0.95 
1.62 
2.42 
3.44 
4.30 
5.10 

Maximum Pore Water 
Pressure Drop 

During Relaxation, 
kPa 

3.0 
0 
0.9 
1.7 
2.2 
1.0 
2.6 
2.0 
2.1 
0.8 
2.9 
1.1 
3.9 
2.9 
2.4 
1.4 
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FIG. 4—Normalized behavior {a/ = 58 kPa). 
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All the tests reported in this paper were carried out with the modified piston cell just 
described. 

Analysis and Discussion of Test Results 

Structured Clay 

Before discussing the results obtained in the relaxation tests, it is necessary to present 
the volumetric yield and failure surfaces of the Louiseville clay. Figure 1 summarizes the 
results of a series of CIU triaxial tests performed at different consolidation pressures at a 
strain rate e = 0.33%/h. In this figure, as long as the clay is subjected to an effective stress 
state which is located inside the curved surface ABD, the soil remains overconsolidated and 
its structure remains intact. In this case, the portion AB of the failure envelope represents 
the locus of the stress conditions causing the failure of the overconsolidated clay. Once the 
clay is subjected to a stress state that crosses the volumetric yield surface BD, the soil 
gradually becomes normally consolidated, its initial structure is destroyed, and it slowly 
"forgets" its past. In this case, the portion BC and its extrapolation BO represent the failure 
envelope of the normally consolidated clay, because the surface AB no longer exists. It 
should be noted, however, that the position of the yield and failure surface, ABD, of the 
clay shown in Fig. 1 is not fixed in stress space; rather, it depends on the value of the strain 
rate used in the triaxial tests, as indicated also, for example, by Tavenas and Leroueil [21]. 
When one deals with a behavior similar to that shown in Fig. 1, it should be expected that 
the stress-strain response of a clay specimen depends a great deal on the position of the 
stress state relative to that of the yield surface BD. Such a response will be shown at the 
end of this section. 

Results obtained in the CIU tests performed at a/ = 30 and 58 kPa are shown in Figs. 
2 and 3. The experimental data reported in the figures indicate that there is a small drop 
in pore water pressure during the relaxation tests. Table 3 summarizes the maximum drops 
in pore water pressures observed in all the CIU tests. Examination of the values reported 
in this table reveals that the maximum drops vary from 0 to about 3.9 kPa, with an average 
value of about 2 kPa. These findings, albeit somewhat larger than those reported by previous 
investigators [3,8,16,17], tend to indicate that the pore water pressure mobilization depends 
almost exclusively on strain. 

To determine whether different physical relaxation mechanisms are operational at different 
strain levels, the deviatoric stress q (e,, t) measured during the relaxation process at any 
t > t, has been normalized with respect to the values of the deviatoric stress, q (ci, fi), 
acting at the beginning of each relaxation phase. The results obtained at (T/ = 58 kPa, 
shown in Fig. 4, indicate that similar relaxation mechanisms are probably present, in view 
of the similarity of the experimental curves. 

Results obtained in the CAU tests are shown in Figs. 5 to 7. Once again the data show 
that the pore water pressure remains approximately constant during the relaxation phases, 
as found in the CIU tests. More specifically, it was observed that the maximum values of 
the pore water pressure drops varied between 0 and 3.7 kPa in the CAU relaxation tests. 
The results, shown in Table 4, compare well with those found in the CIU relaxation tests. 

For the test specimen initially consolidated at (au, <̂ 3c') equal to (77 kPa, 53 kPa), the 
results have been normalized in the manner of Fig. 4 and are shown in Fig. 8. Because the 
shapes of the curves shown in Fig. 8, which refer to a CAU test, are quite similar to those 
shown in Fig. 4, which refer to a CIU test, it is believed that similar relaxation mechanisms 
are present in both types of test. This is in accordance with the observations made by Lacerda 
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FIG. 5—Results of CAU triaxial test (a,^ = 35 kPa, CTJC' = 21 kPa). 
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FIG. 1—Results of CAU triaxial test (ff,c' = 103.5 kPa, <TJ,' = 75 kPa). 
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TABLE 4—CAU relaxation test results. 

Test 
Number 

CAU-21 

CAU-53 

CAU-75 

Relaxation 
Phase 

Number 

1 
2 
3 
4 
1 
2 
3 
4 
5 
1 
2 
3 
4 
5 

Axial Strain 
During Relaxation 

Phase, % 

0.28 
0.86 
1.81 
3.07 
0.34 
0.80 
1.30 
1.71 
2.88 
1.00 
2.11 
3.41 
4.20 
5.37 

Maximum Pore Water 
Pressure Drop 

During Relaxation, 
kPa 

1.1 
2.0 
3.0 
0 
0.3 
2.5 
3.7 
2.3 
2.0 
0.5 
1.4 
2.8 
3.0 
2.9 

q [ < ! , . t j / q [ f , , t , ] 
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FIG. %—Normalized behavior {GJJ = 103.5 kPa, OsJ = 75.0 kPa). 
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and Houston [16] and is in contrast with the large effect of anisotropic consolidation on 
creep [75]. 

To compare the observations made in both types of test, the experimental results obtained 
on overconsolidated soil specimens in both the CIU and CAU tests are shown in Figs. 9 
and 10, respectively. In these figures, p ' = (CT/ + ff3')/2 and q = (CT/ - o^')!!. Because 
of the small variation in the excess pore water pressure during the relaxation phases of each 
test, the effective stress paths followed by the soil specimens in these tests are along lines 
inclined at 45° with respect to both axes. The relaxation test phases appear as broken lines 
in these diagrams. The general behaviors shown in these figures are similar to those observed 
by other investigators [8,9,16,22]. 

The results shown in Figs. 4 and 8 indicate that in most of the relaxation tests the deviatoric 
stress had reached a constant hmiting value after a period of time of less than 1 day. For 
some of the tests shown in these figures, for example the test corresponding to an axial 
strain of 4.1% in Fig. 4 and that corresponding to an axial strain of 5.37% in Fig. 8, a longer 
period of time would have been necessary for the deviatoric stresses to reach constant values 
or limiting stress states. The curve obtained by joining these limiting stress states would 
represent the "static" effective stress path, as proposed also in Refs 8, 9, 22, and 23. It 
should be noted that the data obtained by Larsson [14] confirm the existence of a limiting 
stress curve for a number of soft Swedish clays. This "static" curve may be obtained either 
experimentally by performing very slow undrained triaxial tests or analytically by using, for 
example, Cam-Clay theory, as proposed in Ref 8. 

The analysis of some of the results reported in the preceding figures has been made with 

CkPcJ 

30.0 . 

-1—I—1—r—|~i—I—I—I—I—I—I—f—r-^—I—I—r—r-pT—i—i—i—|— -1—I—r-T—I—I—J—I—1—1—I—[— 
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FIG. 9—CIU test results. 
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FIG. 10—CAU test results. 

reference to the phenomenological approach developed by Prevost [9]. In the case of re
laxation tests, the relationship suggested by Prevost reduces to the following expression: 

qif.u t) = q((.„ ti) - [q(e„ t,) - qr(e„ 0)] tanh [bln(t/t^)] (1) 

where 

q(ei, t) = deviatoric stress acting at strain ei and time t>tj 
q{^i, ti) = deviatoric stress state acting at the beginning of relaxation and reached by 

shearing the specimen with a constant strain rate e = a up to a strain level 
El attained in a time *,, that is, Ci = af, 

q(f.i, 0) = deviatoric stress at a strain Ci in a "static" undrained test 
b = experimental constant 
a = a reference strain rate 
t = time 

ti = time at which relaxation begins 

Figure 11 presents preliminary theoretical curves corresponding to Eq 1 and the experi
mental results obtained in the CIU-58 test and the CAU-75 test. Because the exact value 
of the parameter b appearing in Eq 1 is not known in advance, various numerical values 
were tried to obtain a good fit to the experimental results. In addition, the value of the 
limiting "static" deviatoric stress was taken as that acting after 24 h of relaxation. The results 
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FIG. 11—Relaxation curves. 

shown in this figure indicate that a value of b in the range of 0.8 to 1.0 may be considered 
representative of the clay response, at least for the conditions existing in these tests. The 
time *i at which relaxation begins is taken to be the time it takes to reach the strain level 
€i at a constant strain rate of 0.33%/h. For example, for the CIU-58 test, the first relaxation 
phase was performed at an axial strain of 0.85%. This strain level was reached at <, = 
0.85%/0.33%/h = 2.58 h. In addition, because the relaxation process lasted for 1580 min
utes or 26.33 h, the maximum value of the time t is equal to (2.58 + 26.33) h or 28.91 
h.Tn Eq 1 and Fig. 11 the final value of In (t/ti) is thus equal to In (28.91/2.58) or 2.41, 
that is, the last reading in Fig. 11 for the CIU-58 first relaxation test. Intermediate values 
were obtained in a similar fashion. Additional tests and analyses are presently being carried 
out to get a more complete soil response. 

Finally, to show that the clay behavior depends to a large extent on the position of the 
effective stress path relative to that of the volumetric yield curve of the clay, the results 
obtained in the CIU test performed at a,' = 96 kPa are compared to those observed in the 
CAU test consolidated at (aj, wa/) equal to (103.5 kPa, 75.0 kPa), as shown in Fig. 12. 
In this figure is also shown the critical state curve of the Louiseville clay of Fig. 1. In the 
CAU test, the clay specimen which is still overconsolidated follows quite closely the critical 
state curve of the clay; whereas, in the CIU test, the intact soil structure has been partially 
destroyed and the soil has become normally consolidated. The two stress paths shown in 
Fig. 11 illustrate well the dramatic changes the normally consolidated soil specimen must 
have experienced due to the collapse of the once intact structure. These changes must always 
be taken into account when analyzing the test results. 
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FIG. 12—Effect of destructuration on relaxation behavior. 

Conclusions 

On the basis of the findings of this study, the following principal conclusions have been 
drawn: 

1. The results of both CIU and CAU tests performed on specimens of sensitive clay show 
that the pore water pressure drops somewhat during the relaxation processes. The 
maximum drop in the pore water pressure was found to be about 4 kPa with an average 
value of 2 kPa. 

2. For some of the relaxation tests reported in this paper, constant values of the deviatoric 
stresses were reached in a period of time of less than 1 day. The phenomenological 
model developed by Prevost [9] is found to adequately describe soil response during 
relaxation. 
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ABSTRACT: Gas types, zonation present in marine sediments, the corresponding mechanism 
of bubble formation, and methods of performing triaxial tests on gassy sediments are discussed. 
Gases (methane and hydrogen sulfide; methane gas predominates) may be found either in 
solution or in the bubble phase in the sediment. A method to estimate the amount of gas that 
theoretically comes out of solution is shown. The result of gas bubbles is a reduction in the 
bulk modulus of the pore fluid. The bulk modulus of a gas-water mixture decreases with 
increasing fluid pressure. Results of decreasing bulk modulus are shown to reduce the pore 
pressure increment per application of a load increment. Triaxial testing techniques are rec
ommended when (1) gas is in solution, (2) gas is in the bubble phase, and (3) gas is still 
evolving. 

KEY WORDS: gas, pore pressure, marine, sediments, triaxial 

Marine sediments are composed of a three-phase system of solid, liquid, and gas. A 
problem that usually is unimportant onshore, but very critical offshore, is the change in 
total stress state on a marine solid when sampled. One of the major results of large stress 
release on samples of marine soil is that gases can come out of solution and expand within 
the soil sample. This phenomenon is well known and has been described in many references 
to soils from all over the world [1-4]. When gas expands within a sample of marine soil, 
changes in physical and engineering properties occur. The unit weight and degree of satu
ration decrease due to the increasing volume, and the strength and compressibiUty are 
irreversibly altered. For the practicing geotechnical engineer investigating deep marine soils, 
the problem of soil containing gas, either free or in solution, will result in samples that may 
be significantly disturbed (unless special procedures are utilized). 

The gases in marine sediments are O2 (oxygen), CO2 (carbon dioxide), N2 (nitrogen), H2S 
(hydrogen sulfide), CH, (methane), and others [5-7]. Natural gases in marine sediments 
arise from several sources, the most important of which is the biogenic degradation of organic 
matter during early diagenesis. Other sources include the atmosphere, the thermolytic crack
ing of more complex molecules, and submarine or geothermal processes [8]. A summary 
of typical gas types and contents in the marine environment as reported in the literature is 
presented in Table 1. 

Research over the last few years has indicated that the distribution of gases in marine 
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TABLE 1—Typical gas types and contents of the marine environment. 

Reaction 

Oxygen reduction 

Denitrification 

Mn(IV)-Mn(II) 
Fe(III)-Fe(II) 
SuIJFate reduction 

Methanogenesis 

Example 

Equatorial red clay and 
calcareous oozes [9] 

Chesapeake Bay [10] 

Cariaco Trench 
[11] 
[12] 

South Guymas Basin, 
Gulf of California [13] 

Santa Barbara Basin 
[14] 
[16] 

Chesapeake Bay [17] 
Limfjorden [18] 

Southern Louisiana 
Coastal Marsh [19] 

Southern California 
Coastal Marsh [6] 

Chesapeake Bay 
[17] [10] 

Santa Barbara Basin [6] 
Cariaco Trench [20] 

Depth of Burial 

upper SO cm 

0.01-0.15 m 
0-1 m 

0.01-0.3 m 
0.01-0.2 + m 

0.1+ m 

0-5 m 
0.45-0.50 m 

0-2 m 

0-1 m 
2-3 m 

0.2-0.3 m 
0-0.014 m 
25+ cm 

0.5 m 

0.2-0.3 m 

1.0 m 
0.9 m 

3.8 m 
45-180 m 

Water 
Column 

Depth, m 

0.3 

0.3 

15.2 
30 
15.2 
30.4 
585 

Gas 
Concentration 

0-0.09 mM" 
50|iM 

0-0.04 mM 
2-11 ml/L 

0.027-0.27 + mM/g 
0.35-0.7 + mM/g 

0-30 mM 

1.1 mM/kg 

0.002-0.01 mM/kg 

4.3 mM/kg 
6.5 mM/kg 

85 ml/L 
150 ml/L 

10.4 mM/kg 
86%-99% of gas in 

pockets analyzed 

Other 

20°C 

20°C 

15°C 
15°C 

' mM = millimole. 

sediments is governed by changes in microbiologic populations over time and, hence, by 
depth [7,8]. The competition for the available organic material is awarded to the organisms 
that obtain the greatest metabolic energy from it. The most efficient organisms will live in 
the top sedimentary layers, and the less efficient organisms will live in deeper layers. 

In the top sedimentary layer, oxygen is available for aerobic respiration. In the process, 
inorganic compounds are used as electron acceptors. Carbon, sulfur, nitrogen, and phos
phorus are converted to carbon dioxide, sulfate, nitrate, and phosphate, respectively [7]. 
When the oxygen demand exceeds the rate of replenishment, the environment becomes 
anaerobic. When this occurs, sulfate-reducing bacteria become dominant, because the con
centration of sulfur in sea water is high. In this process, sulfate ion is reduced to hydrogen 
sulfide. Some bacteria, which are capable of living under conditions other than the usual, 
switch from aerobic respiration to anaerobic respiration (or fermentation). These organisms 
use nitrate or inorganic sulfur compounds as electron acceptors in limited zones. When 
sulfur is depleted, methane-producing (carbonate-reducing) processes occur. Methane is 
produced in a two-stage process of first becoming a liquid (nonmethanogenic) and then a 
gas (methanogenic). Methane-producing bacteria are obligate microorganisms and cannot 
grow in the presence of dissolved sulfate. Necessary conditions for anoxic (without oxygen) 
conditions to be established and methane production to occur are rapidly deposited sediments 
(=50 m/my) and sufficient organic carbon (>0.5%) [14]. Ultimately, the substrate is reduced 
to where metabolic energy can no longer be released, and the final products accumulate in 
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Influence 
Depth 
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(methonogenic) 

FTG. 1—Generalized cross-section of an open ocean sedimentary/chemical environment. 

the sediment. A generalized cross-section of an open ocean sedimentary/chemical environ
ment is presented in Fig. 1. This figure is an expanded version of a previous figure by Whelan 
et al. [75]. 

Although these biogeochemical zones and the idea of ecologic succession are widely 
accepted at this time, some research has not been in agreement. Marty, investigating sed
iments in the Gulf of Aden and the Oman Sea (Egypt), reports on anaerobic bacteria that 
depend on food from organic material (heterotrophic) and are the first to disappear with 
depth, before heterotrophic aerobic bacteria, sulfur-reducing bacteria, and methane-pro
ducing bacteria [21]. Marty also notes the coexistence of sulfur-reducing and methane-
producing bacteria in the same layers. Marty proposes that, instead of homogenous zones 
of differing environmental conditions and bacterial populations, microniches that support 
these different populations exist within any sediment layer. 

The form of gas present in sediments is important when considering their response to 
pressure and temperature. Gases in sediments are found (1) dissolved in the interstitial pore 
water, (2) as free gas bubbles or pockets, or (3) as solid gas hydrates, as shown in Fig. 2. 
Gas bubbles are formed when the quantities of gas exceed the saturation limit for pore 
water based on the phase relationship between pressure and temperature. The bubbles are 
very small when formed by microbial activity, and their movement is by molecular diffusion; 
being too small to push aside particles and too slow to coalesce, they may remain trapped 
in the sediment for years [22]. 

The existence in nature of natural gas hydrates has been acknowledged since about 1935, 
when they were found clogging gas pipelines. Natural gas hydrates are a type of clathrate 
compound, which is a crystal lattice containing cages or voids that incorporate a guest 
molecule. When the crystal lattice is composed of water, it is called a hydrate. Gas hydrates 
are formed when water and certain gases are mixed at high pressures [8,23] or low tem
peratures if the gas is supersaturated. 

The gas hydrates found in deep sea sediments incorporate either methane, carbon dioxide, 
ethane, hydrogen sulfide, and perhaps propane, isobutane, or carbon monoxide. Initial 
studies have concentrated on areas of extensive permafrost. Gas hydrates have been sug
gested in other areas too, however. StoU suggests that hydrate formation is possible over a 
large percentage of the ocean bottom [24]. The presence of hydrates has been indicated by 
anomalous acoustical data, but the drilling and sampling technology for gas hydrate zones 
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FIG. 2—Schematic of partially saturated soil, a. Partially saturated soil with gas bounded 

by soil particles and minisci. b, Idealized model of partially saturated soil. 

is still primitive. A major reason for the lack of physical evidence is the release of gas from 
a hydrate state as a core is brought up from depth [23]. 

A chemical equilibrium exists between interstitial gas bubbles in the sediment and the 
gases dissolved in the pore water. The general gas law governs the relation between tem
perature and pressure for an ideal gas. If a sample is moved from an ocean floor temperature 
of 0°C (273 K) to a laboratory temperature of 20°C (293 K), its temperature has only changed 
by a factor of 1.07 (the ratio of absolute temperatures). In contrast, a sediment at a depth 
of 2200 m (7216 ft) is under a hydrostatic pressure of 22.1 MPa (3207 psi). When this 
sediment is brought to the ocean surface, its confining pressure has been reduced by a factor 
of 220 to atmospheric pressure. The change is large when compared with the factor of 1.07 
for the corresponding temperature change [25]. 

The response of the bulk density of the sample to changes in confining pressure is a time-
dependent property. Reduction of pressure on a sand sample for a specified time followed 
by repressurization to the original confining pressure was conducted by Chace [26]. If the 
duration of the pressure reduction is less than 4 hours, the sand samples return to approx
imately the same density. Reducing the pressure for over 5 hours, however, resulted in 
failure to attain the initial pressurized density [26]. 

In the following sections, the mechanism of gas bubble formation will be discussed along 
with an analysis of the theoretical effect of saturation on pore water response to load 
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application. This discussion will be concluded with a summary of the various triaxial testing 
techniques available to handle gassy marine sediments. 

Mechanism of Gas Bubble Formation 

The complete relationship between sediment geochemistry, biogenic gas production, gas 
phase, and pore water pressure is not completely understood at present. Enough information 
is now available, however, to allow the development of a general model of how gas may 
influence soil strength. AVhen biogenic gas is produced in situ, it is contained in solution 
with the pore water of the saturated soil. As more gas is produced and the saturation limit 
is exceeded, nucleation of free gas occurs. At this point, the pore water pressure will tend 
to increase. The resulting pore water pressure will be the sum of the partial pressures of 
the gas and water phases. As more gas is generated, the pore pressure will continue to 
increase in situ or, in the case of a triaxial specimen in which the back pressure is meiintained 
constant, the sample will become less and less saturated (Fig. 3). The amount of gas that 
can come potentially out of the solution is a function of the liquid's saturation potential at 
its existing temperature and can be estimated using the generalized gas law. 

P,V, = nRT (1) 

where 

n = number of moles of gas 
R = molar gas constant 
T = temperature (degrees Kelvin) 

Pg = absolute pressure of gas 
Vg = volume of gas 

At constant temperature and for a fixed mass of gas, Eq 1 can be written as shown in Eq 
2, known as Boyle's law. 

P.V. constant (2) 

Equation 2 can be altered to reflect the prospect that part of the volume of gas will remain 
in solution (V^j). 

Psi^e + ^*) = constant (3) 

Then, using Henry's coefficient of solubility (H), a relationship can be written relating V^ 

PORE 
FtUID 
VOUJME 

INITIAL 
EQUILIBRIUM 
CONDITION -« • 

GftS CONTAINED GAS RELEASED IN FORM FINAL EQUILIBRIUM 
IN SAMPLE OF BUBBLES CONDITION 

TIME 

FIG. 3—Process of gas release in soil. 
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t o y „ . 

V^ = HV„ (4) 
where 

V„ = volume of liquid. 

Combining Eqs 3 and 4 and assuming V„ is a constant gives 

Pg (Vj + HV„) = constant (5) 

P, (yjV„ + H) = constant (6) 

Then, equating an initial state (indicated by subscript 1) to a final state (indicated by subscript 
2) gives Eq 7. 

P„ {yjV„ + //) = Pg^{V,JV^ + H) (7) 

VJV, + H= P,,IP,^{y,JV„ + H) (8) 

V,2lV„ = P,JP,^{V,JV^ + H)-H (9) 

If there is no initially free gas present in the pore fluid then 

VgJV„ = 0 (10) 

then rewriting Eq 9 gives 

V,2lV„ = //(P„//',2 - 1) (11) 

Because porosity n = V„IVT, where Vr is equal to the total volume, and void ratio can be 
equated to « = el{l + e), then Eq 11 can be rewritten 

V,JVr = {eHIl + e){P,JPg, - 1) (12) 

Reviewing Eq 12 shows the amount of gas that potentially can come out of solution from 
a soil sample's pore water during testing is a function of (1) total volume of the sample 
- Vj, (2) void ratio - e , (3) Henry's coefficient of solubility H, and (4) the ratio of the total 
pressure change experienced by the gas -Pgi/Pg2. Graphs showing the theoretical volume 
of either methane or hydrogen sulfide gas that can come out of solution in a soil sample 
versus the initial depth of water at which the soil sample came from as a function of void 
ratio are shown in Figs, 4 and 5. A review of Figs. 4 and 5 shows that a larger amount of 
hydrogen sulfide gas potentially can come out of solution as compared to methane gas. 

The presence of the free gas in the laboratory specimen will increase the compressibility 
of the soil, which will influence the response of the soil to distortion or shear stresses. It is 
logical to expect that a soil that contains free gas will not develop significantly higher 
additional pore pressures caused by the application of shear stresses. Of particular impor
tance is the response of these soils, whether granular or cohesive, to repeated loading. In 
contrast to the large build-up of pore pressures in saturated soils, the build-up of pore 
pressures in soils containing free gas should be quite small, perhaps negligible. Consequently, 
gassy soils should be less vulnerable to repeated loading than are saturated soils of equal 
strength [4,27]. 
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2 3 4 5 
INITIAL DEPTH OF WATER COLUMN 

FIG. 4—Theoretical volume of methane gas that can come out of solution as a result of 
pressure decrease, H = 0.002. 

Theoretical Effect of Saturation On Pore Water Pressure Response 

The amount of increase in pore water pressure increment per increment of load application 
is a function of the density of the soil material, bulk modulus of the pore water fluid, rebound 
tangent modulus, and the reduction in volume of soil structure. The bulk modulus of the 
pore water fluid in turn is dependent upon the amount of gas present. A relation has been 
presented by Martin et al. {28\ relating the increase in residual pore water pressure for each 
addition of a load increment to the rebound tangent modulus, porosity, bulk modulus of 
the gas-water mixture, and the volumetric strain. This relationship is given by Eq 13. 

AM/€W + y{llEr + nlK,„) (13) 

2 3 4 S . 6 r 
INtTlAL DEPTH OF WATER COLUMN (XlO'ft) 

FIG. 5—Theoretical amount of hydrogen sulfide {HiS) gas that can come out of solution 
as a result of pressure decrease, H = 4.67. 
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where 

Km 

tyd 

n 

rebound tangent modulus of the one-dimensional unloading curve at a point 
corresponding to the initial vertical effective stress (approximately 10* psi) 
bulk modulus of air-water mixture 
increase in pore pressure increment per load cycle 
reduction in volume of soil structure due to slip deformation per load increment 
porosity 

Equation 13 shows that the ratio Au/^^j decreases as the bulk modulus of a gas-water 
mixture decreases or as the porosity increases. The bulk modulus (K„„) of a combined air-
water mixture for small changes of pressure can be theoretically determined by employing 
a relation presented by Richard, et al. [29]. This relation, presented in Eq 14, shows that 
the bulk modulus of a gas-water mixture is a function of the bulk modulus of water, bulk 
modulus of gas at a given absolute pressure (P„), and the degree of saturation of the mixture. 

Km = KJ{1 + VJV){KJK, - 1) (14) 

where 

K„ = bulk modulus of water (2.85 x W psi) 
K„ = bulk modulus of gas bubble 

VJVT = \ - S, = amount of entrained air 

By substituting in Eq 14 for various conditions of gas pressure and degree of saturation (S,), 
the resulting effects of these changes on the bulk modulus of the gas-water mixture may 
be presented graphically as shown in Fig. 6. A review of Fig. 6 shows that the bulk modulus 
of a gas-water mixture decreases with (1) increasing amounts of gas present and (2) de
creasing solution pressure. Note that P„ is approximately equal to water pressure for bubble 
radii 0.9 mm. 

io2 
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1 1 

103 10« 10* 106 

BULK MODULUS OF AIR/WATER M I X T U R E , K „ ( P S I ) 
FIG. 6—Effect of back pressure on the bulk modulus of an air-water mixture as a function 

of degree of saturation. (From Chancy, R. C, "Saturation Effects on the Cyclic Strength of 
Sands," Proceedings, Earthquake Engineering and Soil Dynamics, American Society of Civil 
Engineers, Pasadena, CA, 1978, pp. 342-348). 
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Assuming various values of c,,̂  (values typically range from 0.01% to 0.2%) and substi
tuting a value of K^ at Pa = 50 psi (absolute pressure) for various saturation levels in Eq 
13, a qualitative presentation of the effects of saturation on the pore pressure change per 
load increment can be made as presented in Fig. 7. Decreasing degrees of saturation 
and decreasing volumetric change are shown in Fig. 7 to decrease the corresponding pore 
pressure increment (AM) per load increment. The smaller the u per load increment, the 
smaller the total pore pressure change will be. The practical significance of this behavior is 
shown in Figs. 8 and 9. Both figures represent results on soil samples from the Mississippi 
Fan in the Gulf of Mexico in water depths of approximately 2200 m. In Fig. 8 results from 
an isotropically consohdated undrained triaxial test for a sample from a depth of 2.2 m (7.2 
ft) in the soil column is shown. A review of Fig. 8 shows a typical nonlinear pore pressure 
change (convex upwards plot) versus axial strain graph. The nonlinear graph is caused by 
the variations in volumetric change experienced by the soil structure during shearing. The 
abihty of the pore water pressure to reflect the small variations in volumetric strain is due 
to the low compressibility (high saturation) of the fluid. In contrast. Fig. 9 shows a hnear 
pore pressure change versus axial strain graph which is due primarily to the high compres
sibility (low saturation) of the pore fluid. Because of this high compressibihty, the magnitude 
of the pore water pressure at failure is decreased and it does not reflect accurately the 
volumetric change behavior. 

Triaxial Testing Technique 

The type of triaxial testing technique used on gassy sediments will depend on two principal 
factors: (1) whether the gas is present in solution or bubble form and (2) whether the gas 
is still evolving as the result of bacterial growth. It should be emphasized that the gassy 
sediments may be undergoing any one or all three conditions at any one time. 

OECKI OF tUWUTIM n Ct\i 
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FIG. 7—Change in pore pressure per load increment as a function of degree of saturation. 
(From Chaney, R. C, "Saturation Effects on the Cyclic Strength of Sands," Proceedings, 
Earthquake Engineering and Soil Dynamics, American Society of Civil Engineers, Pasadena, 
CA, 1978, pp. 342-348). 
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FIG. 8—Stress difference and pore pressure change versus axial strain, isotropically con
solidated undrained {ICU) triaxial, Leg 96, Core 1, Section 2, Depth 2.2 m {7.2 ft), CTSC = 21 
kPa (3 psi). Note: 6.9 kPa = 1 psi. 

Gas Initially in Solution 

If gas is still in solution, then the test technique will be based on the principle that gas 
under a compressive process goes to equilibrium more quickly than the expansion sequence. 
The explanation proposed is that the diffusion gradient is generally larger from a bubble 
into a nonsaturated fluid than it is when gas is moving from a saturated solution into a 
bubble {26\. The practical consequence of this behavior is that it may be possible to test 
quickly and obtain a reasonable strength estimation. For studies where no specialized equip-
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FIG. 9—Stress differences and pore pressure change versus axial strain, ICU triaxial, Leg 
96, Core 6, Section 3, Depth 49.6 m {163 ft), CTJ. = 827 kPa {120 psi). Note: 6.9 kPa = 1 
psi. 

ment is available, the best approach, therefore, appears to be to perform strength index 
tests rapidly [25]. In contrast, if the samples are returned to a shore laboratory and gas is 
present in the bubble phase, it may be possible to resaturate the sediment by applying large 
back pressures. Esrig and Kirby [25] report using back pressures between 1.5 MPa (217 psi) 
and 2 MPa (289 psi) to saturate a sediment from 100 m of water. Consolidation stresses 
should be apphed for a long period before testing to allow at least some redevelopment of 
bonds in the disrupted fabric [30]. A third method would be to sample the soil in situ using 
a pressurized core barrel and then to store it in a pressurized container prior to testing [31]. 
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Gas Initially in Bubble Phase 

The fabric initially developed in situ has already been altered, to some unknown degree, 
due to the presence of gas bubbles. Removal of the sediment to the surface will cause a 
pressure decrease resulting in an increase in bubble size. This increase in bubble size will 
subsequently cause an additional amount of alteration of the soil fabric. One method to 
handle this condition is to decrease the bubble size by applying large back pressures. Con-
sohdation stresses should probably be applied for a long period of time before testing to 
allow at least some redevelopment of bonds in the disrupted fabric [30]. A second approach 
would be to sample the soil in situ using a pressurized core barrel and then to store it in a 
pressurized container [31]. 

Gas Evolving 

The primary task is to prevent or retard growth of bacteria that produce gas. Under 
natural conditions a species of bacteria maintains itself by continuous multiplication, a 
balance being established between the rates of death and multiplication. This balance can 
be upset by changes in moisture content, availability of oxygen and of nutrients, the presence 
of inhibitory agents, competition with other species, and other factors encountered in the 
environment. In the marine environment, a direct correlation has been observed between 
survival at increased hydrostatic pressure, temperature, and the salinity of the medium [32]. 
The methods that can be employed to cause the death of bacteria are [33,34]: 

(a) Injecting a chemical, such as formaldehyde, into the sample 
(b) X-raying the sample at high intensity prior to testing 
(c) Exposing sample to radiation 
(d) Testing using an inert gas, such as nitrogen, to restrict available oxygen 
(e) Testing at a temperature below 10 or above 20°C 
(f) Increasing pore water salinity by flushing 

The injection of a chemical into the sample to prevent the growth of microorganisms has 
been used previously by Allison in a study of permeability with mixed results [35]. One 
difficulty with this technique is possible interference with the original pore water chemistry. 

A summary of pore gas behavior due to bacteria in marine sediments and possible mit
igating procedures in triaxial testing is presented in Fig. 10. 

Summary and Conclusions 

Gases present in marine sediments, methane and hydrogen sulfide (H2S), are due pre
dominantly to organic matter. The two gases do not coexist but can be found in discrete 
zones. Hydrogen sulfide typically exists in the upper 2 m of depth in the sediment column, 
overlying the methane gas. The methane gas, however, predominates in the soil column. 
The zonation of the gases can be altered by mass movements of the sediments or another 
similar process. This alteration can take the form of producing pockets of individual species 
of gas within a predominant zone of the other gas or a reversal of the layering sequence. 

Choice of triaxial testing techniques depends on whether the gas is in solution, in the 
bubble phase, or is still evolving. Any one or all three processes may be occurring at the 
same time on a sample. For samples having gas present in solution, the test techniques rely 
on the principle that gas comes out of solution slowly and that it may be possible to limit 
the alteration of the in situ sediment fabric by either (1) testing the sample quickly, (2) 
applying large back pressures quickly to resaturate the sample, or (3) sampling and testing 
the specimen in a pressurized environment. 
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FIG. 10—Summary of pore gas behavior due to microorganisms in marine sediments. 

In contrast, if the gas is already in the bubble phase in situ, it can be assumed that the 
original sediment fabric has already been altered. The problem in the laboratory is then to 
reproduce that altered soil fabric from the highly modified recovered sediment by either (1) 
resaturating the sample under high back pressure, or (2) sampling and testing in a pressurized 
environment. 

If gas is still evolving, the primary emphasis is to prevent or retard growth of microor
ganisms that produce gas by (1) injecting a chemical, (2) X-raying sediment at high intensity, 
(3) irradiating sediment, (4) testing in inert gas, or (5) testing at a reduced temperature. 
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ABSTRACT: The procedure for performing and interpreting multistage triaxial compression 
tests is described. The results obtained from unconsohdated undrained and isotropically con-
soUdated undrained tests on normally consolidated alluvijil clay and overconsolidated coUuvial 
gravelly clay are presented. 

A direct comparison of the results of single stage and multistage compression tests, performed 
on homogeneous samples, indicates that the latter procedure may be applied to soil specimens 
that reach failure with vertical strain greater than 8 to 10%. 

To demonstrate the similarity between the two procedures and to interpret the tests when 
only a limited percentage of strain is available for each compression stage, stress versus strain, 
normalized stress versus strain, normalized tangent modulus versus stress, and Kondner's 
hyperbolic criterion were used in the analysis. 

KEY WORDS: soil mechanics, triaxial test, compression, shear strength, stress-strain be
havior, cohesive soils 

Triaxial testing of cylindrical soil specimens is common because they allow a wide range 
of mechanical parameters to be examined during consolidation and shear phases. When the 
aim of analysis of a defined natural soil is to determine the shear strength (that is, c, <t>), 
the most common type of test, for cohesive soil, is undoubtedly consolidated triaxial compres
sion, in which the specimen is tested in undrained conditions. Undrained testing is usually 
accompanied by the measurement of the pore water pressure to obtain shear strength 
parameters in terms of effective stresses. 

In traditional tests, each specimen undergoes a phase of consolidation and shearing and 
thus supplies a single stress versus strain trend and of course only one state of stress at 
failure. A series of three or four specimens, consohdated at various stress levels, supplies 
an ensemble of stress data allowing identification of a failure envelope and thus shear strength 
parameters. Sometimes it is impossible to have a set of homogeneous specimens, for eco
nomic reasons or because some soil formations may be difficult to sample (for example, 
gravelly or boulder clay, laminated soil). 

This study refers in particular to the shear strength measurements of a normally consol
idated alluvial and an overconsolidated colluvial soil formation. Referring to the latter soil 
type, various authors have shown that the measured strength of plastic and fissured clays 
depends on the size of the tested specimen [1-3]. For this reason the diameter of the specimen 
is often equal to the diameter of the bored sample (which depends on the sampler—usual 
range is 7 to 10 cm). This is also the case of clays containing gravelly elements. 

' Senior research engineer. University of Padova, Via Ognissanti 39, Padova, Italy 35100. 
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FIG. 1—Shear stresses versus vertical strains and Mohr's circles at failure for unconsolidated 
(UU) and consolidated (CIU) multistage triaxial compression tests (TX-C). 

If this procedure is adopted, it is highly improbable that two identical specimens from 
the same level can be obtained, unless several borings are made at the same site, which is 
very expensive. In these circumstances, it is important and sometimes necessary to have a 
large quantity of information from each single specimen. 

The above reasons justify the development of triaxial tests which give more than one 
stress state at failure for each specimen. This is possible by using a technique of multiple 
consolidations and shearings within traditional triaxial apparatus and appropriate interpre
tation of test results. The method enables substantial homogeneity of results and appreciable 
cost savings. 

Various authors have already shown the possibility of carrying out such tests to define 
undrained shear strength [4] or effective shear strength both in unsaturated [5] and saturated 
soils [6]. 

This paper presents the results of multistage unconsolidated undrained (UU) and iso-
tropically consolidated undrained (CIU) triaxial compression tests on natural complex clayey 
soils, with special emphasis on analysis and interpretation of test results. 

Multistage Procedures 

A multistage triaxial compression test induces more than one consolidation and shearing 
on the same soil specimen loaded inside a triaxial cell. 

Specimen preparation and initial test stages of saturation (if required, by means of ap
propriate back pressure) or imbibition (soaking) are identical to those of traditional triaxial 
compression tests of various types (UU or consoUdated undrained [CU]). 

During the shearing stage the specimen is strained to produce a significant amount of 
shear stress. Then the specimen is released from deviatoric stress and subjected to a higher 
confining (or consohdating) pressure before the following shearing stage takes place. 

A double confining and compression stage is suggested for triaxial compression (TX-C) 
Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
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FIG. 2—Particle-size distribution curves of examined soils. Table shows unit weight, water 
content, liquid limit, plasticity index, and consolidation pressures for each soil sample. 
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UU tests and a double or triple set of consolidation-shearing is allowed for TX-C CIU tests, 
if peak shear stress is not expected for axial strains of at least 8%. In CIU tests, after each 
consolidation phase, the new volume and height of the specimen are computed and assigned 
to it for the next compression stage. 

Figure 1 shows the main results of multistage UU and CIU triaxial compression tests on 
isotropically confined specimens. For each test, stress-strain curves and the state of stress 
at failure for the first and second compression stages are plotted. Isotropic stresses CT^ and 
(JB are the confining (UU) or consohdation (CIU) stresses for each stage. The strain is of 
the order of 5% for each compression stage in the unconsolidated test and 3% for the 
consolidated one. In both cases, peak values of shear strength are expected for strain values 
greater than 8%, as is the case of many clayey and silty-clayey soils of medium to low 
plasticity. 

Although we suggest that at least 5% of compression strain should be reached in the first 
compression stage, we will show here that, with appropriate interpretation of test results, 
this limitation may be reduced. However, the proposed method is not generally applicable 
for soil formations which reach "failure" at very small axial strain values (sometimes less 
than 3%), as is the case for sensitive clays [7-9] or stiff fissured clays [10], 

Soil Specimens Examined 

The soil specimens used were taken from high-quality borings, using an Osterberg piston 
sampler. 

Two types of soil were tested: an alluvial silty clay from Cervia (central Italy) in the Po 
Plain and a coUuvial gravelly-silty clay from the volcanic Euganean Hills (northeastern Italy). 
The main characteristics and grain-size distribution curves of these soils are given in Fig. 2. 

15 20 
6i(%) 

FIG. 4—Results of unconsolidated undrained multistage triaxial compression tests. 
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At each elevation, the Cervia alluvial clay gave very uniform samples and was used for 
comparing the results of the various triaxial techniques. On the other hand, each sample 
from the Euganei site was bored at different elevations and, because of the complex nature 
of the gravelly clay, only one specimen with the same diameter as the sampler per sample 
was prepared. In this case, no attempt was made to compare the results of the various test 
techniques. 

200 

FIG. 5—Comparison of stress versus strain curves of traditional and multistage TX-C-
CIU tests. 
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FIG. 6—Normalized deviatoric stress versus strain curves for traditional and multistage 
TX-C-CIU tests. 

Test Results 

Unconsolidated Undrained Triaxial Compression Test {TX-C-UU) 

The multistage UU triaxial test may be run according to two techniques: 

1. The initial confining pressure (aj) is kept constant to a very high compressive strain 
(15 to 20%) and then two or three successive increases of a^ are made to allow the 
multistage test to be performed. 

In these last phases, each increase in wj is kept for a few units of strain (that is, 1 
to 2%). This technique does not allow analysis of stress-strain behavior within this 
small range of strains, and thus the shear stresses given must be considered as "failure" 
values, no other interpretation being possible. This technique was proposed by An
derson [4] and will not be treated here. 

2. Alternatively, the test may be run by increasing a, when a sufficient degree of available 
shear stress has been mobilized. This usually corresponds to strains of 5 to 10%. Thus, 
the method is not applicable to brittle soils that reach failure with strains of less than 
5%. 
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FIG. 7—Comparison of normalized tangent undrained moduli for single and multistage 
TX-C-CIU tests. 
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The results of eight undrained compression tests carried out on specimens trimmed from 
the same A-4 Cervia sample are reported in Figs. 3 and 4. Figure 3 shows the results of 
four TX-C-UU tests and two unconfined compression tests {q„) on the Cervia silty clay, 
plotted in the shear stress versus strain plane. Figure 4 shows the results of two multistage 
TX-C-UU tests on the same soil and at the same depth. The range of the peak shear stresses 
of the previous six compressions are also shown in this figure. An increase in confining 
pressure took place at strains of 8.9 and 9.6%, after complete unloading of the shear stress 
acting on the specimen. The new cfj was given time to act before the subsequent compression 
stage took place. A complete double-stage TX-C-UU test took 10% longer than one con
ventional UU compression test. 

In alluvial and coUuvial soils without fissures or particular structures, it is sometimes 
possible to perform triple-stage UU tests. In this case, some judgment is required to define 
the limit strain for each stage. 

It is advisable to plot the test results throughout the test and to use some simple analytical 
tool to define the approach of a failure condition (see next section). 

Isotropically Consolidated Undrained Triaxial Compression Test {TX-C-CIU) 

The multistage technique appUed to CIU tests requires a number of consolidation phases 
which occur by raising the value of the hydrostatic confining pressure in the triaxial cell. 
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FIG. 8—Shear stress versus strain curves for two multistage (CIU) triaxial compression tests. 
Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



360 TRIAXIAL TESTING OF SOIL AND ROCK 

Each consolidation stage does not seem to affect the stress-strain curve for stress levels 
higher than those previously reached (Fig. 5). The shear stresses (CTJ - (J^I2 versus strain 
for traditional and multistage CIU tests carried out on the Cervia specimens are plotted in 
the same diagram. The six specimens were trimmed from the central part of a very uniform 
sample taken with a 102-mm Osterberg sampler. 

Tests were performed on specimens taken at a depth of about 24 m, where the consoli
dation pressure, determined with an oedometer, was estimated to be 190 kPa. Consohdation 
pressure in the triaxial cell was selected at 100, 200, 300, and 400 kPa, so that one specimen 
(and one stage of the multistage test) would show overconsolidated behavior, while the 
other ones would follow normally consolidated behavior. 

The plots of Fig. 5 give comparable results: the first phase of each multistage test almost 
covers the corresponding traditional tests. 

More convincing evidence may be achieved by plotting the results in a normalized plane 
such as (CT] - a,)/ CTJ' versus Ci, as done in Fig. 6. In this way the effective stress behavior 
and the overconsolidation effect are shown. The curve of each stage of the multistage test 
is represented in the above figure starting with a strain equal to zero. In both sets of results, 
the specimens consolidated to 100 kPa, due to their overconsolidation with respect to cell 
pressure, show normalized resistance almost double that of the other specimens, whose 
normalized strength falls in a very narrow range. The shape of the curves was also analyzed 
by plotting a normalized tangent modulus E-,al(Ti (that is, tangent moduli calculated at 70% 
of soil strength) versus consolidation pressure (Fig. 7). This direct comparison shows that 
the scatter among the results, which turned out to be 20 to 25% at various consolidation 
pressures, must be considered within usual experimental practice on natural soils. These 
moduli (£70) were chosen at a high shear strength level in order to exceed stress levels 
encountered in the first stage of the test, so they must be considered loading moduh. 

If a strong softening effect is feared after reaching peak strength, each compression stage 
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FIG. 9—Kondner's hyperbolic interpretation for first stages of multiple compression tests. 
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may be stopped at low strain values (2 to 3%). In this case, doubts may exist as to whether 
peak shear has been reached, and the limited stress-strain curve may have to be interpreted. 

It was found that Kondner's [11,12] "hyperbole" criterion defining a failure condition 
was useful for the soils tested. Stress-strain data, plotted on a plane e/(ai - CTS) versus e, 
approximate a hyperbola which has a linear trend in such a plane. The inverse of slope b 
of the hne gives the "at failure" value (aj — CTS)^^ of the soil. This procedure of data 
interpretation was used to define the strength of the first stages of the TX-C-CIU tests 
performed on the complex coUuvial clay of the Euganei site (Fig. 8). In this case, these are 
one triple-stage compression and one double-stage compression at consoHdation stresses 
ranging from 50 to 300 kPa. Only the loading stages are shown. 

Kondner's criterion on the stages with confining pressure of 50, 100, and 150 kPa was 
used, as shown in Fig. 9. 

Lastly, the five stress conditions at failure, evaluated from the compression of two spec
imens, are shown in the Terzaghi-Mohr space in terms of effective stresses (Fig. 10). Again, 
the test technique and its interpretation gave a homogeneous view of soil strength. In this 
case, no comparison with the one-stage test was possible because only two samples of complex 
natural soil were available. 

Discussion and Conclusions 

Test results demonstrate that it is possible and convenient to perform multistage triaxial 
compression tests on natural soil to measure shear strength. 

Both UU and CIU tests were carried out using the multistage technique and , as shown, 
the results are highly comparable to those of traditional triaxial tests. 

No particular interpretation is needed if it is possible to reach strain levels so that failure 
stresses are definitely indicated for each stage of consoUdation or loading. This is the case 
of soils that reach peak strength at compression strains higher than 8 to 10% and that do 
not tend to exhibit brittle behavior after having reached peak strength. In this case, two or 
possibly three different confining (UU tests) or consolidation (CIU tests) pressures may be 
used. 

As pointed out, when brittle behavior occurs at low strain values (less than 4%), as 
happens for heavily overconsolidated fissured soil formations and cemented or sensitive 
clays, the described procedure is not recommended. On the other hand, if for some reason 
brittle behavior is feared at intermediate strains (that is, 5 to 6%), failure should not be 
approached too closely. In this case, previous experiences on similar soils help in program-
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ming tests, and some interpretation is needed to define the shear stress at failure of the 
initial stage(s). 

The simple Kondner model is proposed to overcome this difficulty. 
Because of successive consolidations, multistage CIU tests also allow the stress-strain 

curves to be used to evaluate some of the deformation characteristics of the examined soil, 
if these curves are evaluated at stress levels higher than those reached in the previous stage. 

Lastly, the described procedure was found to be economically feasible, because test time 
is shortened due to reduced manual intervention during specimen preparation in the lab
oratory. 
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ABSTRACT: Forty-eight soil samples taken from twelve different locations in Kuwait City 
and the Jahra area were used in four series of drained and undrained triaxietl compression 
tests using multistage and conventional test techniques on undisturbed and remolded speci
mens. Classification tests indicated that the Kuwaiti soil is predominantly sandy with various 
content of fines. The fines content includes silt and clay, and also clay-size particles of calcareous 
and gypsiferous matter. Strength test results indicated that the cohesion and angle of friction 
determined from both techniques are in agreement and hence the multistage principle can be 
applied to determine the shear strength parameters of Kuwaiti soils. Specific recommendations 
on applying the multistage technique on cemented soils, occasionally encountered in Kuwait, 
are also included. 

KEY WORDS: triaxial test, multistage test, conventional triaxial test, calcareous soil, drained 
triaxial test, undrained triaxial test, shear strength, cohesion, angle of friction, cemented soil 

A comprehensive investigation for the evaluation of geotechnical properties of soil from 
various areas of Kuwait was made between 1984 and 1986 in the Building Department of 
the Kuwait Institute for Scientific Research [ i ] . An intensive field and laboratory testing 
program was implemented. This included tests which have not yet been standardized by 
international institutions. Among these, the most prominent was the multistage triaxial 
compression test being used to determine the shear strength parameters. 

The subsoil of Kuwait is characterized as being predominantly sandy but occasionally 
calcareous. During the investigation, considerable variations of soil properties were noticed 
even within small zones. The evaluation of the drainage characteristics of soil, which was 
one of the primary objectives of the 30-month project, indicated that the subsoil ranged 
from fair draining to impervious material. The ranges of various geotechnical properties of 
these soils have been reported elsewhere [2]. While dealing with these soils, various problems 
were faced. Certainly, the foremost problem encountered was the selection of truly rep
resentative specimens during testing. 

In Kuwaiti soils, variation of strength from specimen to specimen was noticed. This 
occasionally led to multiple choice of failure envelopes wherein cohesion (c) and angle of 

' Researcher, Civil Engineering and Building Department, Engineering Division, Kuwait Institute 
for Scientific Research, P. O. Box 24885, 13109 Safat, Kuwait. 

^ Senior geotechnical engineer. Government Lab and Testing Station, Ministry of PubUc Works, P.O. 
Box 8, Safat, Kuwait. 
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friction (<|)) values varied by 0 to 100 kPa and 2 to 14°, respectively.' Such variation was, 
to a large extent, attributed to the presence of calcareous and gypsiferous matter (resulting 
in local cementation), cemented conglomerates, and pockets of silt and clay particles in 
various contents. Sampling and preparation of specimens posed a very serious challenge in 
testing, particularly in triaxial compression. Samphng of Kuwaiti soils was generally difficult. 
A pitcher sampler, 73 mm in diameter and 900 mm in length, was used to extract soil samples 
from the boreholes. In some instances, the recovery of samples was discouraging. Usually, 
recovery ranged between 20 and 40 cm (rarely exceeding 60 cm), which was not sufficient 
to conduct a normal triaxial test. Specimens of smaller diameter were tried but were not 
found feasible, as a result of the granular nature of particles which did not permit obtaining 
good specimens. Moreover, specimens were found to crumble even with utmost care. These 
factors (poor recovery and nonavailability of sufficient homogeneous specimens) compelled 
the use of the multistage principle. However, before the final decision was made, several 
trials were conducted using conventional and multistage techniques on specimens of fairly 
homogeneous soils having satisfactory recovery. 

This paper reports the application of the multistage principle to Kuwaiti soils. The program 
of testing included shearing a total of 48 samples from areas in Kuwait City and Jahra, at 
a constant rate of strain under undrained and drainejd conditions. 

Shear Strength of Soil 

The shear strength of soil is generally determined using the Mohr-Coulomb's equation, 
given by 

T/ = c + oy tan 4) (1) 

where 

tf — shearing resistance of soil, 
c = the intercept on the axis representing shear stress, 

(Tf = normal stress on the failure plane, and 
(j) = angle of shearing resistance. 

In a saturated soil, the normal stress acting across the plane of failure is not necessarily 
equal to the effective stress. In terms of effective stress, a concept introduced by Terzaghi 
[3], the above equation can be rewritten as 

T/ = c' + (Tf tan <|)' (2a) 

and 

7f = c' + (<Tf - Uf) tan 4>' (2b) 

where 

Uf = pore water pressure developed and 
c' and <|)' are same as in Eq 1 but in terms of effective condition. 

The above equations specifically apply to direct shear test. In a triaxial test, the failure 
envelope in terms of effective stress is generally drawn on (q', p') plot to be represented 

' Government Laboratories and Testing Station, "Laboratory Soil Testing for Sub-Surface Water 
Rise in Kuwait and Suburbs Project," Second Bimonthly Report, Kuwait (Unpublished), 1985. 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SAEEDY AND MOLLAH ON MULTISTAGE TRIAXIAL TEST OF KUWAITI SOILS 365 

by the following equation [4]: 

q/ = a' + Pf' tan a' (3) 

where 

CT, - CTj a i - CTj 

q' = - ^ — = - ^ - (4a) 

P = ~ (4b) 

CT/, as' are major and minor principal effective stresses, respectively, and 
q/, Pf represent the values of (q', p') corresponding to peak points of the stress-strain 

curves, 
a', a' are the modified strength parameters defined by 

a' = c' cos <|>' (5a) 

and 

a' = tan-' (sin ^') (5b) 

Multistage Test 

A conventional triaxial test using three or more specimens is normally used to determine 
the shear strength parameters of soil. A multistage test is a modified version of the con
ventional test and is becoming increasingly popular. The test technique comprises shearing 
a single specimen to near failures at several elevated lateral pressures, while measuring the 
corresponding deviator stresses at which the failures occur. The multistage test is mainly 
used when the soil available for testing is scarce or they are nonhomogeneous. 

The relative advantages and disadvantages of the multistage principle over the conven
tional have been discussed in detail by Lumb [5]. The principal advantages include the 
reduction of the laborious and often delicate job of specimen preparation and test set-up. 
This is, in particular, important for brittle or cemented soils as well as saturated sands, 
where sampling is not only difficult but costly too. Moreover, a drained triaxial test is 
generally time-consuming. As such, a multistage test would be economical provided it can 
be used properly for the particular type of soil. On the other hand, compliance to a predefined 
failure criterion during shear is the most difficult task when applying the multistage principle. 
This requires immediate data reduction in addition to a standard procedure to define failure. 
The other shortfalls include (1) the selection of representative specimens for testing and (2) 
the straining limit of ordinary commercial cells. 

Early research work on the multistage test was very limited. A brief review of literature 
has been offered by Kenney and Watson [6]. Since its first application in 1950, the technique 
drew attention of few researchers who were reported to have successfully utilized the prin
ciple on different soils for the determination of shear strength parameters [5-10]. 

Physiographic Condition of Kuwait 

Kuwait is a small country located at the northwestern part of the Arabian Peninsula. It 
is bordered by Iraq on the north, by Saudi Arabia on the south and west, and by the Arabian 
Gulf on the east. The topography of the state of Kuwait is generally flat. The land surface 
slopes northeastward at an average gradient of 1:500 with elevations ranging from sea level 
in the east to about 300 m in the southwestern comer of the country. 
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The area in the state of Kuwait is covered by various types of sedimentary deposits ranging 
in age from Eocene to Recent [11]. The surficial deposit consists of wind-blown sand and 
sediments comprising silicious sands and gravels with varjdng content of silt and clay, and 
gypsum band, wherein the original sand belongs to Dibbibba formation. The chmate of 
Kuwait is characterized by an extreme hot and dry summer lasting several months. Evap
oration is high throughout the year with very little runoff into the sea. The evaporation in 
excess of the rainfall leads to a general upward movement of groundwater with increased 
concentration of soluble salts at or near surface, enriching the top layers with gypsum and 
carbonates, and ultimately leading to cementation. Such soils are locally known as "Gatch" 
[12V 

The study areas were two relatively recent developed urban zones, namely, Kuwait City 
and its suburbs, and Jahra. The city of Kuwait, at 29° 25' N latitude and 48° E longitude, 
is located on Kuwait Bay whereas Jahra is an oasis on the main road to Basra City in Iraq 
about 40 km southwest of Kuwait City. 

SampUng and Testinig Program 

Soils used for this investigation were collected at depths of 1.5 to 8.0 m from a total of 
twelve boreholes. Seven of these boreholes were located in Kuwait City and its suburbs, 
and the remainder were located in the Jahra area (Fig. 1). All boreholes, 100 mm in nominal 
diameter, were advanced by rotary wash technique using bentonite slurry except above 
water table where casing was used to protect side walls. The samples were extracted using 
73-mm inside diameter (ID) and 900-mm length pitcher samplers. 

The testing program included first determining the physical and index properties of all 
samples. To obtain parameters that could be used in comparing the multistage with the 
conventional triaxial test, four series of tests were performed under drained and undrained 
conditions. A total of twelve sets, each comprising three conventional tests and one mul
tistage test were conducted using both undisturbed and remolded specimens. The remolded 
specimens were prepared to have the same moisture content and density as the natural soil. 

The testing program, detailed in Table 1, was implemented using a cell and machine 
manufactured by Wykeham Farrance. The soil samples exhibiting Umited variation in prop
erties and having ample recovery were used. The specimens, with nominal dimension of 73-
mm diameter (ID) and 150-mm length, were tested employing a back pressure of 345 kPa. 
The sequences of isotropically applied consolidation pressures were 69, 207, 414 kPa and 
207, 414, 621 kPa. To prepare a test specimen, the sample from the pitcher sampler was 
pushed hydraulically to standard laboratory tubes of the same ID and 150 mm in length. 
This practice ensured obtaining good specimens with the least disturbance. (Earlier attempts 
at taking specimens of smaller dimension ended in failure because of the type of soil̂  which 
is characterized by its loose structure and bulky shaped grains.) The true dimension of each 
individual specimen was recorded after its extraction from the standard tube. End and radial 
drainage was allowed by using porous stones and filter strips, respectively. In the beginning 
of the first stage, the specimens were left for 24 h under full back pressure and slightly 
elevated cell pressure to ensure saturation, followed by application of the consolidation 
pressure. Each specimen was checked for a degree of saturation ranging from 90 to 100%. 
After allowing for full consolidation, the specimens were sheared at a constant rate of strain 
of 0.5 and 1% per hour in drained and undrained tests, respectively. During the shearing 
stage, a continuous record of load and volume change for drained/pore water pressure for 
undrained tests were taken at a deformation interval of 0.1 mm. 

" J. Al-Sulairai, M. I. El-Sayed, Y. Youash, M. Matti, A. Akber, at al., "Study of the Gatch Deposits 
in Kuwait City and Suburbs," Research Report 1399, Kuwait Institute for Scientific Research, Kuwait 
(Unpublished), 1984. 
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TABLE 1—Details of test program. 

Test 
Set 

1 
2 
3 
4 

5 
6 
7 

8 
9 

10 

11 
12 

Test 
Series 

CID-P 

CID-II 

CIU-P 

CIU-II 

Sample 
Identification 

Dl 
D2 
D3 
D4 

D5 
D6 
D7 

Ul 
U2 
U3 

U4 
U5 

Sample 
Depth, m 

2.0 
1.5 
6.5 
4.0 

1.5 
1.5 
1.8 

1.5 
6.5 
6.5 

6.5 
1.5 

Sampling 
Area 

East Hawalli 

Jahra 

Qadisiya 

Firdous 
Jalira 
Mushrif 

Bayan 

Jalira 

Mushrif 
Rai 

Confining 
Pressure Range, kPa 

207, 414, 621 

69, 207, 414 

69, 207, 414 

207, 414, 621 

Type of 
Samples 

disturbed 
(remolded 
at in situ 
moisture 
cxjntent 
and 
density) 

undisturbed 

undisturbed 

undisturbed 

" CID = isotropically consolidated drained. 
* CIU = isotropically consolidated undrained. 

For the purpose of this study, a specimen in multistage test was considered to have reached 
the failure during Stages 1 and 2 at the point where two consecutive observations showed 
negligible increase (<0.05%) in the deviator stress. During these stages, the shearing was 
stopped immediately after failure and was followed successively by closing the drainage 
valve (in drained test) and unloading the specimen. The confining pressure was then in
creased to the level required for the next stage. After waiting for sufficient time to allow 
pore water pressure (PWP) in the specimen to stabilize, the drainage valve was let open to 
achieve complete dissipation of the PWP. The specimens were sheared as usual, but the test 
data were analyzed immediately to determine the deviator stress (wi — a,). In the third and 
final stage, however, the shearing was continued beyond failure point to at least 20% axial 
strain. 

Basic Properties 

The physical and index properties determined, including natural moisture content, in situ 
density, Atterberg limits, and specific gravity of soil solids, are given in Table 2. The grain 
size distribution of all samples was determined using both the sieve and hydrometer methods. 
The limiting boundaries of all grain size distribution curves are given in Fig. 2. The results 
indicated that the soil was predominantly sandy and the contents of fines ranged between 
12 and 40%. Further, the grain size distribution of coarse fraction was noticed to be similar, 
unless the sample contained cemented fragments. The natural moisture contents, which 
ranged between 9 arid 17%, were all below their corresponding values of shrinkage limit. 
This has indicated a general moisture deficiency and possible sensitivity to saturation. Seven 
out of twelve samples were found to be nonplastic (NP), while the remaining samples were 
only slightly plastic with a range of plasticity index values less than 12%. According to 
Unified Soil Classification System (USCS), these soils can be grouped as silty sand to clayey 
sand (SM-SC), the majority of them belonging to SM. The samples were generally dense 
to very dense, as indicated by the Standard Penetration Test (SPT) values {N > 50), with 
the degree of saturation varying from 47 to 91%. 
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FIG. 2—Particle size distribution band for tested soil samples. 

Results and Discussion 

Two series of drained tests were performed on seven sets of samples taken from different 
sites. Of these samples, four sets were disturbed and the remainder were undisturbed sam
ples. The disturbed specimens were remolded to the in situ density at the natural moisture 
content of the sample. The remolded specimens served two purposes, namely, compensation 
of the lack of undisturbed specimens and comparison of results with those of undisturbed 
samples. 

A typical set of stress-deformation relationships, obtained from both multistage and 
conventional triaxial tests, is given in Fig. 3. The data were obtained from drained compres
sion tests performed using the confining pressure sequence of 207, 414, 621 kPa. The data 
presented in Fig. 3 show that the stiffness and peak strength of all specimens increase with 
confining pressures. Volume changes during shear were measured, and the observations 
were also plotted in Fig. 3. The volume changes as well as failure strains were generally 
small. All samples, irrespective of the type of testing, were noticed to fail by shght bulging 
with the development of failure planes indicating transitional response, a behavior usually 
displayed by brittle-to-ductile material. The reason for the transition from brittle-to-ductile 
failure modes appears to be related to the relative contributions to the soil strength response 
by the cementation and frictional components of the deformation resistance mechanism. 
Similar observations were noted in the undrained test series performed on five sets of 
undisturbed samples taken from different sites in which the sequence of lateral pressures 
were varied from 69, 207, 414 kPa to 207, 414, 621 kPa and records of load, deformation, 
and changes of pore water pressure during shear were recorded (Fig. 4). 

Stress-deformation relationships for multistage versus conventional triaxial test can be 
compared in Figs. 3 and 4. From these figures, it is clear that during the first stage shearing, 
the stress-strain curve in the multistage test fairly matches the conventional test. But de-
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FIG. 3—Typical stress-strain and volumetric strain relationship for drained test. 

viations are noticed between the two techniques at subsequent stages of shearing with regard 
to the values of axial strain and corresponding pore water pressure in undrained series and 
volumetric strain in drained test series. The lack of agreement in Stages 2 and 3 is possibly 
attributed to the difference in the physical state of specimens before shearing at the relevant 
stage. Generally, in stages other than Stage 1, the stiffening of soils as a result of further 
consolidation resulted in smaller failure strains. Figure 4 indicated that multistage tests have 
provided a much faster rate of excess pore pressure dissipation. This could be attributed to 
the formation of internal failure planes within the soil sample. These observations confirm 
the findings of Lumb [5] that true reproduction of stress-strain behavior is not possible in 
multistage tests. 

To compare the shear strength for multistage versus conventional test, the values of 
deviator stress at failure condition (aj - CTJ)/ for both the drained and undrained series are 
plotted in Fig. 5a and b. In these figures (CTI - 0-3)/ values refer to specimens tested at the 
same confining pressure. These figures are self explanatory because almost all data lie on 
the 45° line. 
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FIG. 4— Typical stress-strain and excess pore water pressure relationship for undrained test. 

The strength parameters, c' and <|)', are given in Table 3. To obtain these parameters, 
the test results, in terms of effective stress, were plotted on {q', p') plots. The criterion for 
failure envelope was based on the peak values (q/, p/). These have produced reasonably 
consistent test results which is often unusual with Kuwaiti soils. The reason of such con
sistency possibly may be explained by the fairly homogeneous samples selected for testing. 

It was further observed in Table 3 that for both undrained and drained series there was 
a reasonable agreement between the multistage and conventional triaxial tests so far as the 
strength parameters were concerned. This observation was in agreement to those reported 
on other soils (decomposed granite and rhyohte [3] and glacial till and estuarine soils [4]). 
On the other hand, axial strain and volumetric strain/excess pore water pressure did not 
show a satisfactory agreement. 

Conclusions 

The subsoil of Kuwait is predominantly sandy but calcareous. The percentage passing 
through a No. 200 U.S. sieve (<75 (Am) ranged between 12 and 40%. The subsoil is generally 
heterogeneous, often turning plastic because of calcareous or clay content. There is a general 
moisture deficiency in the soil which makes it vulnerable to saturation, causing swelling. 

Undrained and drained tests conducted on various specimens indicated that the shear 
strength parameters determined from the multistage and conventional tests are in good 
agreement while other test parameters (such as axial and volumetric strain/PWP) varied 
widely because they are functions of the soil's physical conditions before shearing. Hence, 
as far as the strength parameters are concerned, the multistage technique can be applied. 
These remarks hold true irrespective of the test conditions such as applied pressure range, 
degree of saturation of soils, and the type of test (drained or undrained). 
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5—Comparison of deviator stress for multistage versus conventional test. 

However, multistage principle should be applied cautiously to strongly cemented (brittle) 
soil which was not dealt with in depth during this study. This was due to difficulty encountered 
in obtaining satisfactory recovery, as the soil formation was of a very hard type. These soils 
are occasionally encountered in Kuwait. Continuation of test beyond failure in either of the 
first two stages in these soils may induce severe distortion or total collapse of the soil 
structure. In such soils, it is recommended that the tests at the end of Stages 1 and 2 should 
be stopped just before the failure, and then proceed to the next stage of confining pressure. 
To spot failure manually is extremely difficult, but with the aid of computerized testing 
devices, such difficulty may be overcome. An alternative procedure may be to shear spec
imens during the first two stages, to a very small strain (say 0.2%). In the last stage, shearing 
may be continued beyond failure. An initial line connecting the (^', p') values corresponding 
to the selected small strains should be drawn. The final strength envelope shall be drawn 
parallel to this line but passing through {q/, p/). 

Very loose samples usually have large axial failure strains, consequently attainment of 
failure in multistage tests using ordinary commercial cells may not be possible. 
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TABLE 3—Comparison of strength parameters at failure condition. 

Test 
Set 

Strength Parameters 

Cohesion, kPa 
Angle of 

Friction, deg 

Test 
Series 

Sample 
Identification 

Conventional 
Test 

Multistage 
Test 

Conventional 
Test 

Multistage 
Test 

1 
2 
3 
4 

5 
6 
7 

8 
9 

10 

11 
12 

CID-I" 

CID-II 

CIU-P 

CIU-II 

Dl 
D2 
D3 
D4 

D5 
D6 
D7 

Ul 
U2 
U3 

U4 
U5 

69 
12 
0 
35 

13 
69 
36 

23 
0 

34 

24 
24 

59 
0 

12 
23 

13 
58 
47 

35 
13 
57 

24 
24 

30.8 
31.6 
33.7 
30.6 

36.9 
30.0 
32.7 

31.5 
33.7 
28.6 

33.0 
32.9 

31.2 
32.2 
33.4 
30.0 

36.0 
30.0 
32.2 

31.2 
34.0 
28.3 

33.0 
32.9 

" CID = isotropically consoUdated drained. 
' CIU = isotropically consolidated undrained. 
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tiie Use of Triaxial Extension Tests," Advanced Triaxial Testing of Soil and Rock, ASTM STP 
977, Robert T. Donaghe, Ronald C. Chaney, and Marshall L. Silver, Eds., American Society 
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ABSTRACT: The strength parameters of New Zealand Tertiary weak rocks are found to be 
intennediate between soil and rock. The nonUnear strength envelopes of these materials for 
the range of stresses encountered in engineering structures mean that the strength parameters 
cannot be adequately defined using standard triaxial compression tests. 

The strength properties can be established at low stress levels by the triaxial extension test 
which allows tensile stresses to be developed in the neck of truncated specimens. At high 
stress levels a high stress triaxial cell is used with confining pressures up to 15 MPa. 

KEY WORDS: triaxial compression, triaxial extension, high stress, nonUnear envelopes, weak 
rock 

Triaxial test methods have been developed to define the nonlinear strength characteristics 
of the Tertiary siltstones and sandstones found extensively in the central North Island of 
New Zealand. These include triaxial extension tests, which allow a tensile axial stress com
ponent in truncated specimens, and high stress triaxial compression tests with confining 
pressures of up to 15 MPa. 

During formation the weak rocks have been subjected to overburden stresses of up to 10 
MPa, but stress relief during erosion (unloading) has resulted in residual preconsolidation 
pressures, as a result of cementing and interparticle "locking," generally in the range of 3 
to 5 MPa. 

Within the low stress ranges, the material strength characteristics are typical of rocks, 
exhibiting curved failure envelopes with moderate tensile strength, while at higher stress 
levels they behave as highly overconsoHdated soils. The transition of this rock-soil behavior 
occurs at stress levels close to the residual preconsolidation pressure of the material. 

To determine the strength properties of these weak rocks at low stress levels, a triaxial 
extension test method was developed. Here an isotropically consolidated, truncated speci
men is tested to failure at low values of mean principal stress. When the axial load on the 
top of the sample is reduced, the confining stress acting on the shoulders induces a tensile 
axial stress component in the neck. 

The conventional triaxial compression test is hmited in that no tensile stresses can be 
developed and failure of the weak rock specimens occurs at high normal stress levels. Also 
the failure envelope for these materials may exhibit significant curvature at low stress levels, 
and extrapolation to the shear stress axis is not possible using triaxial compression test results 
alone. 

' Geomechanics engineer and senior technical officer, respectively. Ministry of Works and Devel
opment, P.O. Box 30-845, Wellington, New Zealand. 
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Further, at higher stress levels there is a transition in the failure envelope as the inter-
particle "locking" is broken down and the material fails in ultimate compression. 

Test Methods 

Triaxial Extension Test 

As described by Bishop and Garga [7], the triaxial extension test method involve$ the 
unloading of the axial load applied to the top of an isotropically consolidated truncated 
specimen (see Fig. 1). 

During axial unloading the cell pressure ((Jc') acting on the shoulders of the specimen 

^0 = *ram " "c 

o = effective conf, press. 

neck c — — 5 - ^ 
TT d V 4 

(compression positive) 

Limiting stress in neck of the 
specimen ^ (p^ , j^) 

neck 

Mohr's Ci rc le at 
max. shear stress 

Stress Path 

FIG. 1—Triaxial extension test, (a) Consolidation stage, isotropic consolidation, (b) Exten
sion test, (c) Stress path during drained triaxial extension test. 
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initially reduces the compressive stresses and then induces a tensile stress in the neck. The 
axial stress (a„j) in the neck at any stage of the test is given by the equation 

^(nect 0 a/ + 
4(Pi - Po) 

-nd^ 
where 

Po = initial ram load, 
Pi = ram load at any stage (i) of the test, and 
d = diameter of the reduced section (neck). 

I - + 

- f — I -

H 1——f—I-

4 1 h 

+H- H-

D = 0.5d 

R = 3.5D 

Length of chord - 2D 
(see Figure 3) 

I indicates compressive stresses 

I indicates tensi le stresses 

FIG. 2—Schematic diagram of stress distribution in truncated specimen at the limiting stress 
point during an extension test. 
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The limiting tensile stress that can be applied is the stress at which the top platen separates 
from the specimen 

"'(neck limit) — C^ X 
, „ (Z)^ - d^) 

d^ 

where D = major diameter of specimen. 
In a drained extension test the stress path is a negative 45° line (see Fig. IC). If a specimen 

does not fail before achieving the limiting stress, the confining pressure may be increased 
with a stress path gradient given by 

stress path gradient = + 
£)2 

(2d^ - D^) 

(If d^ = 0.5D^, that is, the area of neck = area of shoulder, then gradient is vertical; and 
if d^ < 0.5D^ then gradient is negative.) 

A combination of unloading and variation in the cell pressure on a truncated specimen 
provides the conditions in which any required stress path testing may be modeled. 

Specimen Models—A finite element model analysis by the authors determined that a spiral 
transition over a length greater than twice the difference in the diameter, 2(D - d), is the 
optimum shape for the shoulders of the specimen to minimize stress concentrations and 
provide the most uniform tensile stress distribution through the neck. 

However, for practical purposes an arc with a chord length of 2D is a close approximation 
and simplifies preparation of the specimen (see Figs. 2 and 3). 

Preparation of Extension Specimens—For weak rocks, specimens are prepared by axial 
mounting in a jig and trimming with a motorized wire wheel (Fig. 3). 

It has been found that the preparation of the truncated specimens using a motorized wire 

6 

Q 

•D 
o 
o 

D 

\ 

) 

i 

i 
\ 

D to R r e l a t i o n s h i p : 

R = 5D^ - 2Dd + d^ 
4(D - d) 

when D̂  = 2d^ 

R = 3.5D 

FIG. 3—Schematic diagram showing specimen preparation with wire wheel. 
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wheel facilitates rapid preparation and avoids the problems of heating and drying of the 
specimen that occur when using a soil lathe. 

The squaring and trimming of the ends are usually carried out before the wasting of the 
center section. 

Test Equipment-
modifications: 

-The specimen is set up in a standard triaxial cell that has the following 

1. The top platen is fixed to the loading ram with a spherical joint within the cell to allow 
for any misahgnment of the ends which may induce premature failure as a result of eccentric 
loading on the shoulder of the specimen. 

2. The loading equipment used to date has been primarily a stress controlled system with 
a ramp function load generator, but other options including strain control are available. 
The former allows for a clear definition of the failure point which is accompanied by a rapid 
increase in the axial displacement. In a strain controlled system, failure should be defined 
by a rapid unloading-, but this has not been as clearly defined in tests carried out to date. 

Usually the test is carried out under drained conditions to avoid problems of nonuniform 
pore pressure distribution. Because tensile failure in weak rocks occurs at low values of 
strain, volume changes within the system are small, and volume change corrections to the 
strength parameter calculations are generally insignificant. Also the stress path is subnormal 
to the failure envelope, minimizing creep. 

High Stress Triaxial Compression Test 

The requirement to investigate the strength parameters of weak rocks at higher confining 
pressure necessitates the use of a high stress triaxial cell. A diagram of the equipment 
developed for this purpose is shown in Fig. 4. This system can develop confining pressures 
up to 15 MPa. 

The high pressure system is operated using a dry nitrogen gas bottle and an accumulator 
adapted to provide an air-water interface. The accumulator includes a self-closing valve, 
which, in the event of leakage in the high pressure system, Umits the volume change to the 
quantity of water in the accumulator. The back pressure system is standard but includes a 
preset pressure relief valve in case of leakage from the high pressure system past the mem
brane. 

HIGH (CELL) PRESSURE 1 f̂ ^^ "̂ T LOW ( BACK) PRESSURE SYSTEM 
SYSTEM 

AIR SUPPLY 

FIG. 4—Layout of the high stress triaxial test system. Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
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FIG. 5—Strength parameters and failure envelope Sample 2850. 

Strength Properties of Weak Rocks 

The strength properties of a range of typical central North Island weak rocks are shown 
in Figs. 5,6, and 7. A summary of these test results and the physical properties and measured 
residual preconsoUdation pressures are given in Tables 1 and 2. 

The nonlinear failure envelopes suggest that the strength characteristics are complex and 
not well defined by standard triaxial compression testing over the usual range of confining 
pressures 20 to 1000 kPa. 

jii 4500 

M-C FAILURE 
ENVELOPE. 

CVALUES ARE EFFECTIVE CONFINING 
PRESSURES (O",')] 

FAILURE ENVELOPE DESCRIPTION: OJ < 10OO kPa : T • 940* (r„ ton 52.7' 

1000 < ai,< 6000 tronsition approximated to 
ttralghfline>'C 1750t<r„ ton IT 

oji » 6000 kPa : X • Of, Ion to" 

J _ 
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 

MEAN PRINCIPAL STRESS Pf ( kPo ) 

FIG. 6—Strength parameters and failure envelope Sample 2884. Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
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' 6 0 FAILURE ENVELOPE DESCRIPTION: <rn<2900 kPo t = 7 4 0 + o;, ton 56-2° 

(r„=-2900 kPo - r • 3 4 7 5 + 0 ^ ton 29 0° 

2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 

MEAN PRINCIPAL STRESS P f ( l<Pa ) 

FIG. 7—Strength parameters and failure envelope Sample 85-220-221. 

In drained triaxial compression tests, the stress path has a positive 45° gradient and 
intercepts the Kf line at high stress levels. A large extrapolation of the results is required 
to define the cohesive strength such that the confidence limits are poor. 

The volumetric strain in drained tests (Fig. 86) and the pore pressure response in undrained 
tests are greatly affected by the historic stress relief (effects of unloading as a result of 
erosion, wetting and drying, sweUing and shrinkage, and sampling). Although the materials 
are dilatant at higher shear strains, there is typically an initial compressive response as the 
materials reconsolidate and microfractures close at low strains. In an undrained test the 
positive pore pressure developed at low strain reduces the mean principal stress such that 
the material, which has low tensile strengths, may effectively fail in unieixial compression 
before the development of any significant dilatant response. Hence a series of undrained 
triaxial compression tests at low confining pressures may produce results giving a Kf line 
close to 45° (<|) = 90°). This reflects the influence of the initial reconsolidation of the specimens 
at increasing confining pressures, that is, a series of effective uniaxial compression tests with 
Mohr's circles coincident at the origin. 

At high confining pressures where the mean principal stress levels developed during tests 
greatly exceed the preconsolidation pressure of the materials, the strength is purely frictional 
and specimens fail in ultimate compression (independent of stress history). 

The transition between the strength characteristics at stress levels below the residual 
preconsolidation pressure and failure in ultimate compression is particularly marked in the 
siltstones, where ultimate friction angles of less than 30° mean that a reduction in strength 
may be recorded as the influence of interparticle "locking" is lost and crushing occurs (see 
Fig. 5). Similar behavior has been observed in other triaxial series on siltstones [2,3]. These 
results are also consistent with many other triaxial test results on weak rocks where results 
of specimens tested at confining pressures of 1000 to 2000 kPa have given low shear strengths 
relative to the extrapolated failure envelopes of tests at lower confining pressures [4,5]. 

Lee and Seed [6] report transitions in the shear strength of highly overconsolidated soils 
as a result of the changing influence of dilation, crushing, and rearrangement of grains. The 
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TABLE 2—Triaxial test results of central North Island weak rocks. 

Sample 

CL2884 
Silt-
claystone 

CL2850 
Sandy 
siltstone 

CL85-220 
Sandstone 

Effective 
Cell Pressure, 

kPa 

25 
50 

200 
2100 
3225 
1200 Ext 
1800 Ext 

25 
50 

200 
1000 
2100 
4000 
8000 
900 Ext 
50 

250 

400 
1000 
6500 
500 Ext 

1500 Ext 

i((Ti' - a,'). 
kPa 

3 320 
2 890 
3 250 
4 370 
5 810 

900 
1050 

470 
1940 
2 095 
1895 
1590 
1770 
3 840 

475 
2 625 
3 760 

5 100 
6 840 

12 015 
395 
950 

Values at Peak Shear Stress 

i(<Ti' + Oi), 
kPa 

3 345 
2 940 
3 450 
6 470 
9 035 

300 
750 
495 

1990 
2 295 
2 895 
3 690 
4 770 

11840 
425 

2 675 
4 010 

5 500 
7 840 

18 515 
105 
550 

Strain, 
% 

1.9 
2.0 
2.3 
2.6 
3.0 

-0.52 
-0.72 

1.9 
1.3 
1.9 
2.7 
2.6 
3.4 
8.1 

6.7 
0.8 

0.7 
1.1 
2.4 

Vol. 
Strain, 

% 

1.0 
0.93 
1.13 
0.19 
1.07 

6.96 
0.66 
1.09 
1.80 
0.64 

-6.49 
- 0 -
-.88 
-0.25 
-0.59 

authors are not aware of other published triaxial compression test results showing a reduction 
in shear strength with increasing mean principal stress, but Latjai [7] reports shear box tests 
on cast plaster specimens having irregular planes of weakness where similar mechanisms of 
failure and reductions in strength are shown. 

The triaxial test results shown in Figs. 5 and 6 also indicate that the failure envelope of 
weak rocks at low stress levels cannot be defined with adequate confidence using extrap
olation of standard triaxial compression tests. The triaxial extension test on truncated spec
imens provides a means of more accurately defining the cohesive strength intercept. In Fig. 
6, extrapolation of the standard triaxial compression test results on the clay-siltstone would 
indicate a straight line best-fit envelope with a cohesive strength of 1.9 MPa and angle of 
frictional resistance of 27°. The extension test results, however, show this to be a significant 
overestimate with the cohesive strength being defined as 1.0 MPa. 

Conclusion 

The Tertiary weak rocks in New Zealand exhibit strength properties that are intermediate 
between soils and rocks. The strength properties at low stress levels are typical of rocks 
with a significant tensile strength component alid curved failure envelope. At stresses ap
proaching the "residual" preconsoUdation pressure, the influence of interparticle locking 
and cementing is reduced and the strength envelope undergoes a transition before failure 
occurs in ultimate compression. 

The nonlinear strength envelopes obtained over the range of stresses encountered in 
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FIG. 8—Specimen behavior during triaxial loading. 

engineering structures mean that the strength characteristics cannot be adequately defined 
using standard triaxial compression tests alone. The triaxial extension test on truncated 
specimens provides good definition of the tensile properties and cohesive strength, while 
the high stress triaxial test gives additional information on the performance of materials 
over their transition in strength characteristics from soil to rockUke properties. 
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ABSTRACT: As a consequence of hazardous and toxic waste disposal in the subsurface 
environment, triaxial permeability and strength tests on contaminated soils or with heizardous 
pore fluids must be conducted for extended time periods. The determination of hydraulic 
conductivity and shear strength of contaminated soils (or of uncontaminated soils using con
taminated permeants) requires equipment and procedures different from those required for 
conventional triaxial permeabihty and strength testing. 

The application of a back pressure works well to maintain saturation for short-term testing 
but may be insufficient for long-term testing. Procedure and equipment modifications are 
required to maintain saturation. Reservoir modifications may be made to dissolve contaminants 
at the solubihty hmit. Frequent replacement of influent permeant may maintain saturation 
and influent equilibrium. Equipment modifications may be required due to the chemical nature 
of the permeant and its incompatibility with the equipment. Long-term testing variables also 
include gradient, effective stress, particle migration, differential consolidation, diffusion through 
the membrane, and changes in water chemistry. Due to the need to permeate the specimen 
with at least one pore volume of permeant, gradients higher than those typically encountered 
in the field are used. This results in high effective stresses and differential consolidation. The 
volatile nature of certain permeants may cause diffusion through the membrane and changes 
in influent chemistry throughout the test. 

KEY WORDS: laboratory testing, hydraulic conductivity, hazardous waste, soil mechanics, 
geotechnology, clays, triaxial, permeameters, compatibility 

Disposal of hazardous wastes in the subsurface environment has led to the widespread 
application of geotechnology to control contaminant migration. This in turn has resulted in 
the need to conduct triaxial permeability and strength tests on contaminated soils. The effect 
of contaminants in the subsurface on the long-term permeability and strength characteristics 
of soils often needs evaluation. Studies of soil behavior in an adverse environment frequently 
require tests to be conducted for time periods as long as several months. The determination 
of hydraulic conductivity and shear strength of contaminated soils (or of uncontaminated 
soils using hazardous permeants) requires equipment and procedures different from those 
required for conventional triaxial permeability and strength testing. 

A multi-year study has investigated the fundamental soil behavior in response to per
meation with hazardous fluids. Triaxial testing for soil strength and hydraulic conductivity 
was an integral part of this research program. This paper describes the findings of this study 
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with regard to triaxial test procedures and their influence on triaxial test results. The emphasis 
of this paper is to present differences in both procedure and equipment required to effectively 
conduct long-term triaxial permeability and strength tests. 

Several recent papers have described methods of laboratory testing of the permeability 
of soils [1-8]. Several researchers describe the use of the procedures and equipment for 
both short-term and long-term permeability testing [1,5,7,8]. Because there are many aspects 
of the equipment and procedures that affect the measurement of hydraulic conductivity in 
a triaxial test, the discussion here focuses on those aspects relating to long-term permeability 
and strength testing conducted to investigate changes in hydrauhc conductivity and strength 
in response to changes in pore fluid chemistry. For short-term triaxial permeability testing, 
the above citations (Refs 1-8) may be referenced. 

The studies described in this paper used a soil-bentonite material typical of the backfill 
used in slurry trench cutoff walls. Detailed analyses of the test results and the interpretation 
of those results with respect to pore fluid-clay interactions are presented elsewhere [9-12]. 
Aspects of long-term testing influenced by the soil-bentonite materials being tested will, 
however, be discussed. In addition, the equipment and procedures described here have also 
been used for long-term permeability testing of conventional clay liner materials [13]. 

The constant of proportionality between velocity and hydraulic gradient is termed the 
hydraulic conductivity. The hydraulic conductivity is a property of both the material and 
the fluid and has units of velocity. Hydrauhc conductivity may be converted to the intrinsic 
permeability by incorporating the viscosity and unit weight of the permeant into the cal
culations. Because the exchange of the "natural" pore fluid with a contaminated pore fluid 
results in a gradual change in permeant properties, this study will focus on the measurement 
of hydraulic conductivity in a triaxial permeability test. The term flexible wall permeability 
test has recently been used to describe triaxial permeability tests [5,8]. 

This paper examines the equipment and procedures necessary to determine changes in 
the hydraulic conductivity and strength of low-permeability soils in response to permeation 
with hazardous Uquids. The testing is long-term in nature and may require many months to 
complete a single test. Although the shearing of the specimen may be completed relatively 
quickly, th^ length of time required to permeate the specimen prior to shear makes the 
strength testing a long-term test as well. 

Experimental Program 

Materials 

The specimens for these studies were prepared in the laboratory. Procedures were de
veloped to prepare laboratory specimens representative of backfill in soil-bentonite slurry 
trench cutoff walls. The "base" soil was a New Jersey bar sand described as a clean, medium 
to fine sand. Grain size distribution analyses were conducted, and the materials were found 
be be about 5% medium sand, about 93% fine sand, and generally less than 2% silt. The 
New Jersey bar sand represents a naturally occurring deposit frequently encountered along 
the eastern United States coastal plain. To simulate the use of these clean sands as soil-
bentonite backfill, specimens were prepared using 7% bentonite by dry weight. The air-
dried, powdered bentonite was added to sand at its natural moisture content. The final 
specimen moisture content was achieved through the mixing of stabilized bentonite-water 
slurry to the mixture of dry bentonite powder and sand. The bentonite-water slurry consisted 
of 95% water and 5% bentonite by weight and had a stabilized Marsh viscosity of 35 Marsh 
seconds. The slurry was mixed and fully hydrated prior to use in specimen preparation. The 
resulting moisture content of the mix was typically 50 to 55% at slump of 4 to 6 in. (101.6 
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to 152.4 mm) (typical of field-mixed samples of soil-bentonite backfill). The bentonite was 
an untreated sodium bentonite provided by IMC Corporation. 

Permeant 

The natural pore water was used as the initial permeant to estabUsh steady state equilib
rium. Potable water was used for both mixing and initial permeation. It is believed that 
variations in the potable water chemistry are inconsequential. After the estabUshment of 
equilibrium flow conditions, alternate pore fluids were used to investigate long-term hy-
drauhc conductivity changes. These fluids included concentrated and dilute solutions of both 
organics and inorganics including sodium hydroxide, hydrochloric acid, acetic acid, aniline, 
acetone, carbon tetrachloride, and leachate obtained from a municipal solid waste landfill. 

Equipment 

The measurement of hydraulic conductivity using hazardous permeants was done with 
triaxial equipment specifically designed and constructed for that purpose [14]. Details of 
the equipment are shown in Figs. 1 and 2. 

The permeability testing system included a triaxial cell developed to be compatible with 
a wide range of liquids. Where structural rigidity was required, the cell was constructed of 
stainless steel and aluminum. Contamination resistance for long-term testing was obtmned 
through the use of Teflon for all parts in the system where the equipment came in contact 
with the permeant. The structural rigidity of steel and aluminum was combined with the 
contamination resistance of Teflon. The triaxial cells included two drainage lines to each of 
the two platens (top cap and bottom pedestal) to permit sampling of influent and effluent. 
Friction is minimized during the loading of the samples by Thompson bearings placed in 
the aluminum caps of the triaxial cell. 
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FIG. 1—Schematic of the triaxial permeameter system: (left) permeameter board and (bot

tom) triaxial cell schematic. 
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FIG. 2—Triaxial permeameter system. 

The permeability board and control panel pennit readings to be taken on both the inflow 
riser pipe and the outflow riser pipe (see Fig. 1 left). The permeabiUty board is designed 
to allow permeants to be changed and inflow-outflow riser pipes either to be filled or emptied 
without changing the state of stress on the specimen. To maintain sufficient experimental 
accuracy, small changes in volume of fluid that permeates the sample must be read. As a 
result, the inflow and outflow riser pipes are quickly emptied and filled, respectively. Because 
it is necessary to refill the inflow riser pipe (and empty the outflow riser pipe) frequently 
throughout the testing period, influent and effluent reservoirs were incorporated into the 
pressure system. 

Procedure 

The numerous procedures for the determination of hydraulic conductivity in a triaxial cell 
permeameter {1-S\ have much in common including specimen setup, consolidation, and 
permeation. Discussed in the following paragraphs are procedural details specifically related 
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to long-term permeation; when methods are considered "standard practice*" other refer
ences are cited. 

The first step in triaxial testing of soils is the specimen setup. For the studies described 
here the soil-bentonite backfill material was prepared at the consistency of high slump 
concrete. It was therefore necessary to "mold" the soil into a 7-cm (2.8-in.) diameter by 
14-cm (5.6-in.) long specimen. Alternately, when tests were conducted on compacted clay, 
specimen preparation included determination of compaction method, moisture content, and 
density. Conventional triaxial compaction molds form the specimen within the membrane 
enclosure. The materials were added to the mold in three lifts and rodded in place to reduce 
the potential for entrapped air. The specimens were vacuum consolidated until they gained 
adequate strength to be self-supporting. At this point, the triaxial cell assembly was com
pleted and an isotropic state of stress was applied through the cell fluid to consolidate the 
specimens. Anisotropic consoUdation stresses can be apphed by supplying additional axial 
stress through the loading piston. 

Back pressure consolidation of the specimen is accomplished by one of two different 
methods. First, the back pressure applied through the top and bottom platens is apphed 
equally throughout the consolidation and back pressure phase of the test. Alternately, a 
slight gradient is applied during the consolidation and back pressure phase by employing a 
lower pressure at the top platen than at the bottom platen. For the tests described here, 
both methods of back pressure and consoUdation were used. The difference in results will 
be subsequently discussed. A 345-kPa (50-psi) back pressure was used for these studies, and 
an average effective stress of 207 kPa (30 psi) was used for each of the specimens. 

Seepage is induced by elevating the bottom platen pressure with respect to the top platen. 
Typically, a gradient of 100 was used for long-term permeability testing. Based on typical 
specimen length of 14 cm, a gradient of approximately 100 is achieved when the differential 
pressure between the top and bottom platen is approximately 138 kPa (20 psi). Acquisition 
of flow data is begun immediately on application of the seepage gradient. This flow is 
unsteady, and the calculation of hydrauHc conductivity is technically "incorrect." But, the 
results of the calculation may be used for initial performance monitoring. Once an equihb-
rium hydraulic conductivity is reached with the natural pore water, this fluid is removed 
from the influent reservoir and replaced with the fluid under study. Through the use of the 
supplemental drainage lines, the remaining permeant in the system can be replaced, and 
permeation begins with the fluid under study. The tests are typically continued until a 
minimum of one pore volume of fluid is displaced. 

When permeation is complete, the shear strength is determined. The specimen is fully 
consohdated after permeation. Shearing can be conducted using either drained or undrained 
loading conditions. The undrained test may be with or without pore pressure measurements. 
For this study shear strength testing was conducted with drainage lines closed, yielding 
consohdated undrained total stress strength parameters. 

Variables associated with the procedures summarized above and their impact on long-
term permeability test results are discussed below. The variables affecting short-term triaxial 
permeability tests are summarized in Ref 6. 

Long-Term Triaxial Permeability Testing Variables 

Gradient 

To conduct long-term pore fluid permeability tests a minimum of one pore volume of 
fluid must pass through the specimen [7]. Further, to determine the shear strength of the 
specimen, the minimum length-to-diameter ratio required is two. With a specimen diameter 
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of 7 cm the minimum length is 14 cm. For the given specimen size (at a void ratio of 0.50), 
the relationship between the testing time required for a pore volume displacement of one 
and gradient as a function of hydraulic conductivity is shown in Fig. 3. For example, to test 
a specimen having a hydraulic conductivity of 1 x 10"* cm/s in one month, a gradient of 
about 200 is required. The gradient is not representative of those encountered in the field. 
For a typical 1-m-thick slurry trench cutoff wall of soil-bentonite, a gradient of 200 is only 
achieved if there is a differential head across the cutoff wall of 200 m. This is very unlikely. 

What is the effect of gradient on the measured value of permeabihty? For Darcy's law 
to be considered valid, the coefficient of hydraulic conductivity does not change with gra
dient. Some studies have shown this to be the case [15], whereas others have shown decreases 
in hydrauhc conductivity with increasing gradient [1,6]. This observed decrease has generally 
been attributed to a corresponding increase in effective stress and the resulting specimen 
consohdation. The primary purpose of long-term permeability testing is, however, to eval
uate the effect of changes in the hydraulic conductivity due to pore fluid changes. To 
determine more rehably the hydraulic conductivity with a natural pore water permeant for 

100.0 
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I 
I 
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0.1 
1 

1000.0 1.0 10.0 100.0 
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FIG. 3—Test duration. 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



EVANS AND FANG ON TRIAXIAL TESTING OF CONTAMINATED SOILS 393 

design, field scale tests or triaxial tests at stress levels more representative of those en
countered in the field should be used. The use of a high gradient to minimize test duration 
should not affect significantly the results of a study to determine pore fluid-soil interactions. 

Effective Stress 

An increase in effective stress will result in a decrease in the coefficient of hydraulic 
conductivity [1,6]. It has also been demonstrated that increasing the effective stress reduces 
the change in the hydraulic conductivity of soils induced by changes in the chemistry of the 
permeant [7]. Thus, at relatively high confining stresses, the soil response is subdued com
pared to the response observed at low confining stresses. 

It has already been demonstrated that it is necessary to use high gradients to conduct the 
test in a reasonable length of time. For a gradient of about 100, the differential pressure 
across a 14-cm-long specimen is 138 kPa. For a back pressure of 345 kPa, the influent platen 
pressure must be 483 kPa (the outflow platen pressure would be 345 kPa). Hence, a cell 
pressure of greater than 483 kPa is required to maintain a positive effective stress at the 
influent end of the specimen. The minimum effective stress would be 138 kPa on the effluent 
end of the specimen, and the average specimen effective stress for the specimen would be 
69 kPa. Thus, the use of a triaxial cell for permeability testing results in the need to apply 
high effective stresses as compared to those one would encounter in the field. Further, there 
is an effective stress distribution, and, for very soft samples such as those tested for this 
study, differential consolidation occurs along the sample length. 

Particle Migration 

Migration of fines can lead to a decrease in hydraulic conductivity during a long-term 
permeability test. As noted, the materials under study were a mixture of medium to fine 
sand and bentonite. The mixture was homogeneous and isotropic at the start of testing. 
During permeation it is postulated that (1) additional consoUdation at the top of the specimen 
occurs and (2) particles migrate downgradient until they get "stuck" and can migrate no 
further. To investigate this phenomenon, grain size distribution analyses were conducted 
on portions of the specimen after the completion of permeability tests. Each specimen was 
split into thirds, and grain size distribution analyses were conducted. Although the initial 
grain size distributions were uniform, fines migrated from the lower third of the specimen 
toward the middle third. The upper third of the specimens also had a higher fines content 
than the lower portion (but lower than the middle of the specimen). It is clear that fines 
are migrating upward through the specimen (in the direction of flow). 

To further investigate this phenomenon, tests were conducted using a gradient during the 
back pressure and consolidation phase. Some particle reorientation occurs during the con
solidation and back pressure phase (prior to the acquisition of hydraulic conductivity data). 
Figure 4 shows the relationship between hydraulic conductivity and pore volume displace
ment for a specimen initially permeated with natural pore fluid (later concentrated aniline 
is added). This specimen was consolidated and back pressured without a gradient. The 
calculated hydraulic conductivity of the specimen shown in Fig. 4 reduced from 9.0 to 
3.7 X 10~* cm/s before stabilizing. A similar specimen was tested using a gradient of 10 
during consolidation and back pressure, and the results are shown in Fig. 5. The hydrauhc 
conductivity changes from about 3.2 to 2.5 x 10* cm/s before stabilizing. Although the 
equilibrium coefficient of hydraulic conductivity for both samples was essentially the same, 
particle migration appears to cause a considerable decline in the initial hydraulic conductivity. 
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Differential Consolidation 

As a result of the application of a uniform cell pressure and differential pore water 
pressures within the specimen (back pressure and driving pressure), the effective stress 
varies across the length of the specimen. For short specimens or very stiff specimens, this 
variation in effective stress may be inconsequential with respect to sample dimensions and 
the resulting consohdation. But, for soft clays or soft materials such as the soil-bentonite 
backfill investigated here, the differential state of effective stress results in differential 
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-Permeability test results (back pressure with gradient). 

consolidation. For soft soils, the upper portion of the specimen has a smaller effective 
diameter than the lower portion (reflecting the higher state of effective stress at the upper 
part of the specimen). Using triaxial cell (flexible wall) permeameters for hydraulic con
ductivity and strength testing makes this phenomenon unavoidable. 

Maintaining Saturation 

Saturation is typically achieved in triaxial testing through the use of a back pressure [76]. 
With many triaxial cell systems, the back pressure is applied with compressed air. For short-
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term triaxial testing, this is an adequate method of elevating pore water pressures. However, 
if an air-water interface is maintained for a long time (such as required for long-term 
permeabiUty testing), a new equilibrium air content is estabhshed. That is, the air content 
of the influent permeant is at equihbrium with the elevated pressure conditions, and the 
permeant becomes saturated with air at the influent pressure. As permeant passes through 
the specimen, a head loss is experienced. As a result, at the exit point of the specimen, the 
pore water pressure is reduced. Thus, under the lower pressure conditions, dissolved air 
may come out of solution. Air bubbles will form in the specimen and in the exit Unes of 
the triaxial cell permeameter. This incomplete saturation causes a reduction in the measured 
hydraulic conductivity. The results of a test conducted to demonstrate this phenomenon are 
shown in Fig. 6. The air-water interface was maintained throughout the testing period, and, 
at test termination, air was observed in the effluent lines. Test results showing a steady 
decline in hydraulic conductivity should always prompt close examination of the testing 
procedure and equipment. 

There are several ways to maintain saturation during long-term permeability testing. The 
authors replaced the inflow permeant frequently with "fresh permeant." The inflow riser 
pipes shown in Fig. 1 contain only enough permeant to conduct the test for about one day. 
The riser pipes therefore need to be refilled daily. The influent reservoirs contain permeant 
at atmospheric pressure. While the influent riser pipe is being replenished with fresh per
meant, the reservoir is momentarily pressurized. The gravimetric head difference permits 
refilling of the riser pipe without any change of stress on the specimen. In this way, the 
specimen remains saturated. Other methods to prevent air from dissolving in the influent 
permeant have been described [1,5,17]. These may be equally successful and offer some 
increasing degree of complexity to the testing apparatus. 

Influent Equilibrium 

To assess the impact of a pore fluid on a soil material a constant influent chemistry must 
be maintained. The pore fluid may be provided to the laboratory as representative of the 
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fluid chemistry to be encountered in the field or it may be prepared to meet certain exper
imental constraints. It is difficult to maintain a "constant" influent chemistry throughout 
the long-term permeability test. The daily replenishment of permeant described above assists 
in providing uniformity of influent permeant. Difficulty arises when one is testing volatile 
organics, particularly at concentrations near the solubility limit. 

A recent study reported a method to maintain volatile organics at the solubility limit [17]. 
Using a conventional flexible wall permeabiUty system (where an air pressure was applied 
directly to samples of the volatile organic mixed with water at the solubiUty limit), analyses 
were conducted to determine (after some period of the elapsed time) the actual concentration 
of the volatile organic. For this study, the organic, perchloroethylene (PCE), was mixed at 
the solubility limit of approximately 150 mg/L. Within hours, the concentration of PCE had 
dropped to about 10% of its original concentration. At lower concentrations (on the order 
of 1% to 10% of the solubility limit), only small changes in volatile organic concentrations 
were measured. To maintain the concentration of PCE at or near the solubility limits, the 
influent reservoir was modified as shown in Fig. 7. Pure PCE (denser than water) was first 
added to the reservoir. The reservoir was then filled with water. The chemical concentration 
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gradient results in the water becoming saturated with PCE. Because the air pressure is 
applied through a piston, the concentration is maintained. This technique is particularly 
suitable for testing of volatile organics at the solubility limit. 

It is important to emphasize, however, that at low concentrations, the change in concen
tration of volatile organics over many days is relatively small even with an air pressure 
directly applied to the permeant [17]. For example, the concentration data for the study 
described above are presented in Table 1. It is important, however, to sample and analyze 
the influent as well as the effluent during the permeability testing program to document 
that the influent chemistry is being maintained during the long-term test. 

Diffusion Through the Membrane 

As the permeant migrates through the soil, solute is carried along at a rate equal to the 
fluid velocity by a process called advection. This uniform transport rate is altered by hy-
drodynamic dispersion and molecular diffusion. Just as solute migrates through the soil due 
to molecular diffusion, it can hkewise migrate through the membrane used to encapsulate 
the specimen in a triaxial cell permeability test. As a result of molecular diffusion through 
the membrane, the concentration of the contaminant may decrease as the fluid migrates 
through the specimen. This phenomenon is particularly important when considering per
meation with volatile organic compounds. 

Figure 8 shows the relationship between pore volume displacement and the change in 

TABLE 1—Samples from perchloroethylene cylinders. 

Date of Sample Detected Concentration, mg/L 

11/28/83 9.5" 
12/19/83 9.7" 
12/20/83 0.9" 
12/21/83 0.86* 

5.8" 
10.0' 

12/21/83 1.10* 
21.0' 

1/3/84 0.80* 
1/6/84 0.80* 

134.0' (cylinder put in) 
1/9/84 1.16* 

7.5" 
108.0' 

1/11/84 140.0' 
1/13/84 84.5' 
1/16/84 150.0( + )' 
1/18/84 99.5' 
1/20/84 0.88* 

8.7" 
1/25/84 150.0( + )' 
1/30/84 0.69* 

9.0" 
76.3' 

2/15/84 0.75* 
150.0' 

«From 10 mg/L. 
* From 2 mg/L. 
' From 150 mg/L. 
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FIG. 8—Relationship between inflow and outflow riser readings. 

volume as evaluated by the difference in readings between the inflow and outflow riser pipes 
for a long-term permeability test using acetone. If it is clear that there is more permeant 
going in than coming out, one needs to ascertain where the excess fluid is going (is the 
specimen sweUing, are there leaks in the system, or is there diffusion through the membrane 
wall?). Although precise measurements were not made, the level of the fluid within the 
triaxial cell (between the membrane and the Plexiglas cell walls) was continually rising for 
the test shown in Fig. 8. When the specimen was dismantled, a sample of cell water was 
obtained, and a head space analysis with an organic vapor analyzer indicated a concentration 
of volatile organics of 1000 mg/L. Thus, due to molecular diffusion, acetone migrated 
through the membrane during permeability testing. Similar results were obtained using other 
organic fluids. The significance of diffusion through the membrane is twofold. First the 
durability of the membrane and the triaxial cell must be considered. Some membranes 
degrade in the presence of certain fluids. The diffusion rate can be minimized by using 
multiple layers of membrane (including Teflon wrap materials), a film of silicone grease, 
and silicone oil as the cell fluid [4]. Equally important, however, is the change in permeant 
chemistry occurring throughout the long-term permeability test. With inevitable diffusion 
through the membrane wall, the concentration of solute in the influent is affected. For a 
concentrated organic permeant (as in the case shown using concentrated acetone fluid), the 
diffusion through the membrane has little impact on the influent chemistry. The influent 
remains 100% concentrated with or without diffusion through the membrane. The measured 
rate of permeation will, however, be sUghtly greater than the actual rate due to fluid lost 
through the membrane. Alternately, for permeants withi solutes in water at or below the 
solubihty limit, the concentration of the solute may decrease as it migrates through the 
specimen due to diffusion through the membrane. As noted, this diffusion through the 
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membrane may be limited by filling the cell with a fluid other than water, such as silicone 
oil. Analysis and comparison of the solute in both the influent and effluent will provide 
insight into the net change in contaminant concentration during permeation. 

Biologic Activity 

Studies have reported biologic growth during long-term permeability tests [18]. Bacterial 
growth may result in the plugging of the flow channels, resulting in a gradual decline in the 
measured hydraulic conductivity. This has not been a factor in the testing program described 
above because the contaminants used are generally toxic to biologic activity. However, in 
studies using landfill leachate, the presence of bacterial growth; must be considered. 

Type of Water 

As previously described, potable water was used for these studies. The potable water has 
a range of naturally dissolved anions and cations which will interact with the clay minerals 
during the specimen formation. Changes in soil behavior would not be expected due to 
initial permeation with the same water because there is no change in the pore fluid chemistry. 
Other researchers have used a "standard water" consisting of 0.01 N calcium sulfate (CaS04) 
[16]. Alternatively 0.005 N calcium sulfate and 1 g/L of magnesium sulfate heptahydrate 
have been used as a standard water. The use of distilled water is not recommended [1,2,6]. 
The permeant water should be natural pore water to minimize soil-pore fluid chemical 
interactions during the initial permeation. For example, to study a proposed mix of soil-
bentonite, the water proposed for mixing of the soil-bentonite backfill at the site should be 
used for both laboratory mixing and initial permeation. For an evaluation of an undisturbed 
soil specimen, ground water should be sampled as representative of natural pore water and 
used in initial permeation. To study a compacted clay that will not be subsequently subjected 
to water permeation, it appears reasonable to use a standard water such as 0.01 N calcium 
sulfate. The advantage to using a standard water is to eUminate this variable between 
laboratories. Long-term permeation of soil compacted with 0.005 N calcium sulfate indicates 
little change in hydraulic conductivity [19]. Data by others also show there is Uttle change 
in hydrauUc conductivity due to soil-fluid interactions when using 0.01 N calcium sulfate as 
a standard permeant [76]. Thus, within the realm of "order of magnitude accuracy" for 
permeability testing it appears that either the natural pbre water or 0.01 N calcium sulfate 
or equivalent would represent an adequate permeant for initial water permeation. 

Testing at Low Gradients 

The procedures described above and the need to exchange a minimum of one pore volume 
result in tests conducted with gradients on the order of 50 to 100. To determine the hydraulic 
conductivity at gradients representative of field conditions it may be necessary to use different 
equipment or procedures than described above. Low gradients, however, are impractical 
for long-term permeabihty testing. 

Shear Strength 

For specimens permeated with water and several organic fluids at differing concentrations 
the strength testing results indicate that differences in strength due to the natural variabihty 
between specimens is greater than the change in strength induced by changes in pore fluid 
for these studies [9]. Thus, it may be beneficial to use specimens with a length-to-diameter 
ratio of one and reduce the permeation time in half. This can be done if shear strength data 
are not required. 
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Health and Safety Considerations 

A unique consideration associated with long-term triaxial testing of contaminated soils or 
with hazardous and toxic permeants is the health and safety aspect. Activities associated 
with permeability testing include handling, shipping, storing, and labeling of specimens and 
permeants. To complete this work with an adequate level of protection for employees it is 
necessary to develop health and safety protocols. The objectives of the health and safety 
protocols include increasing personnel awareness of the potential hazard and providing 
personnel with information and skills to reduce the degree of risk. As a minimum, protocols 
should include [20] 

• recognition and assessment of hazard, 
• employee training, 
• personal protective equipment, 
• first aid training in the emergency response plans, 
• decontamination equipment and procedures, 
• use of equipment for monitoring toxic and combustible gas/vapor exposure, and 
• medical surveillance program. 

The major routes of exposure associated with permeability testing of contaminated soils and 
hazardous wastes are absorption, ingestion, and inhalation. Exposure can be greatly reduced 
if testing is done in a well-ventilated fume hood by personnel wearing proper protective 
equipment. 

Summary and Conclusions 

Long-term permeability testing requires certain equipment and procedural considerations 
different from those for short-term determination of hydraulic conductivity. These include 
gradient, particle migration, maintenance of saturation, type of water, and diffusion through 
the membrane. The impact of the considerations can be minimized, and triaxial permeability 
tests can be used to evaluate the interaction between hazardous pore fluids and soils. 

Although the equipment and procedures used by the authors have been outlined, it is 
beyond the scope of this paper to present a detailed recommended test procedure (see Refs 
l'-8). Both the U.S. Environmental Protection Agency (EPA) and ASTM are developing 
standard test procedures. It has been the purpose of this paper to identify and describe the 
equipment and procedural variables that impact the results of long-term hydraulic conduc
tivity tests. The impact of these variables on the test results and alternative equipment and 
procedures to minimize their impact are summarized in Table 2. 
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ABSTRACT: Review and assessment of sand sample preparation techniques from both the
oretical and experimental viewpoints are presented. Sample densities obtained by air pluviation 
are shown to be sensitive to rate of pouring and drop height. Terminal velocity is reached at 
a very small drop height, and homogeneous samples of the same initial density tend to be 
formed by pluviation of uniform sand in water. Uniformly dense samples obtained by vibration 
of loose pluviated samples show no detectable difference in behavior when compared to samples 
densified by control of drop height only. Effective confinement during densification by vibration 
appears to prevent formation of a loose top layer. A loose top layer in an otherwise dense 
sample leads to a marked decrease in hquefaction resistance. Preparation of triaxial sand 
samples by pluviation in water is recommended because it results in initially saturated speci
mens, and homogeneous samples of desired densities can be replicated without difficulty. 

KEY WORDS: density, pluviation, sand, triaxial sample 

Testing of homogeneous (uniform) samples under uniform states of stress and strain is 
required for fundamental studies of soil property characterization. It is also necessary to be 
able to replicate precisely several homogeneous specimens for such studies. These require
ments have promoted the use of reconstituted soils rather than natural materials for fun
damental investigations of soil behavior. Uniform and repeatable clay specimens are obtained 
easily by trimming from a large block consolidated from an initial slurry state. Such a 
procedure is not possible for sand, and each sand test specimen has to be prepared indi
vidually. This makes the control of uniformity and the ability to repUcate several specimens 
considerably more difficult. 

Several methods of reconstituting sand specimens have been used. The common objective 
in each type has been the control of average density. Uniformity is generally assumed. 
Conscious efforts to verify uniformity by direct measurements of density over the height of 
the reconstituted sample have been made only in a limited number of cases [1-4]. These 
measurements show that specimens prepared by pluviation in water or air tend to be uniform 
[3,4]. Compaction methods, such as moist tamping, produce samples that are considerably 
less uniform [1,2]. The degree of nonuniformity appears to increase with decrease in average 
density of the reconstituted sample [1]. Some modifications in the form of undercompaction 
have been proposed in the moist tamping technique in an attempt to promote uniformity 
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[J]. There is, however, no direct confirmation of the effectiveness of such modifications. 
Available direct evidence appears to suggest that vibration techniques of reconstitution also 
promote considerable nonuniformity within the specimen [3]. 

Available evidence, although limited, suggests that reconstitution by pluviation is the most 
promising technique for obtaining uniform samples in the laboratory. Both the nature of 
anisotropy and soil fabric obtained by pluviation duplicate those observed in natural alluvial 
environments [6]. Hence, pluviation approximates a natural deposition process, and this 
technique of preparing laboratory samples for testing allows a convenient study of mechanical 
response of natural sands. 

Both air and water pluviation techniques for sample preparation have been used in the 
laboratory. The height from which the sand drops during air pluviation has been used to 
obtain samples of various relative densities, although researchers have different opinions as 
to the degree of its success. The influence of increasing height of drop on the relative density 
obtained has been reported to be significant, minor, or insignificant [7-10]. Pluviation in 
water, on the other hand, has been reported to yield loose relative densities regardless of 
the drop height. Higher densities, if desired, are obtained by vibrations following pluviation. 

In this paper a convincing case is made in favor of pluviation as a convenient means of 
preparing uniform and rephcable sand samples of controlled density. First, a theoretical 
framework is presented for explaining rationally the effect of drop height on the relative 
density of the sand deposit. Then, experimental evidence is presented in support of the 
ideas developed. The theoretical development is also used to seek a satisfactory resolution 
to the conflicting conclusions in literature on this issue. Specific details of sample preparation 
until the point of testing are described. Finally, direct and indirect experimental evidence 
is presented to demonstrate the uniformity of the pluviated samples and the ease of repli
cation of a series of such samples. 

Velocity at Impact 

It is postulated that the kinetic energy of sand particles at the instant of impact at deposition 
controls the relative density achieved. The motion of an isolated spherical particle of mass 
m undergoing free fall in a fluid of mass density p is described by 

ma = mg - Vpg - C^A — (1) 

where 

a = particle acceleration 
g = gravitational acceleration 
V — volume of the particle 
A = projected area of the particle 
V = particle velocity 

Ci = drag coefficient, which depends on Reynold's number 

The second and third terms on the right side of Eq 1 represent, respectively, the forces of 
buoyancy and drag on the particle. Assuming the particle starts from rest {v„ = 0 and thus 
a„ = g(l - Vp/m)), it will decelerate from a = a„ to a = 0 when the terminal velocity is 
reached. Given the properties of the faUing sphere and that of the fluid medium, the velocity, 
acceleration, and displacement of the particle can be determined as a function of time from 
the equation of motion (Eq 1) and the assumed initial at-rest state. These computations 
are, however, not straightforward because of the interdependence of velocity and drag 
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coefficient. Hence a trial-and-error procedure is required, which is described in standard 
fluid mechanics textbooks. 

The pluviation of a relatively uniform sand may be idealized as a free fall of spheres of 
an equivalent diameter, D50. Neglecting interference effect due to simultaneous fall of many 
particles, the time history of velocity, acceleration, and displacement of particles can be 
calculated as discussed above. Figure 1 shows results of these computations for quartz sand 
(G, = 2.67) with £>5o = 0.4 mm pluviating through air and also water. The results are shown 
in the form of velocity attained as a function of the drop height. At equal drop heights, 
velocities in air are very large compared to those in water. This would result in a much 
higher kinetic energy at deposition in air as opposed to water. Furthermore, the terminal 
velocity in water is reached in a mere 0.2-cm drop as compared to a very large drop of 270 
cm in air. Consequently, considering a practical range of heights of pouring (for example, 
up to 2 m used by Kolbuszewski [9]), the velocity at impact (and hence kinetic energy) at 
deposition in air will vary considerably depending on the drop height. The largest increase 
in velocity with a given increase in drop height may be seen to be associated in the low end 
of the drop heights and should consequently have greatest influence on the relative density 
of the deposited sand. Drop height effects on impact velocity for pluviation in water, on 
the other hand, are inconsequential, because terminal velocity is reached in a drop height 
of about 0.2 cm and no further increase in velocity can occur after terminal velocity is 
attained. Therefore, drop height control is ineffective in obtaining different relative densities 
using water pluviation. 

50 too ISO 200 

HEIGHT OF DROP, em 

FIG. 1—Velocity of a free falling sphere in air and water. 

3 0 0 
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The influence of particle size on impact velocity as a function of drop height in air is 
shown in Fig. 2. As would be expected, the impact velocity decreases with decrease in 
particle size at all levels of drop heights. For the conditions examined, the magnitude of 
terminal velocity attained increases essentially linearly with increase in particle size, but the 
drop height needed to attain this also increases. A quicker approach to terminal velocity in 
fine sand implies that" the range of drop height in which densification is effective will be 
smaller. 
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Results similar to those in Fig. 2 may be obtained for pluviation in water. The drop heights 
to reach terminal velocity in water, however, are very small. For D^ = 0.4 mm it was shown 
to be a mere 0.2 cm and would be less for smaller particle sizes. For 2-mm sand particles 
this height is less than 2 cm. Consequently, for a variety of sands, the height of the drop in 
water is generally inconsequential in exercising control on the density of the deposit. The 
same initial density tends to develop regardless of drop height, and due to low kinetic energy 
deposition the ensuing relative density will be low. 

Experiments on Pluviation 

Controlled height of drop in air experiments were carried out on two uniform quartz 
sands to investigate the relationship between density achieved and height of drop. The sands 
had the following physical properties. 

i?5o, mm e„„ e„j„ C„ 

Ottawa sand, ASTM C-109 
Ottawa sand, fine 

0.4 
0.16 

0.82 
0.86 

0.50 
0.56 

2.0 
1.8 

Approximately 2.5 kg of sand were deposited each time in a 9.5-cm-diameter Plexiglas 
container. The sand was poured from a 5-cm-diameter Plexiglas tube having a screened 
bottom of 1.17-mm sieve opening. The pouring tip was continuously moved up with the 
surface of the deposit maintaining constant height. Densities obtained by a precise control 
of drop height were repeatable to within 2%. 

Test results presented in Fig. 3 show that higher impact energies associated with increased 
drop heights lead to compaction and toward a limiting void ratio for both sands. The limiting 
void ratio reached corresponds closely to the respective minimum void ratios for the sands 
determined by ASTM method D2049. It may also be noted that the velocity (which is related 
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-Particle size and height of drop effects on void ratio. 
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to impact energy) versus drop height trend illustrated in Fig. 1 approximates a mirror image 
of that shown in Fig. 3, lending support to the theoretical postulate of associating larger 
densities to larger kinetic impact energies. Figure 3 further shows that the influence of height 
of drop on densification seems to be most significant in a drop height range of about 0 to 
30 cm for the sands studied. This observation is also consistent with the velocity versus drop 
height relationship of Fig. 1 in the region of smaller drop heights. Although impact energies 
will keep increasing with increasing drop heights until terminal velocity is reached, it appears 
from the test results that increase in impact energy beyond a certain maximum magnitude 
may do little in compacting sand any further. This may explain the results of Miura and 
Toki [77] who observed insignificant changes in void ratio with change in drop height. For 
the range of drop height they investigated, 30 to 70 cm, the change in void ratio would be 
small as shown in Fig. 3. Similar arguments may apply to the observations of Mulilis and 
co-workers [8] who noticed only minor effect of drop height on the resulting void ratio. 

The arguments presented above are based on the idealized assumption that the sand 
consists of uniform spheres which undergo free fall without mutual interference. In reality 
the actual void ratio attained by the sand for a given height of drop will depend on some 
average particle size, gradation, mass rate of pouring, and characteristics of the container, 
such as its diameter and surface smoothness, particularly for small diameters. Higher mass 
rates of pouring would introduce interference effects that may inhibit particles from acquiring 
the most stable (and henge likely dense) configuration while coming to rest [10,11]. Higher 
mass rates of pouring into a cylindrical former piay also trap an air front, the escape of 
which may cause a counter upward aif current, fhis would likely reduce the impact energy 
and result in less compaction. A membrane-lined sample former, especially of a smaller 
diameter, will further inhibit denser packing due to frictional side restraint. Thus, for a 
given sand and sample former characteristics, the height of fall and mass rate of pouring 
appear to have opposite effects. Both these effeets have been used implicitly to control void 
ratio of air-pluviated sand samples [7,11,12]. Further corroboration of this conclusion may 
be seen from test results shown in Fig. 4 on the sands used in this study. All factors other 
than drop height and mass rate of pouring were held constant. A progressively decreasing 
compaction with increasing mass rate of pouring over the full range of drop heights may be 
noted for both sands. 

If the sand is well graded or contains significant amounts of fines, air pluviation will clearly 
result in segregation because of the finer particles lagging behind on account of their smaller 
velocities within the fixed height of drop (Fig. 2). Hence, such pluviated samples may not 
be homogeneous. Even for a relatively uniform sand, a precise control on drop height is 
crucial to forming homogeneous samples. The need for precise control of pouring height is 
apparent in Figs. 3 and 4, which show extreme sensitivity of resulting void ratios to changes 
in pouring height. Commonly used pouring heights in forming air-pluviated samples may 
be noted to fall within the sensitive range of drop heights. If low relative densities are 
desired, a relatively small pouring height would be needed. In such cases the position of 
the pouring tip must be continuously raised, as the thickness of the deposit builds up, to 
maintain a constant drop height at all times. This makes the deposition process unnecessarily 
complex. Samples formed by pluviation in water will not be subject to nonhomogeneity due 
to variation in height of pouring during deposition. This is because the soil grains reach 
terminal velocity almost instsntly (drop height of 0.2 m for D50 = 0.4 mm), and the constant 
terminal velocity is maintained until deposition, regardless of the height of drop. Initially, 
water-pluviated samples of a given sand tend to be loose and at essentially the same density. 
Higher density samples, if desired, may be obtained by vibrations. 

As indicated by the theoretical postulates, drop height variations (between 0 and 30 cm) 
in water for both sands did not result in density changes. The void ratio of each deposit in 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



VAID AND NEGUSSEY ON PREPARATION OF RECONSTITUTED SAND SPECIMENS 411 

0.80 

0.75 

0 .70 

O 0.65 

K 

O 

5 0.60 

0.55 

0.50 

0.45 

OTTAWA SAND ASTM-C-109 
DJQ'0 .4mm 

FINE OTTAWA SAND 
D,n = 0.16mm 

»— 6.l7kg/min. 

- 1.42 

4.63 kg/min 
0.53 
2.17 

O— 1.06 

_L _L 
20 100 120 40 60 80 

HEIGHT OF DROP, cm 
FIG. 4—Height of drop, mass pouring rate, and particle size effects on void ratio. 

each case was found to be essentially independent of the height of drop. Furthermore, the 
void ratios obtained correspond to loose relative densities of approximately 28% to 30% 
for both sands, as would be expected from a low energy water deposition process. 

Sample Reconstitution Procedure and Uniformity 

Either air or water pluviation techniques may be used for reconstitution of homogeneous 
sand samples. The latter would be preferable in that a precise control on drop height would 
not be required. Water pluviation has the additional advantage of providing initially saturated 
samples. Air pluviation, on the other hand, requires further effort and time for saturating 
specimens prior to testing. Testing of saturated specimens is generally required for studies 
of both drained and undrained behavior. 

Water pluviation, however, yields specimens of relatively loose densities. Higher relative 
densities, if desired, have to be achieved by vibrations. The behavior of sand pluviated 
directly to a given density may or may not be the same as that of sand densified to the same 
density following loose pluviation. This was investigated by resonant column tests on two 
dense Ottawa sand ASTM C-109 specimens prepared to identical densities by loose pluviation 
with subsequent vibrations or direct pluviation in air. The samples were hydrostatically 
consolidated to an effective stress of 300 kPa. As shown in Fig. 5, Young's modulus versus 
longitudinal strain relationships for the two samples are essentially identical, and the den-
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ASTM C-109. 

sification procedure does not appear to have resulted in detectable differences in behavior. 
This observation, together with advantages already pointed out, supports preference of 
water pluviation over air pluviation. 

Sample Preparation Method 

The technique of sample preparation by water pluviation has been described by several 
researchers [13-16]. The procedure basically consists of depositing a known weight of dry 
sand that has been saturated by boiling with water in a flask and cooled to room temperature. 
Deposition is made directly into a membrane-hned, deaired-water-filled, spht-mold cavity. 
Sand transfer from the flask to the cavity occurs under water by mutual displacement of 
sand and water under gravitational influence. 

Because the diameter of the mold and membrane thickness are constant, desired relative 
densities can be obtained easily from the known dry weight of the sand used and controlling 
specimen heights. Prior to assembling the sample former, a target height is established. 
Following deposition and leveling, the cap is put in place and the reference height dial gauge 
is located on top. Then the specimen is densified by high-frequency vibration induced along 
the top of the cell base maintaining a small seating load on the cap. During densification 
to the desired height and density, both top and bottom drainage lines are kept open, and 
change in height is continually monitored. When the target height is approached, densifi
cation is terminated. The membrane is then pulled over the top cap and sealed with an O-
ring. While the base drainage is kept open, the top drainage line is plugged. A small vacuum 
is applied to the bottom drainage to give the sample a small effective confinement. 

In some procedures the densification of the sand is carried out prior to leveling of the 
top surface and seating of the loading cap. This appears to lead to formation of a loose 
layer of sand at the top due partly to disturbance resulting from leveling and seating of the 
loading cap on the sand surface and partly to the inabihty of vibrations to density the 
unconfined top layers. Such a loose, potentially compressible layer in an otherwise dense 
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sample can lead to a substantial reduction of undrained cyclic resistance of sand samples. 
In the suggested procedure, the sand is deposited loose and is densified by vibrations with 
the loading cap placed on the sand surface and by maintaining a small seating load throughout 
the densification period. The loading cap thus follows the settlement of the sand surface 
and assumes a proper seating, while the entire sample gets uniformly densified without 
development of a loose zone at the top. It is believed that this manner of densifying test 
samples results in the development of full liquefaction resistance of sand at the prepared 
average density. Such a conclusion is supported by extensive laboratory tests in which a 
dramatic increase in resistance to liquefaction was noted if dense samples were prepared by 
the improved technique. 

Figure 6 shows data on the resistance to liquefaction of Ottawa sand, ASTM C-109, 
obtained in the simple shear apparatus. Improved features of sample preparation techniques 
described above were used in this study. In Fig. 6, the cyclic stress ratio tdyl^'vo to cause 
±2% shear strain in ten cycles is shown as a function of relative density. The hquefaction 
resistance increases with relative density and very markedly so for relative densities in excess 
of about 70%. For relative densities in excess of about 80% it is almost impossible to develop 
±2% shear strain in ten cycles even under cyclic stress ratios in excess of 0.40. The numbers 
in parentheses in Fig. 6 represent the actual number of cycles (not ten cycles) to develop 
±2% strain in these dense samples. The vertical asymptotic nature of the hquefaction 
resistance curve indicates that hquefaction is unUkely to occur irrespective of the level of 
cyclic stress ratio if sand has a relative density in excess of about 80%. Such a conclusion 
seems apparent from the analysis of field records of liquefaction [17,18]. The weaker re
sponse of sands, especially dense sands, to cyclic loading in the laboratory as opposed to 
field observations [17,19] may in part be due to development of zones of nonuniformity. 
Direct assessment of zones of nonuniformities confined to a few grains' thickness by density 
measurements over the specimen height is clearly not feasible. 

Figure 6 also shows data on liquefaction resistance of tne same sand obtained in the triaxial 
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414 ADVANCED TESTING OF SOIL AND ROCK 

apparatus. These results were also obtained by using similar careful experimental techniques 
as used for simple shear results. Again a vertical asymptotic nature of the liquefaction 
resistance curve may be noted corresponding to a relative density in excess of about 80%. 

In shear devices, which require transfer of boundary shear force through one of the loading 
platens (such as the simple shear or torsional shear devices), ribbed platens are usually 
necessary for a proper transfer of shear stress to the sample [14]. Digging action of these 
ribs would cause additional loosening of top layers of an otherwise dense sample if densi-
fication was done prior to seating of ribbed plate. It is then apparent that these loose zones 
would cause the sample to have a lower resistance to cyclic loading than a sample that is 
uniform throughout at the prepared average relative density. 

Direct Assessment of Uniformity 

Tests were carried out using gelatin solidification method suggested by Emery and co
workers [4]. Ottawa sand, ASTM C-109, specimens, 63 mm in diameter and 127 mm high, 
were formed by pluviation in water containing approximately 3% by weight of gelatin. The 
specimens were allowed to sohdify at room temperature for about 12 h. Each specimen was 
then cut into four slices along the height for evaluation of the density distribution within 
the specimen. Such density profiles were determined for specimen as pluviated (loose) as 
well as vibration-densified specimens following pluviation. 

Typical test results are plotted in Fig. 7. Both loose and dense specimens are very uniform. 
The extreme variation between maximum and minimum relative density is within 3% of the 
average relative density of the specimens. Thus, not only directly pluviated specimens are 
uniform but also those which have been densified following pluviation. The results shown 
in Fig. 7 for loose specimens confirm earlier work of Emery and co-workers [4]. 

Replication 

Through procedures described previously, the weight of sand grains and initial sample 
dimensions can be controlled to enable reproduction of relative density to within 1% of the 
desired target. Pursuit of an identical reconstituting procedure would replicate grain structure 
as closely as possible. 
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416 ADVANCED TESTING OF SOIL AND ROCK 

The degree to which the pluviation technique enables replication of specimens at a desired 
density is illustrated in Fig. 8a. Results of hydrostatic compression showing hydrostatic 
effective stress p' versus axial and volumetric strains on three identical samples of Ottawa 
sand, ASTM C-109, at a relative density of 50% are shown. Excellent repeatability may be 
noted in the test results, considering the extremely small level of strains developed. 

Excellent repeatability of test results showing stress ratio, R (= ai'/wj'), versus shear 
strain, ê  (= e, - €2), from two identical samples under constant effective mean normal 
stress, p', drained shearing may also be noted in Fig. 8b. 

Conclusions 

A homogeneous sample of a uniform sand can be prepared by pluviation in water or air. 
Terminal velocity is reached at a very small drop height in water. Regardless of the drop 
height, the same loose initial density is achieved by pluviation in water. Additional vibration 
is necessary to densify water-pluviated samples. The drop height required to reach terminal 
velocity in air is large, and impact velocities vary depending on drop height. A wide range 
of initial relative densities can be achieved by controlling drop height and pouring rate in 
air. Thus, careful control of drop height is required to achieve uniform specimens by air 
pluviation. Differences in behavior between comparable samples densified by either control 
of drop height or vibration of an initially loose specimen were not observed. Experimental 
results indicate that densities within pluviated loose as well as vibration-densified samples 
are uniform. Effective confinement during densification prevents development of a loose 
top surface and allows uniform contact between the sand and end cap. A loose top surface 
in an otherwise dense sample appears to contribute to a marked decrease in liquefaction 
resistance. Sample preparation by pluviation in water is preferable to air pluviation in that 
it results in initially saturated samples, and replicate samples can be produced much more 
conveniently. 
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ABSTRACT: The paper first covers common problems with testing equipment and procedures 
that cause errors in the measured properties of the soil specimen, with emphasis on consoli-
dated-undrained (CU) and consoUdated-drained (CD) triaxial tests. These problems are di
vided into three categories: errors that can be handled via appropriate corrections; enors that 
must be avoided; and potential errors that must be evaluated when selecting test procedures 
or interpreting measured data, the most important being the nonuniform stresses and strains 
caused by frictional end caps. The paper then assesses the use of triaxial testing in practice to 
predict undrained stability and deformations for saturated cohesive deposits. Based on con
siderations of strain rate effects, soil anisotropy, disturbance from tube sampling, and results 
from case histories of failures, the authors make four recommendations. 

1. UU compression tests should not be used as the principal means of estimating in situ 
undrained strengths because the values can be either significantly too high or too low. 

2. CIU compression tests have little value because the measured undrained strength will 
be unsafe for stability analyses, and the stress-strain data do not simulate in situ behavior. 

3. Therefore, more reliance should be placed on CK„\J compression and extension tests, 
which would be aided by the availability of more reUable and less expensive automated "stress 
path" triaxial cells. 

4. Oedometer tests should always be conducted to ascertain the stress history of the deposit. 

KEY WORDS: triaxial test, cohesive soils, laboratory testing equipment, testing procedures, 
corrections, testing errors, undrained strength, anisotropy, sample disturbance, strain rate, 
stress-strain 

Triaxial testing of solid, cylindrical soil samples started during the 1930s [1] and evolved 
to widespread use of equipment similar to that illustrated in Fig. 1. The triaxial apparatus 
is the principal laboratory shear device used in geotechnical engineering practice for mea
suring the stress-strain-strength properties of natural cohesive soils and of compacted soils. 
Triaxial testing is also widely used in research to study basic soil behavioral issues, such as 
the influence of stress-strain history, strain rate and creep, cyclic loading, and so forth. As 
with all forms of soil testing, users of the triaxial test should be thoroughly familiar with 
two potential problems: 

1. Regarding the test equipment and procedures per se, do the measured data reflect the 

' Lecturer and director of the geotechnical laboratory and professor of civil engineering, respectively. 
Department of Civil Engineering, Massachusetts Institute of Technology, 33 Massachusetts Ave., Cam
bridge, MA 02139. 
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actual properties of the test specimen under the intended boundary conditions of stress, 
strain, and drainage? 

2. Regarding use of the data in engineering practice, do the properties of the test specimen 
(even if accurately measured) reflect the in situ behavior of the soil under field conditions? 

This paper addresses both questions, but within a framework restricted to triaxial testing 
of saturated cohesive soils and further Umited to consideration of stress-strain data from 
monotonic shearing beyond the "elastic" region (say axial strains greater than 0.1%) and 
before reaching large postpeak strains associated with the "residual" condition. After sum
marizing background information regarding basic types of shear tests, conventional triaxial 
testing procedures and equipment, and error evaluation, the paper gives a fairly compre
hensive overview of common problems and typical errors involved with triaxial testing (see 
the first question cited above). Although essentially all of these potential complications have 
been well documented in the literature for over 20 years, too many laboratories unfortunately 
still do not appreciate their impact on measured results. The paper then focuses on the use 
of undrained triaxial testing in design practice (see the second question). Here, the authors 
draw on more recent information concerning sample disturbance, anisotropy, and strain rate 
effects to conclude that two common forms of triaxial testing should be largely discontinued 
and greater emphasis should be placed on performing anisotropically consolidated triaxial 
compression and extension tests. 

This paper is not intended to be a scholarly treatise on triaxial testing. Rather, the authors 
hope to clearly identify ways of avoiding sources of major errors in obtaining triaxial test 
data on saturated natural and compacted cohesive soils, and give clear guidance on how 
triaxial testing can be better used for undrained stability problems involving natural cohesive 
soil. As will be seen, improved techniques for automated testing will greatly benefit the 
second objective. 
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Background 

Types of Triaxial Shear Tests 

The two major variables that can be controlled in the triaxial test are the boundary drainage 
conditions and the imposed stress path (meaning changes in the axial and radial stresses, 
<Ta and CT„ respectively). The first variable leads to the three well-known types of shear tests 
classified according to the drainage conditions existing during application of the confining 
stress(es) and then during shear. They are: 

(1) consolidated-drained = CD test 
(2) consohdated-imdrained = CU test 
(3) unconsolidated-undrained = UU test 

where the first letter designates either complete or zero consoUdation under the preshear 
confining stresses and the second letter obviously denotes either fully drained (no excess 
pore water pressure) or no drainage during the shearing portion of the test. (Note: some 
refer to these as Q, R, and S tests in reverse order, respectively.) 

CD and CU tests will typically have a back pressure of several atmospheres or more, 
which must be used to achieve complete saturation of the specimen and drainage lines. They 
may also employ anisotropic preshear consoUdation stresses, defined by K^ = uj laj, 
leading to notation such as CID for an isotropically consoUdated drained shear test and 
CKo\} for a one-dimensionally {K^ = K^) consoUdated undrained shear test. In contrast, 
UU testing always uses an isotropic preshear confining stress because a„ # a, inherently 
causes undrained shearing because the test should never allow any drainage. However, some 
laboratories report results from so-called back pressured UU tests. This practice contradicts 
accepted basic terminology because such tests actually constitute CIU tests with an un
specified (unknown) preshear consolidation stress. 

The triaxial ceU configuration requires that failure occur either in compression (axial" 
compression) with a„ = ai > a, = az = aj or in extension (axial extension) with a, = OTI 
= a2 > a„ = CT3, where aj, ff2) ̂ nd <jj denote the principal normal stresses. These two failure 
modes involve both a change in the direction of the major principal stress at failure (that 
is, vertical for compression and horizontal for extension) and in the relative magnitude of 
the intermediate principal stress as reflected by the value oib = (aj - fJ^Hu^ - a^ (that 
is, fc = 0 and 1 for compression and extension, respectively). This fact compUcates assessment 
of stress-strain-strength anisotropy, as discussed later. However, the real virtue of the triaxial 
test Ues in the variety of stress paths that can be followed during both consolidation and 
shearing. Figure 2 gives representative examples of drained paths starting from a normally 
consolidated K„ condition, where q = 0.5((r„ - a,) andp' = 0.5(a/ + a / ) will be used 
in the paper to define the state of stress in triaxial samples. The compression-loading [C(L)] 
and extension-unloading [E(U)] can be easily followed by simply increasing and decreasing 
the piston force in Fig. 1, usuaUy by controlled axial deformation. The C(U), E(L), isotropic 
unloading-loading [I(U/L)] stress paths are somewhat more complex because changes in 
the cell pressure also affect the axial stress, and these tests generally must be stress- rather 
than strain-controlled. The K„ stress paths, while conceptually simple, require, in reaUty, 
either considerable effort or special automated controls as wiU be described when discussing 
triaxial testing in engineering practice. 
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Testing Steps and Measurements for CD and CU Testing 

The triaxial testing process, like any other shear testing procedure, can be divided into 
six distinct operations as outlined in Table 1. Each operation has a specific purpose and 
must be carefully evaluated with respect to the possible sources and consequences of errors. 
(Note: this paper assumes that pore pressures will be measured in all CU tests.) 

The specific details involved in the preparation of a specimen (Operation A) depend on 
the material type, stress history, and equipment design. While the details vary considerably, 
the purpose is to define a specimen for subsequent testing. Undisturbed specimens must be 
trimmed to the required shape without change in water content or structure. In addition, 
it is usually necessary to remove any disturbed material created during sampUng. Recon
stituted specimens must have a uniform known density. After specimen preparation, suf
ficient information (except the weight of solids) must be collected to define completely the 
phase state and specimen dimensions. 

The specifics of assembling (Operation B) vary with the equipment and soil type. The 
specimen must be mounted in the triaxial cell in such a manner that its condition (geometry, 
stress state, water content) remains unchanged. Different methods [2-4] are required for: 

(1) very weak soils which require continuous support 
(2) soft soils with low suction potential, and 
(3) stiff soils with high suction potential. 

At the end of the mounting procedure, a full set of reference readings is required for use 
in all subsequent calculations of strain and stress. 

Obtaining complete saturation (Operation C) of both the specimen and the apparatus is 
important for CD tests and essential for CU tests or when measuring rates of consoUdation. 
Complete saturation is not necessary if only magnitudes of deformation are required during 
consolidation (or drained shear) and sufficient time is provided for drainage. However, 
substantial errors in volume change may result if the degree of saturation increases with 
time (for example, when specimens are saturated after consolidation). During undrained 
shear, any macroscopic air within the control volume (specimen and pore pressure measuring 
system) will change in volume due to changes in pore pressure, resulting in partial drainage. 
In turn, partial drainage changes the effective stress of the specimen and may also significantly 
affect the measured pore pressure. The process of saturation, which requires a balance 
between time and damage to the specimen, is usually achieved by simultaneously increasing 
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426 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

the cell pressure and back pressure in steps such that the effective stress remains constant. 
This process, which should always include measurements of Skempton's B parameter (= 
AM/ACTC), is discussed further in the section entitled "Saturation." 

The processes of consoUdation and shear have very similar features and will be the primary 
topics of this paper. In essence, these processes amount to changes in the stress state while 
allowing drainage (consohdation or drained shear) or preventing drainage (undrained shear). 
The many technical issues to resolve or understand in order to obtain accurate stress--strain 
characteristics will be discussed in the section entitled "Problems, Errors, and Corrections." 

Finally, after the specimen has been sheared it must be removed from the apparatus. 
Operation F should focus on cross checking and evaluation, not preparation for the next 
test. In particular, the specimen dimensions should be recorded to compare with computed 
values; the specimen should be sketched, examined, and sectioned to evaluate water content 
variations and obtain the dry weight; and the reference values of all measuring devices 
should be recorded and compared to initial values. 

The quintessence of the triaxial specimen is its simplicity in geometry and stress state. In 
1940, Taylor [5] recognized the potential of Kjellman's [6] true triaxial apparatus, but 
considered the simplicity of the cyUndrical specimen more valuable for investigating soil 
behavior. Obviously, the profession agreed. But even this simple geometry (Fig. 1) requires 
five measurements during testing: piston force, cell pressure, pore pressure, axial defor
mation, and volume change (occasionally augmented by measurements of radial deforma
tion). 

Transfer functions, as summarized in Table 2, must then be used to convert these data 
to relevant engineering parameters. All involve calibration factors (for example, correlation 
between recorded voltage and resultant force or pressure or length), and several also include 
correction for the effects of piston friction, presence of filter strips and specimen membranes, 
and so forth. Uncertainties, such as specimen nonuniformity, imperfect stress application, 
and changes in specimen geometry, create further complications. As a result of the above 
factors, these engineering parameters are approximate average values for the simple ideal
ization. 

Error Evaluation 

An evaluation of errors should be an important aspect of all experimental investigations. 
However, the geotechnical engineer traditionally has not done this, presumably based on 
the common beUef that soil variabihty dominates most measurements and hence negates 
this aspect of a rational, scientific approach. Nevertheless, the authors beUeve that all users 
and generators of experimental data should appreciate and understand certain basic concepts 
(terminology) regarding different sources of error, both to improve testing practice and for 

TABLE 2—Transfer functions to convert triaxial test measurements to engineering parameters. 

Test Measurements (Fig. 1) Transfer Function Engineering Parameter 

Piston load (P) F(calibration, area, cell o-. 
geometry, correction) 

Cell pressure (a^) F(calibration, correction) a. 
Pore pressure (u) F(calibration) u 
Axial deformation (AL) F(calibration, correction) e„ 
Volume change (AV) F(calibration) e„ 
Radial deformation (not shown) F(calibration) e. 
Specimen dimensions and weights Phase relations w, e, S, y„ y^ 
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general perspective. Specifically, one needs to differentiate between three basic sources of 
error: 

(1) precision, which expresses the basic scatter in the measurements and is a measure of 
repeatability; 

(2) accuracy, which expresses the closeness of the measured mean value to the actual 
value and is a measure of bias; and 

(3) resolution, which reflects the smallest detectable measurement unit and is a measure 
of readability. 

Figure 3 illustrates these important differences by the location of holes in targets at a 
shooting range. Case (a) represents results from a nonexpert using a "good" rifle, which 
gives significant scatter about a mean lying not far from the center objective. Case (b) 
reflects results expected from an expert burdened with a poorly calibrated rifle, thus giving 
little scatter, but all holes have significant bias (deviation from the center). Finally, cases 
(c) and (d) illustrate results from an expert having "good" rifles of different vintage, say 
comparing natural vision versus a telescopic lens. From these simple examples, it should be 
obvious that accuracy is far more important than precision given several data points. And 
in our age of electronics, the measurement devices should have a resolution (readability) 
several times smaller than the precision justified by the overall accuracy. 

Problems, Errors, and Corrections 

Introduction 

The function of the triaxial apparatus is to measure the sfress-strain-strength character
istics of a cylindrical specimen. In almost all applications the specimen is idealized as a 
simple element. This section of the paper will review the problems that arise when the 
conceptually simple element is transformed into the reality of a triaxial specimen with its 
complex boundary conditions. These problems are most conveniently separated into three 
categories: corrected using approximate analysis, avoided by experimental design, and eval
uated when selecting procedures or interpreting data (Table 3). The correctable problems 

(a) Low Precision 
Moderate 
Accuracy 

(c) Low Resolution 
Low Precision 
High Accuracy 

(b) Low Accuracy (d) High Precision 
High Precision High Accuracy 

FIG. 3—Illustration of basic terminology used to evaluate errors. 
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(Items 1 to 6 in Table 3) are by no means definitively eliminated. However, these are 
problems for which approximate analyses have provided numerical results to apply to the 
measurements, but that still contribute uncertainty in the results. All of these problems are 
side effects of necessary apparatus components. The avoidable problems (Items 7 to 11) 
relate to experimental details that cause uncorrectable errors. Results affected by such 
problems will contain a bias which cannot be removed. These problems are solved with 
proper analysis, elimination, and verification of results. The final category (Items 12 to 14), 
contains problems that are difficult to correct or avoid and hence must be evaluated when 
selecting testing procedures or interpreting data. These problems, if ignored or improperly 
analyzed, can lead to serious errors. 

Table 3 presents the <//recf relationships between each problem and the various engineering 
parameters computed from the measurements. Secondary relationships, although not in
cluded in the table, can be equally important to the results. For example, if the pore pressure 
decreases due to an external leak, the shear stress, vertical stress, and void ratio will all be 
in error. These secondary relationships are discussed in subsequent sections. The more 
serious questions of inaccuracy arise due to nonuniform conditions within the specimen, 
frictional ends being a prime example. This is especially troublesome when the magnitude 
of the problem is material dependent. 

Table 3 also indicates which problems are of importance to the three triaxial test types: 
UU, CU, and CD. Tests that require pore pressure measurements and/or extended testing 
times (several days) will require more meticulous attention to the avoidable problems. 

Sensors 

All measuring devices (sensors) require caUbration and should be evaluated in terms of 
precision and resolution. Proper calibration will make the device accurate. Figure 4 presents 
an exaggerated schematic of the four parameters commonly used to quantify the performance 
of a sensor [7]. Stability is the change in output at zero load over time, the magnitude of 
this zero drift being a function of the device construction (type) and environmental changes 
(temperature, moisture, corrosion, and so forth). Nonlinearly, hysteresis and repeatabiUty 
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FIG. 4—Parameters used to quantify the performance of a sensor. 
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quantify variations in output as a function of "loading" history. The precision of a sensor 
will depend on the particular application. For instance, stability should dominate device 
selection for testing over long periods of time, whereas hysteresis becomes most important 
for cyclic loading. Resolution is inherent to the device and is specified by the manufacturer. 

Mechanical sensors, like load (proving) rings and pressure gauges, have relatively poor 
performance curves. Such devices must be carefully calibrated and checked before each test 
program. Nonlinear calibration curves are often necessary to provide reasonable accuracy 
over the full device range. Mechanical devices may also have undesirable side effects (for 
example, the compressibility of a load ring causing pronounced variation in the strain rate 
during loading and strain softening). 

Electronic sensors (transducers) have better performance characteristics and fewer side 
effects, facilitate automatic data logging, and, hence, have largely replaced mechanical 
sensors in many laboratories. Although most transducer performance specifications exceed 
our present conventional testing requirements, one should recognize and evaluate the fol
lowing potential problems: 

(1) changes in the performance characteristics due to age, overloading, or corrosion; 
(2) the stability of the power supply because the output voltage will be a function of input 

voltage; and 
(3) the performance characteristics of the electronic measuring system (A/D converter, 

voltmeter, recorder, and so forth). 

Typical values for hysteresis, nonhnearity, and repeatability are less than 0.5% of the trans
ducer's capacity. Therefore, linear calibration factors are generally sufficient when working 
above 10% of the sensor capacity. With sensors having infinite resolution, the dominant 
performance characteristics will depend on the data recording systems. Finally, electronic 
sensors have minimal side effects (for example, force and pressure transducers are very 
rigid). 

Apparatus Compressibility 

The problem of apparatus compressibility must be explicitly addressed only when testing 
stiff soils, using very coarse porous stones, requiring small strain response, or using lubricated 
ends. Calibration curves should be developed relating force and deflection (or pressure and 
volume) when compressibility can affect axial and volumetric strains. Viscous flow of the 
grease used with lubricated ends is likely to preclude small strain measurements. 

Membrane Resistance 

The rubber membrane surrounding the specimen transmits the radial effective stress to 
the soil grains and establishes the boundary between the cell fluid and pore fluid. The 
membrane also resists specimen deformation. Henkel and Gilbert [8] originally developed 
a membrane correction applied to the deviator stress for undrained compression tests. 
Duncan and Seed [9] extended this work to include the effect of both axial and volumetric 
strains. The corrections applied to both axial and radial stresses are based on shell theory 
and assume isotropic linear elastic rubber, with Poisson's ratio of 0.5, continuous support 
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without buckling and uniform cylindrical deformation. The following corrections are ap
proximations of this solution [70]. 

£LF„ = -jtD^EU, + I c J (1) 

where 

t = initial membrane thickness 
E = Young's modulus of rubber (=1400 kPa) 

Dj = initial specimen diameter 
Di„ = initial unstressed membrane diameter 

f-a = axial strain 
e„ = volumetric strain 

The axial Correction (AF„) is expressed in terms of force so it can be combined with 
various area corrections. However, the correction is based on the assumption that the 
specimen remains a right cylinder. Bulging will likely cause a more substantial error in the 
radial stress than the axial stress correction. The radial stress is corrected for the initial 
seating of the membrane (first term, Eq 2) and whenever volume change occurs. The initial 
membrane diameter should be within 10% of the specimen diameter. A reduction in axial 
stress of 2.5 kPa would be appUed to a 10-cm^ specimen encased by two prophylactic 
membranes at 10% strain during undrained shear. 

Bishop and Henkel [//] present a detailed description of a method to measure the mem
brane modulus that assumes equal compressive and tensile moduU. Young's modulus, E, is 
computed by dividing the extension modulus, M, by the initial thickness of the membrane. 

Filter Drain Resistance 

Filter drains around cohesive specimens accelerate drainage during consolidation (or 
drained shear) and equalization of excess pore pressure during undrained shear. They are 
commonly used with frictional ends and always with lubricated ends. The efficiency of the 
drains is an important issue [12], especially when using measurements during consolidation 
to compute coefficients of consoUdation. The present discussion addresses the influence of 
the drains on the stress state for two configurations: vertical drains for compression tests, 
and spiral drains for either compression or extension tests. (Note: although double spirals 
have been used, they are not recommended unless each spiral is independent.) 

The vertical drains carry increasing load until they apparently buckle between 2 or 3% 
axial strain. The maximum correction [11] applied to the axial force, based on comparative 
tests on specimens with and without drains, is 

AF^=-kf,Pf, (3) 

where 

kfp = force per perimeter of filter paper (1.3-1.9 N/cm for Whatman #54) 
Pfp = perimeter of paper 
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The correction linearly increases from zero to AF^ at 3% axial strain as referenced to the 
initial specimen dimensions and is constant thereafter. A typical maximum correction would 
be 8 kPa for a 10-cm^ specimen with eight 0.6-cm-wide vertical drains. Spiral drains are 
assumed to be perfectly flexible and hence require no correction [2]. The recommended 
inclination of the drains is 1:1.3 (vertical: perimeter) for compression tests and 1:1.5 for 
extension tests [2]. 

An additional consideration when consolidating a specimen with radial drainage is the 
development of a structural shell in the outer portion of the specimen. This can be especially 
important when using large consolidation increments and lubricated ends [13]. Atkinson 
[14] also reports that radial consolidation and fast loading rates can result in large variations 
in water content across the specimen. 

Piston Friction 

Piston friction can potentially cause an important error of unknown magnitude. It occurs 
within the seal of the triaxial cell and is a function of the type of bearing, type of seal, and 
lateral force acting on the piston. Two types of bearings are commonly used in triaxial cells: 
soUd and linear ball bushings. Solid bushings, while still common in practice, have a poor 
performance record. Figure 5 [15] plots the net friction (increase in force due to lateral 
force) force versus lateral force applied to the shaft as it is pushed into the bushing. The 
stationary solid bushing, in addition to having a high static friction (the stick slip phenom
enon), can develop a net dynamic frictional resistance equal to the lateral load. Ball bushings 
dramatically reduce this problem. In fact, the additional frictional force shown in the figure 
is attributed to the seal friction. The three best performing systems are the rotating soUd 
bushing, the air-sealed ball bushing [76], and the ball bushing with a rolling diaphragm seal 
[17]. The rotating solid bushing maintains a high rate of movement which prevents static 
friction buildup and reduces the vertical frictional component by the ratio of the vertical to 
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horizontal displacement rates of the piston. However, the design is complex, and the con
nection details require careful consideration. The air bushing system bleeds air through a 
low clearance seal. The air pressurizes the cell fluid and limits friction to the drag force of 
the air passing through the opening, but has the disadvantage of applying air pressure directly 
to the cell fluid (see the section entitled "Gas Leakage"). The diaphragm seal has low friction 
characteristics, but rather limited displacement capabihty. 

Table 4 compares the various options. Because the lateral force is unknown during a test, 
one cannot formulate reUable corrections for stationary bushing systems and they should 
not be used without internal force measurements. The ball and rotating soUd bushing types 
Can provide feasonable accuracy after making a friction correction, which should be obtained 
by measuring the force required to push the piston in and out of the cell at various pressures 
and displacement rates. The friction force will be equal to one half the difference between 
pushing in and pulling out the piston. Such a calibration also provides values of the piston 
uplift force which is equal to the effective piston area times the cell pressure. This value 
can be computed as the average of the force required to push in and pull out the piston. 

Area Corrections 

The axial stress is computed by dividing the piston force (minus corrections for friction, 
uplift, membrane, and so forth) by an effective area. Because the specimen often deforms 
substantially during both consolidation and shear, it is necessary to compute a corrected 
area based on the initial area, the measured axial and volumetric deformations, and an 
assumed deformation pattern. It is most common to assume that the specimen deforms as 
a right cylinder (that is, the ideal case for a specimen with frictionless ends). This is often 
reasonable during consolidation and even during shearing with lubricated platens. However, 
with frictional ends, the computed area at large axial strains will differ substantially from 
the actual area in the central portion of the specimen. 

In the case of compression tests, the actual cross section will be larger than the computed 
section, leading to an overprediction of the axial stress. During extension tests, the actual 
area will be less than that computed, and the axial stress will be underpredicted. The paper 
focuses on area corrections for specimens that deform "uniformly." Analysis of data obtained 
on specimens with rupture Surfaces requires further research. 

Alternate corrections exist when the specimen deforms as a parabola or bulges (Fig. 6). 
The parabolic correction (developed explicitly for undrained conditions) assumes that the 

TABLE 4—Comparison of various bushing designs used for triaxial testing. 

Type of Bushing Friction 

Sensitivity to 

Lateral 
Load 

Disp. 
Rate 

Solid 
Stationary 

Rotating 

OU 
0-/quad ring 

OU 
0-/quad ring 

Moderate 
High 

Low 

Very high 
Very high 

Low 

Stick/slip 

Low 

Ball Stationary 

0-/quad ring 
Rolling 

diaphragm 
Air 

Moderate 
Low 

Low 

Moderate 
Low 

Low 

Stick/slip 
Low 

Low 
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specimen deforms as a barrel, the area being computed at the largest midplane section. The 
bulging correction assumes the strains to be concentrated in the central portion of the 
specimen. The following equations [18] apply to the three deformation modes (compressive 
strains are positive): 

A= A. 

cylindrical 

V25 - 20e, - 5e.}Y T 
4(1 - ej J 

parabolic 

(4) 

(5) 

(6) 

where 

A„ = area corresponding to zero strain 
a = experimental constant, normally between 1 and 2 

For the bulging correction, the value of a can be approximated as the ratio of the length 
of the specimen to the length of the bulging zone. Figure 6 shows the differences in the 
normalized correction {^q/q„) for various formulas during undrained triaxial compression. 
The normalized correction is the reduction in shear stress (also equal to percent increase in 
area) due to the area correction. The figure clearly illustrates the importance of selecting 
the most appropriate area correction (for example, the difference between the parabolic 
and cylindrical correction being 6% at 10% strain). Hence, the cylindrical assumption 
overpredicts the strength by about one-half the axial strain for specimens that form a barrel
like shape. This error can become substantially larger when localized bulging occurs. The 
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most appropriate choice of correction should be based on the observed geometry of the 
specimen and then compared to that measured at the end of the test. 

Relative Importance of Typical Corrections 

The foregoing presented typical corrections which must be considered, checked, or applied 
to triaxial data. Some corrections are too device-specific (for example, piston friction) to 
quote universal values, while others (for example, vertical filter strips) can be quantified 
for general use. However, all involve uncertainty (both precision and accuracy), and one 
should consider the impact of potential errors on the measured parameters. The results in 
Fig. 7 illustrate their relative importance for the following assumed conditions: undrained 
compression of a 10-cm' specimen with two prophylactic membranes, eight 0.6-cm-wide 
vertical drains of Whatman #54 paper, 5 N of piston friction (presumed to act at negligible 
strain), and the cylindrical area correction. The strain contours in Fig. 7a show that the 
total correction increases progressively with strain. For measured strengths above 200 kPa, 
the corrections are reasonably small (<15% at 10% strain). However, as the strength 
decreases, the corrections quickly dominate (for example, a correction of 90% at 10% strain 
for a measured strength of 10 kPa). Figure 7b shows the relative importance of the various 
components at 5% strain. The area correction dominates for measurements above 200 kPa 
and is independent of strength. The remaining corrections become very important for weak 
soils leading the Norwegian Geotechnical Institute [19] to develop the paraffin method. 
Also note that these corrections must be minimized because of their approximate nature 
and not their magnitude. 
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Seating and Tilting 

Imperfect matching of the specimen with the top and bottom caps or the top cap with 
the piston can cause substantial errors. The first problem, referred to as a bedding error, 
is caused by rounded, irregular specimen ends, specimens that are not right cylinders, rough 
stones, or warped stones. Nonparallel ends cause particularly large errors in strain mea
surements when using fixed top caps which cannot rotate to match the specimen. Bedding 
imperfections result in excessive deformation [20] at early stages of loading, causing large 
errors in the initial modulus and may even affect the strength of stiff materials due to 
nonuniform loading. 

Specimen ends should be trimmed to be perfectly flat and parallel, several devices being 
available to facilitate this operation. The split tube jig suggested by Ladd and Dutko [76] 
has proven satisfactory and is easy to fabricate. Minor bedding imperfections can be removed 
by consolidating the specimen prior to shear and using the fixed top cap design which 
eliminates the problem of top cap rotation during consolidation and shear. However, the 
fixed top cap system should not be used with very stiff specimens because the ends are never 
perfectly parallel and large stress concentrations will result. 

The problem of tilting arises from imperfect specimen trimming; misalignment between 
the piston, top cap, and specimen; and tilting during consolidation due to nonuniformity 
within the specimen. Tilting can cause large apparent axial deformation during the early 
stages of loading as with bedding errors. With continued loading, the top cap can be pushed 
horizontally which increases piston friction (with solid bushings), applies a bending moment 
to the specimen, and thus reduces the measured strength. If tilting becomes too severe, the 
test must be terminated. Proper alignment is best maintained by consohdating specimens 
with the piston and top cap in contact, a rigid connection being preferred to also eliminate 
top cap rotation. 

Saturation 

Complete saturation of the entire system (specimen, porous stone(s), drainage lines, and 
so forth) is desirable for accurate measurements of volume change based on recorded water 
inflow and outflow during consolidation and shearing, and absolutely essential for rehable 
data during undrained shear (unless one varies the cell pressure to maintain a constant pore 
pressure during shear). When pore water fluid is used to measure or control changes in the 
specimen volume, the presence of macroscopic gas will create errors that depend on test 
type and specimen stiffness. During drained conditions, the error in measured volume change 
can be large if the degree of saturation is low, the fluid pressure changes, or the gas/liquid 
phase is out of equilibrium. Undrained tests require an incompressible pore fluid to assure 
conditions of no volume change. An unsaturated specimen will follow a partially drained 
stress path, altering the stress-strain-strength and pore pressure behavior. For contractive 
soils, partial saturation will often cause significant errors in measured effective stresses 
whereas dilatant soils may undergo significant volumetric expansion, which can, in the limit, 
result in a drained condition. 

Saturation is achieved by increasing the specimen's pore pressure (referred to as back 
pressuring) to drive any macroscopic gas into solution. Insufficient measurements are col
lected during saturation to compute volume changes of the specimen. Therefore, the process 
must be performed at a constant effective stress which has been equilibrated prior to changing 
the pore pressure. Thus, the measured water inflow will be mainly due to increasing satu
ration rather than geometry changes. The post saturation volume is computed from the 
measured length change and the presaturation area. 
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The specimen should be saturated under the sampling effective stress, CT/, whenever 
possible. This value can be estimated from oedometer data on adjacent specimens or mea
sured directly when using a wet mounting method. Back pressuring at an unequilibrated 
effective stress above or below CT/ will result in consoUdation or swelling, respectively. The 
magnitude of the volume change depends on the soil stiffness and stress deviation. When 
<jj is very low (<10 kPa), it may be necessary to isotropically consohdate the specimen to 
a more workable stress prior to back pressuring. 

The saturation process is based on a combination of compression of gas (Boyle's law) and 
solution of gas (Henry's law). The pressure required for full saturation [21,22] depends on 
the initial pressure, initial degree of saturation, the nature of the gases, and the time provided 
for saturation. The applied back pressure should equal the saturation pressure plus the 
maximum negative pore pressure induced during shear so that the absolute specimen pore 
pressure never drops below the saturation pressure. Note that the shear induced pore 
pressure depends on both the stress path and overconsolidation ratio of the specimen. A 
back pressure of 200 to 300 kPa is typical for a nominally saturated soft clay. 

The actual saturation process occurs by simultaneously increasing the cell pressure and 
back pressure, both pressures being applied to the boundaries of the specimen. While the 
increment in cell pressure acts immediately throughout the specimen, water must flow 
through the specimen to replace dissolved gas, and hence the rate of pore pressure increase 
depends on the amount of gas and the permeability of the soil. Therefore, the rate of 
pressure application should be controlled in order to minimize effective stress increases 
within portions of the specimen. One of the three back-pressuring procedures should be 
followed. 

1. Apply both pressures in small increments and monitor water inflow. The acceptable 
rate of inflow will be material-dependent (stiffness and degree of saturation) and hence this 
approach requires considerable experience. 

2. Apply both pressures in small increments with single ended drainage to monitor the 
pore pressure response at the closed end. This will be slow, but safe, because the effective 
stress gradient is known. 

3. Apply the cell pressure without drainage, measure Skempton's B factor (AM/ACT^), 
then apply back pressure and allow time for drainage. This is optimal because the cell 
pressure increment can be maximized to the limit of reasonable changes in effective stress. 

Temperature 

Although variations in temperature generally affect triaxial data, precise temperature 
control is either expensive or cumbersome. Therefore, one should determine the required 
temperature control for a given application. Measurement variations as a result of temper
ature change can be caused by: 

(1) changes in the output of measuring devices at constant load, these being a function 
of sensor type as expressed as a percentage of capacity; 

(2) differences in the thermal expansion coefficients of the various materials (water, soil, 
steel, etc.), which are generally dominated by the behavior of water; or 

(3) the thermal coefficient of the soil skeleton, which causes a decrease in volume with 
increases in temperature [23] and is material-dependent. 

While it is relatively easy to measure a sensor's temperature sensitivity, it is nearly im
possible to apply accurate corrections to data because of the transient nature of temperature 
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variations. Therefore, the problem must be minimized by careful sensor selection and ad
equate temperature control. 

Measurements made during triaxial tests fall in two general categories: deformations at 
constant stress, and stresses (or forces) at constant deformation (or deformation rate). 
Deformation measurements are primarily affected by the differences in thermal strains of 
the various materials. Deformation variation during conventional room temperature control 
of ±2°C will become important only when measuring small strain behavior (<0.1%) and 
creep rates. Otherwise, routine measurements of volume change and axial deformation will 
not require more careful temperature control. 

During controlled deformation conditions, the stress variations as a result of temperature 
are the product of differences in thermal strains and material stiffnesses. The main effect 
during undrained tests is pore pressure variations which in turn produce changes in effective 
stress. This variation is amplified by opposite thermal coefficients of the pore fluid and soil 
skeleton and by the high bulk modulus of water. Mitchell [23] quotes normalized pore 
pressure changes (AM/CT') of about 0.015 ± 0.005 per °C for several soft clays. These cor
respond to a ±3% change in effective stress for a ±2°C temperature fluctuation, which 
should be acceptable for routine testing. However, pore pressure changes in stiff soils can 
be several times larger and hence may necessitate closer temperature control. Although 
temperature fluctuations affect pore pressure during undrained shear and volume changes 
during drained shear, existing experimental data generally show minor effects on measured 
peak strengths, at least with relatively soft clays. 

Water Leakage 

Controlled drainage boundaries are an essential part of triaxial testing. Water leakage 
alters these intended conditions, the importance of which depends on the leakage location 
and rate, test duration, and soil stiffness. During undrained shear, water leakage changes 
the pore pressure and hence the effective stress path, stress-strain characteristics, and the 
measured strength. It leads to a partially drained test, the results of which cannotbe corrected 
to equal undrained conditions. Proper control of leakage is so important that Poulos [24] 
refocused his doctoral studies from undrained rate effects to the control of leakage because 
the former was not possible without the latter. Water leakage becomes far less severe for 
drained tests because the measured volume change can be corrected for known rates of 
leakage. 

One needs to distinguish between internal and external leakage. Internal leaks can occur 
within all pore pressure-drainage connections in contact with the cell fluid, at the membrane 
seals, and across the membrane itself. They always result in an increase in pore pressure or 
volume change because CTC niust be greater than u. The rate of leakage depends on the radial 
effective stress (CT„ - u), type and condition of the connections, the type and quality of the 
membrane, and osmotic pressure. Osmotic pressures caused by different pore and cell fluid 
compositions can develop very substantial seepage gradients. For example, sea water (35 
g/L salt) as a pore fluid and distilled water in the cell produce an osmotic pressure of 1500 
kPa. Internal leakage can be minimized by adjusting the cell fluid composition to reduce 
the osmotic pressure, using copper tubing for top drainage with O-ring seal connections and 
changing the cell fluid in contact with the specimen to mercury (in jacket) or castor oil. 

External leaks occur at all connections and valves outside the cell and will decrease the 
pore pressure or volume change. They can be minimized by using copper tubing, ball valves, 
and soldering connections. However, leakage cannot be eliminated completely and will be 
proportional to the back pressure. 

In general, water leakage must be measured directly and minimized by equipment design 
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and maintenance. Leakage should be checked periodically by measuring flow rates (for 
drained tests) and pore pressure changes (for undrained tests) with a solid dummy in place 
of soil. Every membrane should be checked for holes. In addition, each test should be 
checked by one or more of the following methods. 

1. Monitor the volume change during secondary compression. The rate should decrease 
linearly versus log time. 

2. Close off the drainage hne and monitor the pore pressure for one hour prior to shearing. 
The value of du/dt should decrease with time if caused only by arrested secondary 
compression. 

3. Measure du/dt, as above, after shearing the specimen. 

Gas Leakage 

Leakage of gas into the specimen causes increases in pore pressure or volume change 
(similar to internal water leakage), but only if the gas actually forms macroscopic bubbles. 
Gas can enter the pore fluid by diffusion through the membrane from the cell fluid or 
through the drain lines from the back pressure system. After proper back pressuring, the 
existing gas should be dissolved in solution, with the pore fluid having a "gas deficiency" 
to allow the pore pressure to decreeise during shear (and dissolve more gas from diffusion 
during the test) without developing bubbles. To maintain this condition for tests that last 
several days, gas-water interfaces should either be avoided or kept sufficiently far from the 
specimen. The ideal situation is to fill the cell with degassed water and apply both cell 
pressure and back pressure with mechanisms other than direct gas (mercury pot, screw jack, 
or gas-water separation). 

However, more compact testing systems use gas-water interfaces close to the cell. When 
gas pressure is applied directly to the back pressure system (as with volume change devices 
that measure water levels in a standpipe), the gas will diffuse through the Unes (within 
hours) and quickly equilibrate within the specimen. This gas will not form macroscopic 
bubbles unless the pore pressure decreases during the test (for example, undrained shear 
for all unloading stress paths and for a negative A parameter in loading tests (Fig. 2)). Once 
the fluid becomes saturated, a small decrement in pressure will cause bubble formation (out-
gassing). 

In systems that apply gas pressure directly to the cell chamber (as with air bushing seals), 
the gas quickly dissolves into the cell fluid and begins to diffuse through the membrane to 
the depressed pore fluid. This gas, driven by the higher cell pressure, will come out of 
solution within the specimen causing increased pore pressure or volume change. Once 
macroscopic gas develops, the pore fluid compressibility also increases by several orders of 
magnitude [25]. Pollard et al. [26] report substantial effects from such diffusion after only 
one day. 

When gas leakage is not prevented by equipment design, restrictions should limit the 
operating domain as follows. 

1. The stress path should be chosen to prevent the pore pressure from decreasing during 
shear. 

2. The total test duration should be limited to one day if gas pressure is applied to the 
cell chamber. 

3. The B parameter should be measured before and after each test. This will identify 
partial saturation because B reduces significantly if gas bubbles develop within the specimen 
during the test. 
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Frictional Ends 

In 1940, Taylor [J] wrote: 

The ideal type of shear test must be recognized as one wherein all strains are alike at all points 
of the sample at any instant during the test. This ideal probably can never be truly reached. . . . 
The strongest argument for the cylindrical compression test when it recently came into popularity 
was that it provided a closer approach to uniform conditions. Actually, however, the cylindrical 
type of test is still so far from the ideal that much could be gained if irregularities of strain could 
be reduced. 

Taylor then went on to describe the problems associated with frictional ends which create 
a surface traction preventing radial deformation at the specimen ends. While this fact was 
appreciated in 1940 and has been extensively publicized since [1,27-29], the vast majority 
of tests are still performed with frictional ends. Why? Because efficiency in testing appears 
to be more important than uncertain errors. 

In all tests, frictional ends cause a deviation from the assumption used for analysis that 
the specimen is a simple element. With the smallest deformation, a surface traction develops 
at the ends of the specimen resulting in the familiar dead zones. This effect is always present, 
the magnitude and importance of which depend on the material stress history, type of test, 
and purpose of test. Table 5 summarizes the reasons for and against the use of frictional 
and lubricated ends. The primary practical reasons for using frictional ends include faster 
drainage and simplified, efficient equipment and procedures. The primary technical reason 
for using frictional ends is to stiffen the system, an important factor for small strain mea
surements. However, such data can be obtained by internal displacement sensors [20]. In 
contrast, frictional ends create several major technical problems as described below. 

The stress state in the dead zones (that is, the conical areas at both ends) is obviously 
different from that in the specimen center [7,25]. During compression loading, the stress 
state in the dead zones approaches a one-dimensional condition with low shear and high 
confining stresses. The varying stress states between the dead zones and the center of the 
specimen cause the following: 

(1) increased axial (and hence shear) strains toward the center of the specimen; 
(2) significant changes in specimen geometry at large strains causing bulging and further 

nonuniformity of stresses; 
(3) large differences in shear-induced pore pressures or volumetric strains between the 

middle and the ends of the specimen. 

The strain nonuniformity will influence all materials at all strain levels. The error has 
been evaluated by comparing stress-strain data from specimens tested with frictional and 
lubricated ends. Such data show that frictional ends stiffen the specimen [30], this being 
consistent with end restraint producing increased confinement. However, this error is rel
atively small with soft cohesive soils. At larger strains the specimen geometry begins to 
deviate substantially from a right cylinder. This introduces uncertainty as to the most ap
propriate correction to use when computing effective areas and can be substantial at strains 
greater than 10% as discussed in the section entitled "Area Corrections." 

The errors caused by the nonuniform pore pressure and volumetric behavior are of most 
concern, the importance of which depends on the difference between the shearing charac
teristics along the intended triaxial stress path and that of confined compression (or exten
sion). The following discussion considers a strain rate-independent soil and focuses primarily 
on undrained compression tests. 

Figure 8 compares hypothetical effective stress paths from CU tests on two specimens. 
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TABLE 5—Comparison offrictional and lubricated triaxial ends. 

Frictional Ends Lubricated Ends 

Reasons For 

• East set-up procedures 

• Simple, efficient drainage 

• Stiff apparatus for axial 
strain measurement 

• Simple cell geometry 

Reasons Against 

• Nonuniform 
stress and strain 

• Nonuniform 
excess pore 
pressure 

• Water migration 

• Larger strain rate 
effect 

• Formation of 
rupture surfaces 

Reasons For 

• Improves 
uniformity at all 
strain levels 

• Reduces strain rate 
effects 

• Reduces 
uncertainty in area 
correction 

• Essential for large 
strain behavior 

Reasons Against 

• More difficult to 
assemble 

• Reduces small 
strain precision 

• Increases 
consolidation 
time 
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FIG. 8—Hypothetical stress paths for slow and fast compression tests on rate-independent 

soil with base pore pressure measurement. 
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one normally consolidated and one highly overconsolidated. The "measured" paths cor
respond to data obtained with frictional ends and pore pressures measured at the end of 
the specimen (that is, conventional practice). The "true" paths correspond to uniform 
stresses and strains such as might be obtained with frictionless ends. The results in Fig. 8a 
are for tests performed very slowly to ensure that the pore pressures are equal throughout 
the conventional specimen. In the dead zones, the confinement tends to produce pore 
pressure increments that approach the vertical stress increments and hence water must 
migrate within the specimen to equihbrate the pore pressure differences. When the true soil 
behavior causes shear-induced pore pressures about equal to the vertical stress increment 
(that is, A — 1), there is Httle migration. Hence, normally consohdated clays should not be 
significantly influenced by migration of water. But when the soil develops small shear-induced 
pore pressures, water flows from the dead zones to the specimen center. This migration 
increases with overconsohdation ratio (OCR) and becomes very substantial for highly dil-
atant soils. As water migrates to the central zone of high shear, the shearing is now partially 
drained. Because the stress-strain characteristics are predominantly controlled by the ma
terial in the central portion of the specimen, the measured strength will be too low. However, 
the measured effective stresses at failure should closely approximate the true failure envelope 
of the material. 

Figure 8b compares hypothetical results from tests performed sufficiently fast to prevent 
any water migration. Now the shear-induced pore pressures will be position-dependent, 
with the conventional base system measuring the pore pressure developed within the dead 
zones and the overall shearing behavior being mainly controlled by the pore pressure in the 
center. Similar to the slow test, the error should be small for normally consolidated soil. 
However, the pore pressure measured in the base of the highly overconsohdated specimen 
will be much higher than at the center. Thus, very fast tests (that is, minimal internal 
drainage) give a more correct undrained strength, but the measured effective stress param
eters are liable to serious eiroi. In particular, the friction angle will be too low and the 
cohesion intercept much too high. 

Regarding drained tests, several studies [30,31] show that end restraint does not signifi
cantly affect the failure envelope, but may cause significant changes in the measured volume 
change behavior, especially with highly dilatant materials [31]. End restraint may also con
tribute to the formation of rupture surfaces as discussed in the section entitled "Rupture 
Surfaces." 

Frictional ends create complex problems such that the data cannot be "corrected" to yield 
the true soil behavior for a simple element. A more scientific approach to testing would use 
"frictionless" or more correctly lubricated ends (Table 5). Taylor [5] developed a rather 
complex design for free ends based on the concept of applying numerous point loads on the 
specimen ends that worked, but it was difficult to use and required an iterative experimental 
procedure. By the early 1960s, the design for lubricated ends [13,32,33] had evolved into a 
much more compact and practical geometry (Fig. 9). Lubrication was provided by layers of 
glass, grease, and rubber placed over top caps enlarged by 10 to 20%. Specimens are often 
shortened to an aspect ratio (height/diameter) of one to increase the lateral stability. Lu
bricated ends (if effective) can provide near perfect strain fields and hence minimize the 
"rate effects" illustrated in Fig. 8 because the shear-induced pore pressure should be equal 
throughout the specimen. However, few laboratories [JJ,54] use lubricated ends for routine 
testing. Primary technical reasons against lubricated ends are the reduction in small strain 
precision and increased consolidation time with only radial drainage. However, the strain 
problem can be resolved using internal contact measuring devices [20]. 

Given the potentially severe problems caused by frictional ends, but the additional practical 
difficulties associated with using lubricated ends, the authors cannot provide firm recom-
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FIG. 9—Typical schematic of lubricated ends for triaxial tests (after Jackson [13]). 

mendations. However, the following guidelines are offered for consolidated-undrained test
ing. 

1. All tests with frictional ends should be performed slowly enough to allow equilibration 
of pore pressure (see the section entitled "Rate of Loading"). After shearing, the specimen 
should be quickly removed from the apparatus and divided into three or four sections for 
water content measurements to determine the extent of water migration. 

2. Lubricated ends should be used when requiring reliable data at large strains (say e„ > 
15%) and for obtaining reliable pore pressiu-e data with minimal water migration when 
testing highly overconsolidated soils (say OCR > 6). 

Rate of Loading 

Triaxial test results, both drained and undrained, are sensitive to the rate of loading for 
two reasons: the time required for flow of water (that is, external drainage during drained 
shear and internal drainage during undrained shear), and the inherent "viscosity" of the 
soil skeleton. The former either causes or results from potential testing errors, while the 
latter reflects true soil behavior. The major concern when selecting a rate of loading should 
be the time required for the pore pressure to equihbrate throughout the specimen under 
the requisite drainage conditions. The methods presented by Bishop and Henkel [72] to 
select a proper testing rate still apply today. 

During drained shear, sufficient time must be provided for water movement throughout 
the specimen so that the pore pressure everywhere equals the back pressure. Performing 
the test too quickly causes a partially drained condition with errors in the strength and the 
effective stress failure envelope. The measured strength will be too low for normally con
solidated soil and too high for overconsolidated soil, leading to an overestimate of the 
cohesion intercept (especially unsafe for slope stabiHty analyses) and the reverse for the 
friction angle. In contrast, rates slower than needed for complete drainage cause negligible 
changes in strength [11]. 
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Experimental evidence [77] shows that 95% dissipation of pore pressure is sufficient to 
yield accurate drained results. Bishop and Gibson [72] used consolidation theory to develop 
the following approximate solution to estimate the time to failure: 

tf = 6.7 hVc„ for top and bottom drainage (7a) 

tf = 0.5 hVc„ for all around drainage (7b) 

where 

tf = time to failure 
h = V2 height of specimen = diameter of specimen 
c„ = coefficient of consolidation 

An approximate strain to failure is required to compute the applied displacement rate. 
The failure strain mainly depends on the OCR, consolidation stress state, and test stress 
path. Typical values for compression loading of an isotropically consoUdated specimen are 
20 to 25% at OCR = 1 and decreasing to a few percent at high OCR (>20). 

For undrained tests, the rate of loading must be sufficiently slow to allow for pore pressure 
equilibration within the specimen. Pore pressure variations occur as a result of end restraint 
as discussed in the section entitled "Frictional Ends." Bishop and Henkel [77] report an 
approximate theoretical relationship between the degree of equilibration and the time factor 
developed by Gibson, which can be used to compute a loading rate. Assuming that 95% 
equilibration is sufficient, the time to the first significant measurement is 

t, = IJ hVcj without drains (8a) 

t, = 0.07 hVc6 with fully effective drains (8b) 

The displacement rate will then depend on some selected fraction of the strain to failure 
which is a function of the type of consohdation, type of loading, and OCR. Strain to failure 
generally increases with consolidation stress ratio ( Okc' I'^J), OCR, and shear in extension. 

The use of Eq 7 and Eq 8 has two complications. First, the c„ and ĉ  are not strictly equal 
to c„ from an oedometer test, nor do the theories allow for changes during shear. However, 
they should in all cases be greater than the normally consolidated c„ and hence a value may 
be taken from oedometer data on similar soil. The second problem relates to the effectiveness 
of filter drains. Whenever the permeability of the specimen is above about 10"* cm/s, the 
filter strips do not provide free draining boundaries. Although Eq 7a and Eq 7b can be used 
to avoid excessive strain rates, an alternate approach uses consolidation data from the last 
increment prior to shear, thus minimizing both uncertainties. Bishop and Henkel [77] rec
ommend an extension of the initial slope of the volume change versus square root of time 
curve to obtain fjoo (other methods to determine a nominal end of primary would apply) 
and use of the following equations: 

tf = 16 fioo for drained tests (9) 

ts = 2 tioo for undrained tests (10) 

These equations automatically correct for the effectiveness of the drains, but they ignore 
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changes in c„ during shear. The last consolidation increment also must be sufficiently large 
to produce a Terzaghi-type consolidation curve. This usually will not be possible during K„ 
consolidation or when small isotropic increments are applied to avoid development of a soft 
core (see the section entitled "Filter Drain Resistance"). 

Rupture Surfaces 

Rupture surfaces, which are planes of concentrated strain, often form in triaxial specimens. 
They usually become visible shortly after reaching the peak deviator stress. The complexity 
of the stress and strain fields around the rupture surface makes it impossible to analyze the 
specimen as a simple element. Analysis of the data relative to the slip surface must account 
for localized membrane and filter strip resistance, the influence of lateral loading on both 
the piston and specimen, changes in contact area along the surface, and so forth. The 
mechanics of slip surface formation represent an important aspect of behavior that has 
received considerable attention recently [34-37]. Until the causes and mechanisms of for
mation are understood, postrupture data probably should not be analyzed quantitatively. 

In compression tests, the formation of rupture surfaces is influenced by the boundary 
conditions, the presence of stress concentrations, and localized areas of weakness within the 
specimen. They generally form when using frictional ends and almost always in slow tests 
on overconsolidated specimens. The locations of the surfaces are variable, but most often 
intersect the edge of one end cap. However, the compression test specimen is relatively 
stable, which tends to reduce the propagation of such surfaces in low OCR soils. The 
transition from a more general strain field to a localized slip surface is undoubtedly aggra
vated by pore water migration. 

Rupture surfaces are especially sensitive to zones of weakness during extension tests. The 
specimen is inherently unstable (similar to the weak link in a chain) which tends to favor 
slip surface formation. When the first instability begins, it easily grows into a continuous 
surface. The strain continues to concentrate in this zone of stress concentration and finally 
forms the familiar neck. Rupture surfaces are much flatter in extension tests. They seldom 
extend to an end cap, but often pass close to the edge of a dead zone. Rupture surfaces 
form equally in all types of soils during extension tests. 

Interpretation of data from tests that develop rupture surfaces is still a matter of debate. 
Preformation results should be reasonable when computed using the assumption of a "uni
form" strain field. However, the slip surface may initiate long before becoming visible, 
raising doubts as to when the specimen significantly deviates from a condition of generalized 
strain. It is also not clear if the presence of rupture surfaces significantly alters the strength 
or effective stress parameters measured prior to their formation. 

Summary 

This section covered various aspects of testing equipment and procedures that cause errors 
in the measured data relative to the properties that should have been obtained from triaxial 
tests (principally CU and CD tests) conducted with the intended boundary conditions of 
stress, strain, and drainage. Table 3 lists the 14 problem areas that were considered. The 
subsections deaUng with each issue have attempted to clearly identify the problem and then 
either offer guidance as to appropriate "corrections" or means for minimizing its effect. 
Table 6 summarizes the principal conclusions and recommendations for consolidated-un-
drained triaxial testing. It shows the direction of error in shear stress, pore pressure, axial 
and volumetric strain caused by the various factors. 
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TABLE 6—Typical parameter errors with conventional triaxial equipment used for CU testing (Set-up 
in Fig. 1 assuming constant temperature and accurate recording instrumentation). 

Parameter 
Source of 

Error 
Error 

Direction Remarks 

1. Maximum shear stress 1.1 Piston friction 

1.2 cr, upUft 

+ A9 

+ ^q 
2A 

1.3 
1.4 

1.5 

1.6 

1.7 

Membrane restraint 
Filter drain restraint 

Nonuniform area due 
to end restraint 
Nonuniform a' due 
to end restraint 
Nonuniform e due to 
end restraint 

+ ^q 
+ Aq 

+ A9 barreling 
- A 9 necking 

+ Aq 

-^q 
usually 

1.8 Displacement along ±^q 
ruptiue surface 

Must calibrate correction. 
Do not use stationary bush

ing. 
Must calibrate correction. 

Apply standard correction. 
Apply correction 

(uncertain) or minimize 
via number and 
orientation. 

Apply paraboUc correction. 
Terminate test. 
Usually small effect. 

Most pronounced at high 
OCR. 

Need fast e to reduce Ae, 
but error in u (see 2.5). 

Complex change in area, 
interaction with 
membrane and filter 
strips, lateral force on 
piston, etc. Therefore 
terminate test. 

2. Pore water pressiu-e, u 

3. Axial strain, e. 

4. Volumetric strain, e„ 

1.9 Tilting of sample 

1.10 Internal leakage: 
water and gas 

1.11 External leakage 
2.1 

2.2 

2.3 

2.4 
2.5 

3.1 

3.2 

3.3 

4.1 

4.2 

4.3 

5 < 100% 

Internal leakage: 
water 

Internal leakage: gas 

External leakage 
Nonuniform u 
distribution due to 
end restraint and/or 
rupture zones 
Seating 

Nonuniform area due 
to end restraint 
Displacement along 
rupture surface 
Increase in S during 
back pressuring 
Internal leakage: 
water and gas 
External leakage 

±Aq 

- A ? 

+ A9 
±\u 

+ A« 

+ AM 

-Au 
+ Au 
usually 

+ Ae. 

-Ae„ 

-Ae„ 

+ A€„ 

+ A€„ 

-Ae . 

Use rigid piston-top cap to 
minimize. 

See 2.2 and 2.3. 

See 2.4. 
Direction depends on TSP 

and OCR. 
Must use back pressure and 

check B before and after 
shearing. 

Check leakage during 
consolidation and with 
diunmy. 

Minimize osmotic pressure 
gradient. 

Eliminate gas-water 
interfaces. 

See 2.2. 
Most pronounced at high 

OCR. 
Need slow e to equilibrate 

u. 
Can be very large at small e 

and high OCR. 
Terminate tests with 

necking. 
See 1.8. 

Keep a' constant and 
assume area is constant. 

See 2.2 and 2.3. 

See 2.4. 
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Undrained TViaxial Testing in Engineering Practice 

Introduction 

Do the properties obtained from laboratory triaxial tests, even if measured accurately, 
reflect the in situ behavior of the soil under field conditions? The discussion here is restricted 
to prediction of the initial in situ undrained stress-strain-strength properties of saturated 
cohesive deposits. To assess the use of triaxial testing for such purposes, the authors first 
summarize the three major factors that affect results of undrained shear tests run on "un
disturbed" specimens, namely: (1) the influence of sample disturbance; (2) the rate of 
shearing; and (3) the mode of shearing, especially regarding the effects of anisotropy. This 
review also compares laboratory-derived strengths with those back calculated from case 
histories of undrained failures. Based on this collective knowledge, the paper examines and 
illustrates the generally unreliable nature of UU and CIU triaxial compression test results 
and then recommends how CKJJ triaxial testing can provide more useful data in engineering 
practice. 

Sample Disturbance 

Ideally, the laboratory test specimen should have the same preshear water content and 
values of effective stress (for example, a J and a J = K„(TJ) as existed in situ before 
sampling. But this ideal condition cannot be attained, except possibly with block samples 
from a soil having K„ equal to unity. Hence, for typical projects involving tube samples 
from deposits with K„7^ 1, the effects of sample disturbance must be recognized and min
imized to the extent possible. Jamiolkowski et al. [38] describe three sources of sample 
disturbance arising from the stress relief (including eventual removal of the in situ shear 
stress, qa = 0.5a„'(l - K^)); the sampUng technique (also see Ref 39 for disturbance 
effects associated with the straining caused by common thin-walled tube samphng); and the 
handling procedures (for example, transportation, extrusion, and trimming). Jamiolkowski 
and coworkers [38] also suggest ways of assessing the degree of sample disturbance via 
radiography, measurement of the sample's effective stress (cr/), and evaluation of one-
dimensional compression curves. In any case, tube sampling will always alter the in situ soil 
structure, may involve internal migration of water, and frequently leads to values of a/ 
substantially less than the in situ vj (especially with relatively deep, low OCR materials). 
Hence, UU type tests can never simulate the in situ stress-strain behavior because shearing 
a priori starts from an isotropic state of stress (CT/) that differs from the in situ K„ stress 
condition. (Note: resultant errors in the peak undrained strength may be offset by other 
factors affecting c„ measurements.) UU tests on specimens having varying degrees of dis
turbance will also give a misleading indication of spatial variability due to bias in the mea
surements. 

Given the obvious limitations of UU testing, one must therefore employ CU tests to 
minimize the adverse effects of sample disturbance, where the two principal variables are 
the vertical consolidation stress (CT„') and the consolidation stress ratio (K^ = a^J laj = 
^n l^ac' for triaxial testing). Because K^ should approximate the in situ K„, both to help 
restore the in situ soil structure and to give more meaningful stress-strain-strength data, 
the paper will now focus on the so-called Recompression and SHANSEP techniques de
veloped for CK„\} test programs. 

The two techniques are illustrated in Fig. 10, which shows hypothetical in situ and lab
oratory K„ compression curves for a sUghtly overconsolidated clay. Points 1 and 2 designate 
the in situ condition and the sampled condition, respectively (the latter assuming no change 
in water content during sampling). Point 2 also represents the preshear effective stress of a 
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FIG. 10—Consolidation procedures for laboratory CKoU testing (after Ladd et at. [43]). 

UUC test. Test specimens following the Recompression technique are reconsolidated to 
^vc' = <^J shown as Point 3, whereas Points A through D correspond to typical stresses 
used for SHANSEP. 

Bjerrum [40] and Berre and Bjerrum [41] present the rationale underlying the Re
compression approach developed at the Norwegian Geotechnical Institute. They quote 
typical volumetric strains of 1.5 to 4% and conclude that destruction of natural bonding by 
sample disturbance more than offsets the strength gain due to the lower water content, 
provided its reduction is not too large. The SHANSEP technique as described by Ladd and 
Foott [42] and Ladd et al. [43] involves the following basic steps (for a given layer and mode 
of failure): (1) oedometer tests to obtain the preconsolidation pressure profile and hence 
the OCR = ffp'/(T„„'; (2) CKJJ tests on specimens consohdated beyond the in situ a^' to 
measure the behavior of normally consolidated soil (Points A and B in Fig. 10) and also on 
specimens rebounded to varying OCR to measure overconsolidated behavior (Points C and 
D); (3) evaluate and express the results in terms of normalized soil parameters such as cj 
a„ ' versus OCR; and (4) use these relations with the stress history to compute c„ profiles. 
Although originally developed based on the empirical observation that it gave reasonable 
results, SHANSEP inherently assumes that the in situ clay exhibits normalized behavior 
that can be simulated in the laboratory by mechanical overconsolidation. 

Although more research is needed to clarify the hkely errors and relative merits for both 
reconsolidation techniques, the authors offer the following recommendations for C^„U test 
programs conducted on fixed piston tube samples having a diameter of 75 mm. (References 
38 and 44 provide further background information.) 

The Recompression technique: 

(1) is more accurate with highly structured, brittle clays such as typical of eastern Canada 
(where SHANSEP tends to underpredict peak c„ values and especially undrained modulus); 

(2) is preferred for cemented soils and for testing weathered crusts and heavily overcon
solidated deposits (where SHANSEP is often difficult to apply); 

(3) should not be used in truly normally consolidated (OCR = 1) deposits because re-
consolidation to a J = dp' will clearly overestimate the in situ c„; and 

(4) should always be accompanied by an evaluation of the in situ stress history to check 
the reasonableness of the measured cjaj values and to extrapolate/interpolate the discrete 
c„ data. 
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The SHANSEP technique: 

(1) is probably preferred for moderate to low OCR deposits of "ordinary" clays, meaning 
a relatively low sensitivity and precompression mainly because of mechanical-desiccation-
secondary compression rather than physico-chemical mechanisms; 

(2) relies on an accurate estimate of the in situ <j^ profile (but if this cannot be reasonably 
obtained from oedometer tests, Recompression c„ data would also be suspect and may be 
unsafe); and 

(3) generally requires more testing (although the normalized parameters can be used on 
subsequent projects involving the same deposit). 

Both approaches ideally require K„ consolidation, which is especially difficult and time 
consuming for SHANSEP triaxial testing without automated controls. The paper later dis
cusses special equipment and simplified anisotropic consohdation techniques. 

Rate of Shearing 

Laboratory UU and CU triaxial tests on cohesive soils show higher strengths with in
creasing strain rate (e) and hence decreasing time to failure (tf). The effect can be expressed 
in terms of X = (Ac„/c„„)/Aloge, where c„„ is the undrained strength at some reference strain 
rate, say at e = 1%/h. The thorough literature survey by Lacasse [45] and subsequent 
research indicate typical trends as follows: (1) CIUC tests on OCR = 1 clays give 
X = 0.1 ± 0.05 for f; ranging from several minutes to several hours; (2) X can be substantially 
higher in heavily overconsohdated soils; and (3) X often increases at faster shearing rates, 
as illustrated in Fig. 11. Although changes in c„ appear related to changes in effective stress 
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(for example, higher excess pore pressures at slower rates), the mechanisms responsible for 
this behavior are both controversial and unclear, for example: membrane leakage (likely at 
tf exceeding several days); a "structural viscosity"; particle slippage and reorientation; re
distribution of water content (considered important with high OCR soils); or a combination 
thereof. 

Irrespective of the mechanism, rate effects should be considered when comparing c„ data 
from tests having large differences in tf and for CK„\J testing. For typical X values, shearing 
at the UUC standard of 1%/min will increase c„ by about 20 ± 10% in low OCR clays, 
and may exceed 50% in some high OCR soils, relative to tests run at e = 1%/h. These 
differences may even double at shearing rates associated with Torvane and fall cone testing. 
Although no rational framework exists to select strain rates to rephcate in situ behavior, 
many leading laboratories now use e = 0.5 to 1%/h for CKJJ triaxial tests on soft cohesive 
soils. As will be seen, this value appears reasonable based on case histories of undrained 
failures. 

Mode of Shearing 

When comparing the different modes of shearing that can be achieved in laboratory shear 
devices, two variables usually suffice to describe the basic differences in the applied stress 
system, meaning the magnitudes and directions of the three principal stresses. They are: 
(1) the relative magnitude of the intermediate principal stress as defined by b = (ai - (T,)/ 
(CTI - aj); and (2) the direction of the applied major principal stress relative to the vertical 
(depositional) direction, denoted by the angle 8. Changes in the values of b and 8 lead to 
different stress-strain responses due to the effects of cxa and anisotropy, respectively. 

References 58 and 44 discuss the combinations of b and 8 that can be achieved by laboratory 
shear devices and their applicability for engineering practice and research. Ideally, CK„\J 
testing would shear specimens at representative 8 angles to measure the stress-strain-
strength anisotropy of the soil while maintaining a constant ^2 condition (for example, with 
b = 0.3 to 0.4 to approximate plane strain conditions). However, no existing device has 
this capability for routine testing of natural clays. Hence, most studies of undrained an
isotropy, starting from K„ conditions, have come from the following modes of shearing: 

(1) plane strain compression/extension (PSC/E), which can provide rehable data for plane 
strain shearing at 8 = 0° and 90° (for example, Vaid and Campanella [46]) but cannot 
achieve intermediate 8 angles; 

(2) triaxial compression/extension (TC/TE), which give data at 8 = 0° with b = 0 and 
at 8 i= 90° with 6 = 1, and hence involve a change in the o-j condition; 

(3) direct simple shear (DSS), such as with the Geonor device [47], which simulates the 
horizontal portion of a plane strain failure surface. 

Results from CÂ „U TC, TE, and Geonor DSS tests will be used to illustrate the effects 
of anisotropy, even though such data involve complicating factors, namely: triaxial testing 
generally gives peak strengths less than plane strain testing, by about 5 to 10% in compression 
and about 15 to 20% in extension [43]; and the values of 0.5 (a, - CT,)/ and 8 are ill-defined 
in the DSS test due to nonuniform and incomplete stress-strain conditions. Figure 12 plots 
peak undrained strength ratios from such tests run on a wide variety of normally consolidated 
clays and silts (but excluding varved clays), where T̂  is the maximum horizontal shear stress 
applied to the DSS test specimens. The data show: qf/aj = 0.32 ± 0.02 SD in TC having 
no trend with 7 ;̂ generally much lower DSS strengths that tend to decrease with lower 
plasticity; and even smaller ratios for shear in TE, especially at low /, with qflaj in the 
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FIG. 12—Undrained strength anisotropy from CKoU tests on normally consolidated clays 
and silts [44]. 

range of only 0.16 ± 0.03. These results and the general literature clearly demonstrate that 
most OCR = 1 soils exhibit significant c„ anisotropy that generally becomes most important 
in lean clays, especially if also sensitive. 

Anisotropy can also have a significant effect on undrained stress-strain behavior, as 
illustrated by the data in Fig. 13 from CK„U TC and TE tests on OCR = 1 resedimented 
Boston blue clay (/^ = 15 to 20%). Shearing in compression produces a high peak strength 
at a very low strain (e^ = 0.3%), followed by pronounced strain softening as the effective 
stresses decrease and finally reach the maximum obliquity failure envelope. In contrast, the 

5 10 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 3 I.O 

AXIAL STRAIN {%) NORMALIZED EFFECTIVE STRESS.p'/o-^c 
FIG. 13—Undrained stress-strain behavior for Ko and isotropic consolidation of OCR = 

1 resedimented Boston blue clay. 
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effective stress path is always decreasing during shear in extension, which produces a much 
lower strength (in spite of the steeper failure envelope) at a very large axial strain. Figure 
13 also plots results from CIU tests, which show that isotropically consolidated specimens 
give completely different behavioral trends (for example, relatively little change in both the 
strain at failure and the peak strength). This occurs because anisotropic consolidation per 
se causes most of the anisotropy observed in typical low OCR soils. Hence, CIU testing 
will generally give a highly misleading picture of soil behavior when the in situ Ka is less 
than about 0.7 to 0.8. Although not plotted, CÂ <,UDSS tests on resedimented Boston blue 
clay give a peak T^/a^' = 0.20 at about 5% shear strain. 

In Situ Undrained Strength Ratios for Stability Analyses 

Jamiolkowski and coworkers [38] and Ladd [44] show that overconsoUdated soils can also 
exhibit pronounced undrained stress-strain-strength anisotropy. Hence, any meaningful 
laboratory test program conducted as part of engineering studies for an undrained stability 
problem should account for this important aspect of soil behavior. But before making 
recommendations, results from recent studies of the in situ undrained strength appropriate 
for circular arc or wedge type stability analyses will first be reviewed. Ladd [44] made a 
detailed comparison of the undrained strength ratios plotted in Fig. 14 and obtained as 
follows: (1) values of Cu/Vp' back calculated from case histories of loading failures on low 
OCR deposits as reported by Larsson [48]; (2) values of i^yjaj obtained from CK„\] 
compression, direct simple shear and extension tests run on ten normally consolidated soils 
and treated for strain compatibility to account for the effect of progressive failure [49]; and 
(3) the peak xj/a^' obtained from C^„UDSS tests run on 25 OCR = 1 nonvarved soils. 
After distinguishing between soils with Atterberg limits plotting above the A-line (CL and 
CH soils) versus those falling below the A-line or containing shells and fibers, Ladd reached 
the following conclusions especially pertinent to this paper: 

1. There was good agreement between the three undrained strength ratios for CL and 
CH soils having I, = 25 ± 15%. 

2. The more limited data base for silts and organic soils precluded a meaningful com
parison but indicated higher and more scattered undrained strength ratios than for 
inorganic clays. 

3. The initial in situ undrained strength appropriate for circular arc stability analyses can 
be computed using the relationship 

cjoj = S(OCR)'" (11) 

where S equals the normally consolidated value and the exponent m gives the increase 
resulting from overconsoUdation. 

4. For nonvarved CL and CH sedimentary clays of low to moderate sensitivity and Ip = 
20 to 80%, S = 0.22 with a nominal SD = 0.03. 

5. For sedimentary deposits of silts, organic soils (excluding peats) and clays with shells, 
5 = 0.25 with a nominal SD = 0.05. 

6. The value of m can be estimated as m = 0.88(1 - CJC,) ± 0.06 SD, where C, and 
Cc equal the slope of the oedometer void ratio versus log consolidation stress curve 
during unloading and virgin compression, respectively, or more simply taken as 
m = 0.8. 

Based on the above conclusions, c^luj ratios appropriate for stabiUty analyses with CL 
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FIG. 14—Comparison of field and laboratory CK„U strength ratios for OCR = 1 nonvarved 
sedimentary soils [44]. 

and CH soils would fall within the following ranges based on 5 = 0.22 ± 0.03 and m = 
0.8 ± 0.10: 

OCR = 1, cjdj = 0.22 ± 0.035D 

OCR = 5, cjaj = 0.80 ± 0.17SD 

OCR = 10, CJGJ = 1.40 ± 0.375D 

The paper next examines typical results from UUC and CIUC testing in light of these values. 

Conclusions Regarding UU and CIU Triaxial Compression Tests 

Reliance on UUC tests to obtain reasonable estimates of the initial in situ undrained 
strength for stability analyses depends on a fortuitous self-compensation of the three factors 
reviewed above. In other words, the increased strength due to shearing at a very fast strain 
rate (60%/h) and due to failure in triaxial compression (that is, shearing at 8 > 0° leads to 
lower strengths because of anisotropy) must be offset by a strength reduction due to significant 
sample disturbance (that is, values of preshear effective stress much less than the in situ 
effective stresses). These compensating factors cannot be controlled, often produce large 
scatter, and may cause misleading trends with depth. 

Given the continued widespread use of UUC testing, it appears that many practicing 
engineers still believe that sample disturbance will predominate, such that significant errors 
in UUC strengths will always be on the safe side. However, the general move in recent 
years to better sampUng techniques (for example, 75-mm fixed piston versus 50-mm pushed 
or hammered samples) can produce the opposite effect. Table 7 shows four examples of 
data from sites with high quality sampUng and well documented reference strengths. The 
last two sites are especially notable for having highly unsafe UUC strengths, probably due 
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TABLE 1—Examples of unsafe strengths from UUC tests (From Ref 44). 

Location 

Atchafalaya, LA 

AGS Offshore 
NJ 

Great Salt Lake 
Causeway 

Smith Bay, AK 

Soil Type 

CH deltaic clay 
/p = 75% 

CH marine clay 
I, = 43± 7% 

CH-OH clays 
4 = 40 ± 10% 

CL-CH 
Pleistocene 
arctic "silt" 
/p = 23 ± 4% 

Depth, 
m 

9-11 

6-10 

3-18 

3-5 

9-11 

OCR 

1.2 

4.2 ± 0.9 

1.5 

35 

14 

9,(UUC)/c„ 

1.15 
(mean) 

1.4 
±0.15 

(mean) 
1.4-2.4 
(typical 
range) 

4.0 
(mean) 

3.1 
(mean) 

Reference c„ 

SHANSEP C/f.UDSS 
and field experience 

SHANSEP T,,, 

SHANSEP T.., and two 
embankment failures 

SHANSEP af„UDSS 

to typical anisotropy combined with abnormally large strain rate effects. Hence, UUC data 
can be unduly low (say by up to 50%), reasonable or unsafe, and should not be reUed on 
as the principal means of estimating the in situ c„. All UUC data also should be compared 
to strengths predicted by Eq 11, which requires an assessment of the stress history at the 
site. 

Mayne [50] gives a comprehensive tabulation of undrained strength ratios measured in 
CIUC tests run on a wide variety of normally consohdated soils. Using those values judged 
reliable for natural soils and results on 15 natural soils obtained by researchers at MIT, qf/ 
(Tc = 0.33 ± 0.055D based on 30 soils and showing no trend with /̂  which typically varied 
between 15% and 75%. These values generally fall significantly above undrained strengths 
considered appropriate for stability analyses as presented in Fig. 14, except perhaps for 
some silts and organic soils with Atterberg limits plotting below the A-line. Moreover, the 
data set excluded all qf/vc ratios greater than 0.45 because these higher values probably 
occurred from using consohdation stresses too low compared to the in situ preconsolidation 
pressure. Whereas using (r^'/a/ greater than 1.5 to 2 usually suffices with K„ consohdation 
to obtain true OCR = 1 behavior, isotropic consolidation often requires stresses about 
double those values. 

Although the above comparison was made for normally consolidated soils, CIUC testing 
will also yield unsafe strengths for most overconsolidated materials, even with in situ K„ 
values greater than unity, because of the "inherent" anisotropy resulting from the soil's 
one-dimensional consohdation stress history. Moreover, the unsafe error will become even 
larger with CIUC Recompression testing (that is, a/ = o- '̂) of low OCR deposits due to 
the adverse effects of sample disturbance. 

In conclusion, the authors find httle merit in running CIUC tests for undrained stability 
problems because the strengths will be unsafe because of anisotropy (especially with lean 
clays), and also may be due to sample disturbance; and the stress-strain data generally will 
not simulate in situ behavior, even for a triaxial compression mode of shearing, because K„ 
is seldom equal to unity (especially in low OCR soils). Hence, only the effective stress 
failure envelope at maximum obhquity has any physical significance. But these values of c' 
and (|)' cannot be reKably used in effective stress analyses to assess undrained stabihty [44]. 

Role of Undrained Triaxial Testing in Engineering Practice 

If one accepts that neither UUC nor CIUC tests should be run, can trictxial testing play 
any useful role in designs involving undrained stability? The authors beheve it can, but only 
if the profession is wiUing to use anisotropic consolidation and also to shear specimens in 
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extension as well as compression. This approach obviously entails significant added expense 
(and experience) which should be compared to the benefits, namely: 

1. One can obtain stress-strain data representative of the expected hmits for in situ 
anisotropic behavior, that is, for shearing in compression (8 = 0°) and in extension 
(8 = 90°). 

2. The mean of the peak strengths for failure in compression and extension should give 
a reasonable estimate of the in situ strength appropriate for circular arc stability anal
yses, provided that c„ is defined as jff = qfCos^'. (Note: This recommendation assumes 
that the in situ strength reduction due to progressive failure will be offset by using 
lower triaxial strengths compared to plane strain strengths.) 

The above "benefits" do not apply to varved clays such as found in the northeastern 
region of the United States. These deposits have much lower strengths when sheared parallel 
to the varves (that is, the DSS mode of failure) than in compression and extension. Ladd 
[44] recommends extensive oedometer testing and use of Eq 11 with 5 = 0.16 and m = 
0.75 for such soils as being far more reliable than any form of triaxial testing. 

Some Recommendations for CK„U Triaxial Compression and Extension Testing 

One-dimensional {K„) consolidation entails significant increased costs and time compared 
to isotropic consohdation. The increased costs occur either from capital investment in more 
expensive automated equipment to facilitate K„ consolidation or from the increased labor 
costs required to manually achieve the desired stress path during consolidation. This sub
section first discusses the manual K„ consolidation technique and simplified approaches that 
can be adopted to reduce costs, and then describes special modifications needed for shear 
in triaxial extension. It concludes with a brief overview of some advances in automated 
consolidation. 

True K„ consolidation requires application of many small increments of vertical and radial 
stress in order to follow a stress path dictated by the specimen deformation. The specimen 
is first isotropically consolidated at a/ (and back pressured), and then follows a drained 
stress path of decreasing K, as it approaches the normally consolidated condition (the true 
K„ stress path A in Fig. 15). For actual manual K„ consolidation, increments must be 
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sufficiently small (for example, Aa„ « 0.2CT„') to minimize straining due to undrained shear 
and must remain long enough to allow full consoUdation. At the end of each increment the 
change in length and volume are used to calculate the present area (or may be measured 
directly with an internal device) which is compared to the initial area to determine if the 
selected K^ is too high or too low. Based on this information, a new K^ value is estimated 
and the next increment is applied. The process continues to the final stress state which often 
requires 20 or more increments. 

Simplified consolidation techniques [51,52] have been proposed to reduce labor require
ments without expensive equipment additions. Berre [51] presented the technique shown 
as stress path C (Fig. 15) in which the specimen is isotropically consoUdated {Note: one 
should limit the load increment ratio to 0.5 when OCR = 1 and using filter drains) to the 
final radial effective stress, and then the vertical stress is increased such that K^ equals the 
estimated K„ value. This second stage is equivalent to drained triaxial compression and must 
be performed relatively slowly (see the section entitled "Rate of Loading"). Once at the 
K^ value, the vertical stress should be maintained for one cycle of secondary compression 
prior to undrained shear. This process dramatically decreases the testing period and labor 
requirements compared to stress path A. 

The results for both compression and extension tests [51,53] on Drammen clay and a low 
plasticity silt confirm that the simplified method, while not perfect, yields data comparable 
to true K„ consolidation. However, isotropic consolidation well beyond the yield envelope 
may cause a significant change in the "structure" of the soil. Hence, a better approach 
would select a stress path similar to B in Fig. 15. 

The simplified consolidation method offers a viable alternative for engineering practice 
and can easily be implemented with a few modifications to standard equipment. The fol
lowing equipment features facilitate these testing techniques and allow for extension testing. 

1. A fixed top cap to piston connection maintains ahgnment during isotropic consolidation 
and allows extension testing. 

2. A moment free tension/compression connector to the load cell is required for extension 
testing. 

3. A fixed connection between triaxial cell base and load frame for extension testing 
4. A lightweight hanger for applying constant force to the piston which also allows con

nection to the load cell. The constant force may be applied by air jack or weights. 

Appreciating the benefits of true K^ consolidation (Path A), researchers have developed 
control systems to automate the consolidation process. Lewin [54] developed a very simple 
analog which makes use of an external volume cylinder with the same diameter as the 
specimen. The cylinder volume is connected to the specimen drainage, and its piston is 
attached to the specimen piston. Thus, the displacement volume relationship is identical for 
specimen and cyhnder. A mercury reversing switch controls the direction of the piston 
movement. Consolidation is performed by increasing the cell pressure at a constant rate 
and allowing the "feedback" loop to adjust the vertical loading as required. 

More complicated and more expensive systems have also been developed. For example, 
Menzies and coworkers [55] developed a double feedback loop which uses pressure control 
cylinders driven by electric motors. The cylinder providing the cell pressure is hnked by the 
process controls to a transducer which monitors the specimen diameter. As the specimen 
is loaded axially at a constant displacement rate, the controls adjust the cell pressure to 
keep the diameter constant. 

The hydraulic stress path cell [56] provides more general consolidation capabilities. All 
three pressures (M, CT„ <T„) can be computer controlled with complete feedback loops [57] 
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allowing controlled gradient or constant rate of strain consolidation. It also provides the 
capability of performing more generalized consolidation and shearing stress paths. 

Conclusions 

The paper covers two aspects of UU, CU, and CD triaxial testing of saturated cohesive 
soils: problems in the testing equipment and procedures that cause errors in the measured 
properties of the test specimen compared to the intended boundary conditions of stress, 
strain, and drainage; and changes in conventional triaxial testing practice to provide better 
estimates of in situ soil behavior under field conditions. 

The paper divides testing problems into three categories. 

1. Errors that can be reasonably handled by means of corrections, such as errors due to 
membrane and filter drain resistance and piston friction (except that stationary solid 
bushings should not be used). 

2. Errors that can and should be avoided, such as incomplete saturation and leakage of 
water and gas (gas-water interfaces should not be used for tests lasting more than 
several hours). 

3. Errors that are difficult to correct or avoid and hence must be evaluated when selecting 
testing procedures or interpreting measured data. The most important problem is the 
nonuniform stresses and strains caused by frictional end caps, which frequently lead 
to serious errors in effective stress parameters obtained from CU tests run too fast for 
pore pressure equilibration. Although lubricated ends minimize this problem, they are 
seldom used due to their added complexity. The cause and effects of rupture planes 
require further study. 

Regarding the use of triaxial testing in practice to predict the initial in situ undrained 
stress-strain-strength properties of saturated cohesive deposits, the paper draws the following 
conclusions. 

1. UU compression tests should not be used as the principal means of estimating undrained 
shear strengths, c„, because the values can be either seriously too high or too low. 
This results from the uncontrollable effects of strain rate, anisotropy, and sample 
disturbance. 

2. CIU compression tests have little value because the c„ values will be unsafe for stability 
analyses because of anisotropy and also sample disturbance, and the stress-strain data 
seldom simulate in situ behavior because K„ is rarely equal to unity. 

3. Therefore, more emphasis should be placed on anisotropically (preferably K„) con
solidated, undrained triaxial compression and extension test programs. However, the 
wider adoption of CK„\J testing in practice requires education of both engineers and 
clients regarding their enhanced cost-benefit ratio, and the availability of more reliable, 
relatively inexpensive automated "stress path" triaxial cells. 

Furthermore, oedometer tests should also be part of the overall experimental program to 
ascertain the stress history of the deposit and thus calculate undrained strengths by Eq 11 
for comparison with results from UU (if used) and CU testing. 
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ABSTRACT: Difficulties posed by low plasticity soils including silty and sandy clays, silts, 
and sands are described. The soils considered are not cemented and generally display the 
dependence between consolidation state and strength necessary to apply such procedures as 
Stress History and Normalized Soil Engineering Properties (SHANSEP). Unfortunately, these 
soils are highly susceptible to sampling disturbance because of the unavoidable low effective 
stress that remains in specimens after sampling. Sampling disturbance obscures consolidation 
behavior, making it difficult to estimate the in situ overconsohdation ratio. Also, the low 
compressibility of these materials makes it difficult to clearly define the virgin compression 
curve. Improvements in interpretation procedures will come only after a sound mechanical 
description of sampling disturbance has been developed. 

KEY WORDS: triaxial test, undrained shear strength, sample disturbance, stress history, pore 
pressure, critical state, silt 

The science of test interpretation has come a long way in the past three decades, largely 
spurred by efforts to develop reliable constitutive relationships for soils. The volume change 
behavior of soil in the triaxial test and the relationship between volume change tendency 
and pore pressure response are now well understood. Yet, there remains a considerable gap 
in knowledge when attempting to determine the in situ behavior of soil because the strength 
and deformation characteristics of soil depend very much on its state. Unless laboratory 
tests rephcate the in situ state, the observed behavior will not be representative of field 
conditions. Even if the response of the soil can be described precisely by an analytical model, 
the appropriate starting point of the model prediction is not known. Similarly, the parameters 
used to calibrate the model must be determined from laboratory tests on specimens that 
have undergone an extensive stress history during the period between sampUng and testing. 
Often, the stresses apphed during samphng are more severe than those expected during 
field loading. Thus, the engineering response of soil is always clouded by the inability to 
relate the laboratory and field states. 

The problem of relating behavior in the triaxial test to in situ conditions has received 
considerable attention, and excellent state-of-the-art reviews have been presented recently 
[1,2]. This paper will focus on the problem of strength determination for low plasticity clays 
and silts. 

The occurrence of low plasticity materials is widespread. Often these materials are unce-
mented and of geologically recent origin and are therefore not considered as problematic 

' Research civil engineer, Geotechnical Laboratory, U.S. Army Engineer Waterways Experiment 
Station, Civil Engineer, Vicksburg, MS 39180. 
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as sensitive or overconsolidated clays. But low plasticity soils are often highly susceptible 
to sampling disturbance and present difficult problems when an accurate strength deter
mination is required. In many cases, soils that would be classified as plastic clays may still 
pose problems if they contain silt layers or contain a significant non-clay fraction. 

To aid the discussion, the terms disturbance and sensitivity will be given rather restrictive 
definitions. The term sampling disturbance refers to all factors contributing to changes in 
soil state as a result of sampling, storage, and specimen preparation. Disturbance can be 
viewed as consisting of two components: one related to reversible changes in the pore water 
pressure and the other related to permanent deformations. In this context, the sensitivity 
of the soil is tied to its susceptibility to nonrecoverable disturbance. A nonsensitive soil will 
be viewed as a material that can be returned to its in situ state by restoring the correct 
effective stress. All soils are susceptible to permanent changes during sampling and the 
distinction between sensitive and nonsensitive depends on the ability to restore the in situ 
state. This description of sensitivity differs from the traditional definition which relates the 
strength of the undisturbed soil to that after complete remolding at the same water content. 
For design purposes, the traditional definition is preferred because it provides an indication 
of potential strength loss caused by construction activity. The definition adopted here is 
better suited to describe laboratory behavior. For example, any specimen will display a loss 
in strength when remolded at constant water content because the remolding action will 
increase pore pressure. The strength of a nonsensitive soil can be restored by consolidating 
to the original (before remolding) effective stress condition whereas remolding destroys 
some essential aspect of the composition of a sensitive soil (such as cementation). All soils 
are sensitive to some extent because response to loading depends on the previous stress 
history including stresses imposed by sampling. The validity of strength derived from lab
oratory data depends on the extent that disturbance is either reversible or that its effects 
can be removed through application of special laboratory procedures. 

This paper is divided into three parts. The first part discusses what stress conditions actually 
exist in the laboratory specimen, how these stresses relate to the field, and the general 
deficiency of current practice of using the undrained unconsoUdated (UU) test to determine 
undrained shear strength of low plasticity materials. Although the deficiencies of the UU 
test are well documented, it is still commonly used and most engineers do not appreciate 
the magnitude of the errors involved when using the test. The second part of the paper 
discusses the use of the consolidated undrained (CU) test to replicate in situ conditions and 
procedures to account for nonreversible sample disturbance. The third part continues the 
discussion on the CU test by addressing areas still very much in the research stages of 
development. 

Stress Conditions in Laboratory Specimens 

Pore Pressure Response During Sampling 

The greatest source of error in any determination of stress in a soil is related to the pore 
pressure. Even if the total stress history of a soil element is known, the pore pressure history 
may be impossible to predict because of the many factors that enter into the pore pressure 
response. These factors include the volume change characteristics of the material, pore 
pressure dissipation, and cavitation. Consider the pore pressure history that occurs as a 
result of sampling. As the total normal stress is reduced, there is a corresponding reduction 
in pore pressure. So long as the pore pressure reduction is directly proportional to the 
changes in total stress, the effective stress state remains unchanged. In fact, sampling also 
involves shearing the soil which tends to increase pore pressure; thus the reduction in pore 
pressure due to unloading is partly offset by pore pressure generated during sampling and 
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handling. Further at some point in the unloading, the negative pore pressure will fall below 
the cavitation pressure which sets a bound on the amount of suction that can be retained 
in the specimen. The net effect of sampling disturbance is to create residual negative pore 
pressure which is more positive than the ideal response. 

A classic study on the residual effective stress in UU specimens was reported by Ladd 
and Lambe [3]. Results of similar tests on alluvial clay soils from the New Orleans area are 
shown in Figs. 1 to 5. The tests are conducted similarly to a standard UU test except that 
the pore pressure in the specimen is measured without back pressure saturation and the 
rate of loading apphed to the specimen is selected based on the criteria generally used for 
CU tests. As the specimen is initially set up in the cell a suction is measured. As cell pressure 
is applied, the pore pressure becomes more positive. As shown in Fig. 1, by the time the 
pore pressure becomes positive, a nearly perfect response is obtained. The effective stress, 
shown in Fig. 2, is nearly constant. 

A plot of residual effective stress is shown plotted as a function of depth in Fig. 3. The 
effective stress value plotted corresponds to the value measured when the cell pressure was 
equal to the estimated in situ total stress. Also plotted are results for case histories presented 
by Ladd and Lambe [3]. It appears that, as reported by Ladd and Lambe, the residual 
effective stress increases with depth at a rate of about 20% of the in situ stress which is 
consistent with the observation that strength from UU tests increases with sample depth. 
The departure from the 20% value may be quite large and depends on the plasticity of the 
sample and the amount of sampling disturbance. 

The results shown in Figs. 1 to 3 depend on as-tested conditions in the specimens. Two 
important questions pertaining to those conditions are (1) does the pore pressure measure
ment system (which gives the specimen access to water) influence the test results? and (2) 
how well does the behavior observed in the UU test correspond to the behavior in the CU 
test? The first question can only be answered statistically by comparing strengths of UU 
tests to conventional UU tests as shown in Fig. 4. The two types of tests are comparable 
both in terms of the strength versus depth relationship obtained and the amount of variation 
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in the strength data. There is no evidence that measuring pore pressure has any significant 
influence on the test resuhs. 

The stress path data in Fig. 5 illustrate how UU and CU tests compare. The CU tests 
were performed at three consolidation pressures. The lowest consolidation pressure cor
responds to the effective stress measured initially in the UU test. The intermediate stress 
corresponds to the average effective stress at the sample depth and the highest pressure 
corresponds to twice the average in situ pressure. Also plotted is the effective stress path 
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FIG. 3—Effective stress in UU test versus sample depth. Dotted line designates data from 
Ladd, C. C, and Lambe, T. W. [3]. 
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measured in the UU test which is nearly identical to the corresponding CU test. The UU 
test is equivalent, therefore, to a CU test, provided both are loaded at comparable rates 
and have the same initial effective stress state. 

The measurement of residual pore pressure in undisturbed specimens clearly shows that 
pore pressures in the specimens are higher than in the in situ state. However, the comparison 
with in situ conditions is based on computed total stresses and pore pressure, leaving the 
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actual mechanism of pore pressure changes open to speculation. These changes were in
vestigated in laboratory-prepared specimens by Kimura and Saitoh [4,5] who monitored 
pore pressures during initial consolidation from a slurry, samphng, trimming, and testing. 
When the vertical stress was removed from the sample, a corresponding negative pore 
pressure was induced. The initial suction was gradually lost during the processes of extrusion 
from the sample tube and trimming. By the time the soil was tested, effective stress remaining 
in the specimen was only a fraction of its original presampled value. The loss of residual 
suction was greatest for low plasticity soils. High plasticity clay retained nearly half of the 
initial suction while low plasticity clay retained only a small fraction of the initial value. This 
dependence on soil plasticity is consistent with experience in the lower Mississippi valley 
where it is generally observed that UU strengths of low plasticity soil are lower than expected 
when compared to their sampling depth. 

An important practical question concerning sample disturbance is whether the loss of 
residual suction is the result of handUng the sample or if it is simply time dependent (that 
is, will residual effective stress be lost over a period of time after samphng regardless of 
how the specimen is handled?). A series of laboratory tests performed by Kirkpatrick and 
Khan [6] on two clays provides a detailed picture of the effect of storage time on loss of 
suction. The results are similar to those obtained by Kimura and Saitoh [4,5]; there is a 
loss in suction, after a few days of storage, which is greatest for low plasticity soil. It Was 
also found that the loss in strength is not directly proportional to the loss in effective stress. 
The specimens became more dilative as the residual suction was lost, leading to a smaller 
induced pore pressure and higher strength. The correspondence between dilative tendency 
and residual pore pressure is, of course, a result of the specimen becoming more overcon-
solidated as the effective stress is reduced. The same trend can be identified from the stress 
paths shown in Fig. 5. The strength lost as a result of reducing effective stress is thus partly 
offset by the increasing dilative tendency. The specimens retained up to half of their initial 
strength (that is, strength before samphng) even though the residual effective stress has 
fallen to less than 30% of the initial value. 

Kirkpatrick and Khan [6] also compared strengths for specimens with and without pore 
pressure measurements to investigate the possible influence of the pore pressure measure
ment system. As already noted in Fig. 4, the measurement of pore pressure does not appear 
to influence results significantly. 

Implications to Sampling Distiirbance 

Based on the investigations cited above, three conclusions can be made concerning the 
condition of samples tested in the laboratory. 

1. Sample disturbance increases the pore pressure in specimens. The effect on UU tests 
is to create a specimen at lower effective stress and higher overconsolidation ratio that is 
weaker than the in situ soil. 

2. The pore pressure increase may be influenced by extrusion from the sampling tube, 
trimming, and general handling. However, the reduction in suction appears also to be time 
dependent, which impUes that disturbance will occur even with the best samphng and 
handhng procedure. 

3. The loss of suction is greatest for low plasticity soils. 

The above conclusions have severe implications to interpretation of the UU test because 
the strength actually obtained is the product of a number of factors. In most cases, pore 
pressures are not measured in the specimens and it cannot be determined how severe the 
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effects of sampling disturbance may be. Therefore, use of the test carries a greater degree 
of error than is generally realized in common practice. In many practical cases, this error 
can have significant influence on the design. For example, considering the strength profile 
in Fig. 4, the relatively low design strength ratio 5„/CT„' of 0.2, is higher than indicated by 
nearly 80% of the UU tests for the project. The use of the UU strength on the basis of 
conservatism may require milhons of dollars of unnecessary earthwork. On the other hand, 
to ignore the UU strengths goes against considerable precedence and increases the engineer's 
liabihty. Therefore, the question of what to do with the UU test represents a practical 
deficiency in the state of the art. 

The alternative to the UU test is the CU test in which the specimen is consolidated to 
the in situ stress state prior to shearing. Although reconsolidation restores the correct 
effective stress state to the specimen, the strength obtained may not be appropriate for 
design. The problem is that sampling disturbance causes strengths in the CU test to be high 
by an indeterminable amount [7]. Residual pore pressure does not provide a complete 
measure of disturbance for the CU test because the loss of effective stress cannot be directly 
related to the disturbance that remains after reconsoUdation to in situ stress. Water is the 
least compressible component of a saturated soil and very little volume change is needed 
to substantially reduce the negative pore pressure. Therefore, even if the residual effective 
stress in a sample has been reduced to a minimal value by disturbance, it may still be possible 
to restore the in situ state by reconsolidation. The problems of interpretation introduced 
by reconsolidation will be considered in more detail in the next section. 

Reconsolidation Effects 

It is well known that sampling disturbance influences the reconsolidation behavior of soil. 
A highly disturbed specimen displays a flatter recompression curve, and the past maximum 
consolidation pressure determined by the Casagrande method is lower than the in situ value. 
Methods to correct compression curves are generally based on the concept that the slope 
of the compression curve depends on the overconsohdation ratio (OCR) and thus the 
compression curve can be reconstructed from data obtained at higher pressures. Methods 
to correct shear strength for sampling disturbance are similar to consohdation test corrections 
in that they depend on a relationship between shejir strength and consolidation state. All 
such methods ultimately depend on the vahdity of the state surface concept. 

State Surface Concept 

The idea of a state surface for soil is illustrated in Fig. 6. The virgin curve of the soil 
represents a limiting stress state whereby a soil cannot support a greater stress than the 
stress state on the virgin curve, p„ corresponding to the current void ratio. A measure of 
how close a soil is to the limiting state is p/p^, the ratio of the current stress state, p, to the 
limiting state, p^. On the traditional plot of e versus log(p), states of constant p/pe plot as 
lines parallel to and to the left of the virgin curve (Fig. 6a). The lines of constant p/pe 
constitute unique states of the soil as illustrated in Fig. 6b. Soils consolidated at low p/pe 
values are dilatant; soils consolidated to higher ratios are contractive. Regardless of the 
actual consolidation stress, the effective stress path will have a unique shape on the nor
malized plot. 

One of the original theories based on the state surface concept was proposed by Hvorslev 
[8] who defined a failure law for direct shear test. 

Tff/p, = cjpe + cr„/p, taa^e (1) 
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The corresponding Hvorslev surface is shown for the triaxial test in Fig. 6b in which failure 
is defined in terms of limiting shear-normal effective stress ratio. The Hvorslev theory 
became a cornerstone of the critical state theory [9] which further assumes the existence of 
an ultimate state, which occurs at a unique pip, value, where the soil deforms without 
volume change (critical state). Numerous constitutive models have been based on the con
cept, including the so-called cap models (see, for example Ref 10) and bounding surface 
models [11]. The tendency for the effective stress path to be uniquely related to the initial 
p/pe was exploited by Pender [72,75] to develop a relatively simple constitutive model. 

The hnes of constant p Ip, correspond to lines of constant OCR if the slope of the rebound 
curve is a constant. A subtle, but important, difference in using pip, versus OCR lies in 
the relationship to stress history [2]. Traditionally, the effects of stress history on the behavior 
of clays has been attributed to the OCR. However, the ratio pip, is a measure of distance 
from the limiting state; no relationship necessarily exists between the limiting state and 
stress history. For a clay, it may be necessary to load to some past pressure then rebound 
to obtain an overconsolidated state, in which case OCR and pip, become equivalent con
cepts. In contrast, a sand may be brought to a state left of the virgin compression curve 
during sample formation without applying pressures even approaching those required to 
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reach the virgin curve. Yet, if loaded to sufficiently high pressure a limiting state is obtained 
for sand similar to that found for clays (for example, the consolidation data for Sacramento 
River Sand in Ref 14 clearly show that, regardless of initial density, compression curves 
tend to converge to One ultimate compression curve). This similarity between sands and 
clays in hydrostatic compression carries over to the triaxial compression test as illustrated 
in Fig. 7 in which the different behaviors of dense and loose sand loaded from the same 
confining pressures reported by Torrey [15] can be resolved by normalizing by the limiting 
pressure, p,. 

The importance of the preceding paragraph to understanding the behavior of low plasticity 
clays and silts lies in the difficulty in defining the correct normalizing stress. For example, 
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FIG. 7—Example of normalized behavior in sand, a. Stress paths for loose and dense sand 
starting from same effective stress state, b, Normalized stress paths showing difference in initial 
states. (Data from Torrey, V. H., "Some Effects of Rate of Loading, Method of Loading, and 
Applied Total Stress Path on the Critical Void Ratio of a Fine Uniform Sand," Ph.D. disser
tation, Texas A&M University, College Station, TX, 1981.) 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



PETERS ON UNDRAINED SHEAR STRENGTH OF LOW PLASTICITY CLAYS 469 

the limiting stress for the sand must be determined from a test on a sand initially at its 
loosest state, otherwise the perceived virgin curve will be much flatter than the true limiting 
curve and the limiting pressure p, will be too low. If the correct p^ is not used, the normalized 
behavior among several specimens will not display any clear-cut trend, giving the perception 
that the state surface concept is not valid for sand. Critical state theory has been criticized 
on the basis that sands do not have a unique virgin curve [16]. 

The use of the state surface concept for low plasticity clays and silts can be as problematic 
as for sands. Like sands, silty materials tend to have poorly defined recompression curves, 
and determination of the correct normalizing stress is difficult. In the case of undisturbed 
specimens, the compression curve is always obtained for void ratios that are lower than the 
in situ values, and determination of the correct normalizing stress for the in situ condition 
requires considerable extrapolation back from the compression curve defined at high stresses. 
Like sands, both the reload and the virgin compression curves are much flatter than those 
of high plasticity clays, and relatively small errors in the void ratios lead to large errors in 
the normalizing stress. This last factor makes it extremely difficult to define the limiting 
state curve from comparisons of groups of samples. Therefore, while it may be concluded 
that the state surface concept is valid for noncemented soils in general, application of the 
concept becomes more difficult for silty or low plasticity soils. 

Correcting for Disturbance 

If the state surface concept can be shown to be vaUd for a given soil, the effects of sampling 
disturbance can be accounted for by determining the "normalized behavior." Once the 
normalized behavior is known, the in situ behavior can be determined by scaling the stress 
variables to the in situ p,. In the case of shear strength the method amounts to (1) defining 
a relationship between sjtrj and OCR; (2) determining the relationship between OCR, 
<TJ, and depth; and (3) computing s„ for each depth. 

The method was formalized by Ladd and Foott [17] as the Stress History and Normalized 
Soil Engineering Properties (SHANSEP) method. As illustrated in Fig. 8, to determine the 
strength for the in situ state [1] the specimens would first be consolidated to state [B] then 
rebounded to states [C] to [D] (to achieve known values of OCR) and tested. By normalizing 
the strength obtained at each state with the consolidation stress, a plot of s^/vj can be 
constructed. Assuming the in situ OCR is known, the correct strength can be obtained by 
multiplying the appropriate SI,/(TJ by the in situ CT„'. The SHANSEP method thus depends 
on three items: (1) that the relationship between normalized strength s^/a^' and OCR is a 
unique property of the soil, (2) that the OCR is known, and (3) that the soil is not cemented 
or sensitive. 

The bulk of experimental evidence suggests that the relationship between sjaj and OCR 
is a property of the soil [17,18,19]. The principal problem of defining the relationship is the 
difficulty in correctly determining the consolidation characteristics as discussed previously. 
It is not clear that in situ OCR is necessarily known, particularly for low plasticity soils 
which are subject to considerable sampling disturbance. 

An interesting approach to the problem of determining OCR was proposed by Mayne 
[20] who applied the well-known result of critical state theory given by Eq 2. 

SJ<TJ = OCR-^° (2) 

Equation 2 is identical to an empirical relationship proposed by Ladd and Edgers [18] in 
which A„ = 0.8 and is derived from the assumption that the effective stress paths all converge 
to a common point on the critical state line. Mayne collected data from 96 sources and 
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FIG. 8—Consolidation states for SHANSEP method [2]. 

found the relationship to be generally valid although the parameter A„ ranged from 0.130 
to 0.999. According to critical state theory, A„ is related to the ratio between the loading 
and unloading modulus for compression. Mayne's data showed considerable scatter but 
appeared to support the theoretical result. Mayne noted that the large data scatter may be 
the result of inaccurate unloading modulus and that the unload-reload behavior may not 
be linear on a semi-logarithmic plot. 

Equation 2 can be used to estimate OCR based on the fact that OCR s 1. The logarithm 
of normalized strength values should fall on a straight line when plotted versus log (CT„'), 

provided the consolidation stress is less than the past maximum consohdation pressure. At 
confining pressures approaching the past maximum pressure, the normalized strength be
comes the constant (S„/CT„')„C. The past msiximum pressure is obtained by extrapolation of 
the straight line portion of the semi-logarithmic plot to the point stress where i„/CT„' = 
(S„/CT„')„C. If (s„/a„')„j is known or can be estimated, OCR can be estimated without con-
sohdating to the high pressures needed to reach the past maximum pressure. 

The straight hne relationship between normalized strength and logarithm of consolidation 
stress provides the information needed to estimate in situ strength, thus avoiding the need 
to consohdate beyond the past maximum pressure as required for the SHANSEP method. 
Also the method remains valid for sandy soils or silts which have never been loaded to the 
past maximum pressure but can be normalized by the hmiting pressure p^. For such soils 
an apparent past maximum pressure is obtained. 

The Mayne procedure does not completely solve the uncertainties created by sampling 
disturbance. Generally, sampling disturbance causes soils in the CU test to appear more 
overconsolidated than in the in situ state which, in Mayne's procedure, is reflected as 
overestimating the past maximum pressure. Therefore, the Casagrande procedure provides 
a lower-bound estimate of past maximum pressure while Mayne's procedure provides an 
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upper-bound estimate [21]. Assuming the straight-line relationship is not greatly affected 
by sampling disturbance, the two estimates of past maximum pressure can be used to establish 
bounds on strength. The difference in the bounding values possibly could be developed as 
a measure of nonrecoverable sampling disturbance. 

Summary on Reconsolidation Effects 

Sampling disturbance increases the undrained strength of soils by making them more 
dilative relative to the in situ state. The state surface concept provides a reasonable frame
work to address the problem for noncemented soils because the relationship between nor
malized shear strength and OCR is not as greatly influenced as the strength by disturbance. 
However to apply any of the concepts, it is necessary to estimate the in situ past maximum 
pressure. Unfortunately, the error in estimates of shear strength are proportional to estimates 
of maximum past pressure. Therefore, even if the normalized strength versus OCR rela
tionships are known to considerable accuracy, the in situ strength cannot be determined any 
more accurately than the past maximum pressure. Mayne's procedure is promising because 
it provides a means to place bounds on the strength values. 

lafluence of Loading History 

In the preceding discussion, disturbance was explained in terms of pore pressure changes 
that result from sampling, trimming, and reconsohdation. Disturbance to the soil structure 
induced by sampling was accounted for through the state surface concept which ignores 
structural changes by assuming that soil behavior is controlled by the initial consolidation 
stress state and OCR. However, some significant effects of loading history can lead to errors. 
Although these effects are probably of second order compared to errors inherent in the UU 
test, research is still limited and loading history will become an important consideration in 
the future. 

Two major problems will be considered. First, the effects of reconsolidation to high stresses 
will be considered in more detail. Second, the effect of shear stress history will be briefly 
discussed with special emphasis on the susceptibility of low plasticity soils to shear stresses 
during sampling. 

Consolidation to High Stress 

One of the primary assumptions made in application of the state surface concept to 
reconstruct the in situ state is that the state hues on the e-log(j>) plot are parallel to the 
virgin compression curve. There is nothing inherent in the state surface to guarantee or 
require that the lines are indeed parallel. The existence of the state surface only depends 
on the lines being parallel on some form of plot relating void ratio and pressure. Thus, even 
if the state surface exists, the OCR or p/p, may not describe it adequately. 

Yudhbir and co-workers performed a series of consolidation tests to investigate the re
lationship between the critical state line and the virgin compression curve [22]. Each test 
was performed at a different effective stress ratio (CTI'/CTJ' = constant). The compression 
curves from these tests should be parallel to the state lines shown in Fig. 6a because they 
represent the limiting stress state for a given value of effective stress ratio. The slopes of 
the lines were found to become systematically flatter as the stress ratio was increased. 
Therefore, a relationship between normalized strength and OCR developed after stressing 
to a higher pressure would not be valid for the in situ condition. For a given OCR, the 
specimens consolidated to the higher pressures and then rebounded would be more dilative 
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and stronger. More recent data indicate that slopes of compression curves in isotropic and 
K„ loading can be significantly different depending on the soil type [23,24]. 

It is difficult to determine from available data how much error is introduced by the 
assumption that the state lines are parallel. There are a number of open questions. For 
example, is the shift in OCR versus sjaj relationship as great as indicated by differences 
among slopes of isotropic and anisotropic compression curves? What is the effect of soil 
type on the state hne relationship? Are sands and low plasticity soils more susceptible to 
errors than plastic clays? 

Shear-Induced Anisotropy 

Another area that requires research is the influence of shear stress history on laboratory 
strength. The in situ stress state is anisotropic, which potentially leads to the specimen being 
anisotropic. This initial anisotropy indicates that the state of the soil is not completely defined 
by the void ratio of the soil and some means of accounting for the shear stress history is 
needed. Hardin proposed a simple model to depict stress-induced anisotropy [25\. When 
the specimen is consolidated under isotropic conditions, a yield surface is developed about 
the hydrostatic axis. If the specimen is loaded to an anisotropic stress state the yield surface 
shifts and subsequent response of the specimen is relative to a pseudohydrostatic axis es
tablished by the previous anisotropic stress state. When a specimen is consolidated isotrop-
ically in a triaxial cell, it is actually being loaded into extension relative to the pseudo-
hydrostatic axis that describes the in situ condition. Thus, the state of the soil is described 
by both void ratio and the position of the pseudohydrostatic axis. 

The anisotropy of natural clays was investigated by Graham and coworkers [26,27] who 
found the actual condition of spyecimens to be like that depicted by Hardin's conceptual 
model. The shifted (anisotropic) yield surface was mapped by a series of anisotropic compres
sion tests similar to those used in Yudhbir's experiments. The surface was constructed by 
plotting the stress states where the past consolidation stress was obtained as indicated by a 
Casagrande construction. The past maximum pressure was found to be greatest for specimens 
consolidated under effective stress ratios that approximate the one-dimensional consolidation 
conditions existing during sample formation. 

Apart from the direct comparisons between isotropic and anisotropic consolidation, there 
are some important ramifications of the tendency for anisotropic consolidation to alter the 
behavior of soil. It is well known that soil responds to changes in effective stress ratio rather 
than simply shear stress (see, for example, Ref 28). For plastic clays, which may retain 
significant residual effective stress, shear stress caused by sample disturbance produces 
relatively small changes in effective stress ratio. In contrast, low plasticity soils retain little 
residual effective stress and even small shear stresses incurred during sampling and prepa
ration cause large changes in stress ratio. The reference or pseudohydrostatic axis of Hardin's 
model could thus be shifted significantly, causing the specimen to appear more compressible 
to subsequent laboratory compression. If a mechanistic picture of disturbance could be 
developed, it may be possible to create a strategy for correcting test results that is comparable 
to the SHANSEP method. Unfortunately, little systematic data yet exist to support such an 
interpretation of sampling disturbance. 

ConclusioBs 

Interpretation of triaxial test data is made difficult by the obscuring effects of sampling 
disturbance. The engineer can define fundamental properties of soil with considerable ac
curacy using modern testing methods but is unable to relate these properties to field behavior 
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because the in situ state of the soil cannot be defined completely. The problem of relating 
laboratory behavior to field behavior is a particular problem when deaUng with low plasticity 
soils because (1) samples are at a state of low effective stress, (2) the relationship between 
consolidation state and strength is difficult to determine, and (3) shear stresses induced by 
sampling may influence laboratory behavior. The loss of effective stress in laboratory spec
imens appears to be inevitable even under ideal conditions. Therefore, practical methods 
to improve strength determination of low plasticity soils must come from improved under
standing of loading history effects. 

Of all techniques for strength determination popular in practice, the least accurate appears 
to be the UU test. Use of the UU test should be restricted to obtaining strengths of partially 
saturated or compacted soils; it is not vahd for saturated soils having low plasticity, especially 
when total stress relief exceeds the cavitation pressure of the pore fluid. However, the UU 
test has precedence and apphcation of undrained strengths from UU tests is much more 
direct than for the CU test. Therefore considerable effort will be needed to persuade the 
profession to give the CU test a more dominant role in strength determination. Improvements 
in the state of the art of triaxial testing will require improvements in education and stan
dardization of test procedures to accompany technical improvements in testing technique 
and interpretation. 
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ABSTRACT: Two series of undrained cyclic triaxial strain-controlled tests were performed 
on two different Imperial Valley, California, silty sands which liquefied during an earthquake 
in 1981. Both intact and reconstituted specimens were tested, and the testing procedures are 
described. The experimental data confirm that cyclic shear strain is the fundamental parameter 
governing pore pressure buildup, because strain-controlled tests essentially ehminate the in
fluence of specimen fabric and sample disturbance. Also, the results indicate that the cyclic 
triaxial test can be used to model cyclic simple shear (similar to seismic field conditions), if 
the cyclic simple shear strain, 7^,, is related to the cyclic triaxial axial strain, t j , , by either of 
two similar analytical expressions: 7^, = 1.5 e ,̂ or 7^, = V 3 e^,. Consequently, a unique pore 
pressure model is developed and recommended to simulate the seismic pore pressure buildup 
at the site. This model is applicable to reconstituted and intact specimens of the two sands, 
despite their different void ratios and nonplastic silt contents, and is vahd for both cyclic triaxial 
and cyclic simple shear strain-controlled conditions. 

KEY WORDS: dynamic loading, liquefaction, model, pore pressure, repeated loading, 
sample disturbance, sand, simple shear test, triaxial test 

Nomenclature 

e Void ratio 
F Pore pressure model experimental constant 
n„ Number of cycles 
p Pore pressure model experimental constant 
s Pore pressure model experimental constant 
u Residual cyclic pore pressure 

u* Residual cyclic pore pressure normalized to Vc 
ycy Cyclic shear strain ampli tude 
7rf Dry unit weight 
7^ Practical threshold shear strain 
i-cy Cyclic axial strain ampl i tude 
Oc Isotropic effective consolidation stress 
a ^ Cyclic deviatoric stress ampli tude 
Tjj Cyclic shear stress ampli tude 

T^y* Cyclic shear stress ampli tude normalized to a^ 
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Introduction 

In geotechnical engineering practice, many design metliods rely on laboratory test results. 
However, obtaining good quality laboratory data, and particularly results of cyclic testing, 
requires a sophisticated operation, and its success depends to a great extent on both the 
researcher's experience and the available equipment. The last 20 years have seen the de
velopment of ever more realistic and sophisticated methods for analyzing the seismic response 
of soil deposits, which have outpaced the development of corresponding laboratory tech
niques. Some explanations for this trend he in the complex, painstaking, and time-consuming 
processes associated with experimental research, plus the economic inertia which tends to 
block needed changes in established testing procedures and equipment. Also, the numerous 
factors that influence soil behavior cause conflicting findings followed often by controversy 
and confusion. On the other hand, as shown elsewhere by Vucetic [/], small variations of 
parameters in the laboratory can sometimes significantly change the calculated seismic re
sponse of a soil profile. To obtain reUable soil properties, it is therefore indispensable to 
develop testing procedures in which the detrimental effects influencing the results can be 
systematically examined, eliminated, reduced, or accounted for. 

There are basically three types of cyclic testing techniques employed today for evaluation 
of cyclic properties of saturated sands: cychc triaxial, cyclic simple shear, and cycUc (solid 
or hollow cylinder) torsional shear technique. While the conceptually more realistic cyclic 
simple shear and torsional shear methods have been steadily improved, the cycHc triaxial 
procedure still seems to play a key role in most soil dynamics studies. 

Actual seismic loads are highly irregular and three-directional. However, most of the 
laboratory-based methods presently available simplify this reahty and use one-directional 
uniform cyclic testing, either stress-controlled or strain-controlled. The stress-controlled 
testing technique, in which the cyclic stress amphtude is kept constant throughout the test, 
was introduced first. But the unacceptable scatter of test data obtained on reconstituted 
specimens and the great sensitivity to sample disturbance of the stress-controlled results 
have induced a critical reexamination of this technique [2]. Simultaneously, a substantial 
body of evidence has shown that pore pressure buildup during cyclic strain-controlled testing, 
in which the cychc strain amphtude is kept constant throughout the test, is affected very 
little by specimen fabric, and only moderately by specimen void ratio (density). This indicates 
clearly that cychc shear strain, rather than cyclic shear stress, is a more fundamental pa
rameter governing the seismic response of sand [1-5]. 

This paper presents and discusses cyclic triaxial strain-controlled tests on reconstituted 
and intact specimens of two different sands. In each of the two corresponding test series, 
the void ratio was kept practically constant, and the following aspects of the strain-controlled 
testing were evaluated: repeatability of testing procedure, comparison between results ob
tained on intact and reconstituted specimens, comparison between results obtained on two 
different sands, interpretation of pore water pressure buildup by a model previously proposed 
by Dobry and coworkers [4], and comparison with cyclic results on the same sands obtained 
in the simple shear device. 

Sands Tested and Testing Program 

Both sands tested here were obtained from the same Wildhfe Site deposit, located in the 
Imperial Valley, Southern California, which liquefied during the 1981 Westmoreland earth
quake [6]. This saturated deposit is composed of two layers: an upper, looser, sandy silt 
unit located between 2.6 m and 3.5 m depth, containing more fines (37%) and called here 
sand A, and the lower, loose to medium-dense sand unit located between 3.5 m and 6.8 m, 
containing less fines (25%) and called here sand B. The grain size distribution curves are 
presented in Fig. 1. Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
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FIG. 1—Grain size distribution of sands tested. 

The two test series (summarized in Table 1) were conducted by the authors as part of a 
comprehensive evaluation of the Wildlife Site 1981 liquefaction case history [7]. The com
plete testing program (reported in Ref 7) also included a series of Norwegian Geotechnical 
Institute (NGI) cychc direct simple shear tests, and several slow and fast monotonic triaxial 
tests. 

A total of thirteen strain-controlled tests are analyzed here: six on sand A consolidated 
to a void ratio e = 0.85, and seven tests on sand B consolidated to e == 0.76. The cyclic 
axial strain amphtude used, e,,,, ranged between 0.02% and 1.35% at a frequency of 0.2 
Hz. Most of the tests were performed on reconstituted specimens, except for one test per 
sand conducted on an intact specimen (tests 6 and 13). In all tests an isotropic consolidation 
effective stress, CT^ = 96 kPa (2 ksf), was used. 

Testily Procedure 

The intact sand samples used in this investigation were 76.2 mm (3 in.) in diameter, and 
they were retrieved with an Osterberg piston sampler or a thin-walled Shelby tube sampler. 

TABLE 1—Triaxial testing program. 

Test 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

Layer 

A 
A 
A 
A 
A 
A 
B 
B 
B 
B 
B 
B 
B 

Method of 
Specimen 

Preparation 

Reconstituted 
Reconstituted 
Reconstituted 
Reconstituted 
Reconstituted 
Intact 
Reconstituted 
Reconstituted 
Reconstituted 
Reconstituted 
Reconstituted 
Reconstituted 
Intact 

Dry Unit 
Weight 

(yd), g/cm' 

1.447 
1.448 
1.446 
1.452 
1.451 
1.468 
1.534 
1.528 
1.527 
1.534 
1.523 
1.527 
1.618 

Void 
Ratio (e) 

0.852 
0.851 
0.853 
0.846 
0.847 
0.826 
0.751 
0.757 
0.759 
0.751 
0.764 
0.759 
0.660 

Cyclic 
Axial Strain 

(O, % 
0.020 
0.067 
0.200 
0.667 
1.347 
0.702 
0.020 
0.067 
0.199 
0.674 
0.681 
1.350 
0.682 

Cyclic 
Shear Strain 

(7^ = I.SEC,), % 

0.030 
0.101 
0.300 
1.001 
2.021 
1.053 
0.030 
0.101 
0.299 
1.011 
1.021 
2.025 
1.023 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



478 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

After the tube withdrawal in the field, water was drained from the tubes to generate capillary 
forces in the silty sand. These forces minimized sample disturbance during transportation 
and trimming. 

The intact specimens were produced in the laboratory by first cutting the tube into smaller 
sections to minimize the side friction during extrusion. After being vertically extruded from 
such a short tube, each intact specimen was cut with a sharp edge to a height of approximately 
two sample tube diameters. The diameter of the specimen obtained in this way was not 
reduced by trimming. It remained the same as it was after the extrusion. The specimen then 
was slid carefully onto the fine-grained porous stone fixed into a special horizontal plate. 
The top porous stone was put on the specimen, and a membrane was placed around it by 
means of a membrane stretcher and vacuum. The vacuum was then released so that the 
membrane became slightly pressed against the specimen and also grasped both porous stones. 
Now supported by the membrane and the porous stones, the specimen was removed from 
the extrusion frame and placed onto the triaxial cell pedestal. The triaxial cell cap was first 
mounted by fixing it on the rigid columns located inside the cell, and the top specimen cap 
was then lowered onto the top porous stone already sitting on the specimen. Finally, the 
cell was closed by pulUng on the cell sleeve. Then the triaxial cell was filled with deaired 
water to prevent migration of air through the specimen membrane. Following that the 
specimen was flushed with carbon dioxide (CO2), filled with deaired distilled water, and 
back-pressured overnight to 414 kPa (60 psi) (345 kPa [50 psi] in the case of reconstituted 
specimens), with an effective all-around confining pressure of 17 kPa (2.5 psi). The next 
day, the specimen was consolidated to the desired effective confining stress, a^ = 96 kPa 
(2 ksf). Volume and height changes were recorded during all consolidation steps. 

After consolidation, the triaxial cell was sealed and locked and then transferred from the 
consoHdation table to the cyclic testing frame. Here, the cell was fixed to the base of the 
frame and attached to the vertical actuator and transducer, volume change burette, and 
pore pressure transducer. The pore pressure B parameter was then determined to check for 
the saturation of the soil. This was done by increasing the cell pressure by 28 kPa (4 psi) 
and by measuring the increase of pore pressure in the specimen. The measured value of B 
was typically about 98%, and it was always greater than 95%, usually accepted as the 
minimum value needed to ensure full saturation. The drainage valves were then closed, 
while the connection between pore pressure transducer and specimen remained open, and 
the undrained cycling was started. 

The reconstituted triaxial sand specimens tested were all sohd cylinders, 50.8 mm (2.0 
in.) in diameter and 101.6 mm (4.0 in.) in height. They were fabricated by mixing the wet 
sand extruded from all tubes containing the same type of sand and prepared by the wet 
tamping undercompaction technique described by Ladd [7,8]. Although this procedure most 
frequently uses undercompaction in six layers with 6% water content, in the present testing, 
to ensure a higher degree of uniformity within each specimen and between different spec
imens, the specimens were compacted in eight layers. Also, given the high silt content of 
the sands tested, the water content of the sand mixture was set somewhat higher, varying 
between 8 and 12%. The undercompaction used was 2%. 

The cyclic strain-controlled tests were conducted in the sinusoidal mode with the servo-
hydraulic closed loop system shown in Fig. 2. During cyclic shearing, all parameters were 
recorded automatically with an oscillographic FO-CRT (fiber-optic cathode-ray tube) strip 
chart recorder and an X-Y recorder. The strip chart data were preferred for interpretation 
of the results shown later, because of the practically infinite speed of the FO-CRT recording. 

Given the relatively high silt content of 37% for sand A and 25% for sand B, and based 
on the membrane compliance measurements on similar soils by Hammer [9], no membrane 
compliance correction was considered necessary in the interpretation of the measured pore 
pressures. 
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FIG. 2—Triaxial testing configuration layout. 

Interpretation of Test Results 

Selected plots of normalized cyclic shear stress, T^* = T<.y/CT„ and normalized residual 
pore pressure, u* = ula^, versus number of uniform strain cycles, n„ up to ric = 30, are 
shown in Figs. 3 and 4 for sands A and B, respectively, i^y above is the amplitude of cyclic 
shear stress acting on 45° planes within the specimen, with T^ = aJ2, where a^ is the 
cychc deviatoric stress amplitude, and u is the accumulated residual cychc pore pressure at 
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FIG. 3—Comparison of results obtained on intact and reconstituted specimens of sand A. 
Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



480 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

•A 
W 
Ul 

«0.5 
< 

u 
^ u 
"-1.5 

a — 1 •— 

"A 

- •o-:^:-* -

.is^-^' ^ 

_ 

' 

1 

1 

1 SAND B 1 

' ' 

" 

-

_ 

-
18 2A 

1.0 

10.5 

'0.0 

' TESTS 10 & 1 1 - R E C O N S T I T . 
TEST 1 3 - I N T A C T 

30 

24 30 6 12 18 
N U M B E R OF CYCLES, n , 

FIG. 4—Comparison of results obtained on intact and reconstituted specimens of sand B. 

the end of the pertinent strain cycle, derived from measurements at the point of the cycle 
at which the cyclic stress (7̂ ^ = T ,̂ = 0. 

The repeatability of the undercompaction, wet-tamping testing technique will be examined 
first. Figure 4 includes the results of two comparable tests on sand B, tests 10 and 11, which 
practically plot on top of each other, verifying the high repeatability of the procedure. These 
results, as well as the consistency of other results, generally confirm the high quality of the 
experimental data presented in this paper. 

The effect of sand fabric, that is, the difference between results obtained on reconstituted 
and intact specimens, is analyzed next for both sands A and B, with the help of Figs. 3 and 
4. It can be readily noticed in these two figures that the residual pore pressures in cyclic 
triaxial strain-controlled tests are practically unaffected by the change of sand fabric (M* 
versus ric curves), while, on the contrary, soil stiffness is significantly affected (T,,,* versus 
n^ curves). This is especially noticeable in Fig. 4, and it confirms similar findings obtained 
earher from other available strain-controlled testing [2]. 

The results are further evaluated for the effects of specimen void ratio and silt content, 
and from the viewpoint of modeling of pore pressure buildup for seismic field analyses. A 
careful examination and comparison of individual results for both soils reveals that the 
relationships among e,,̂ , «„ and residual pore pressure buildup, «*, are almost identical for 
the two Wildlife sands. The corresponding comparison for all reconstituted specimen tests 
is illustrated in Fig. 5. Up to ê , = 0.20%, there is practically no difference in the rate of 
pore pressure buildup between the two soils. Given the fact that sands A and B have different 
silt contents and were prepared at different densities, these results confirm the insensitivity 
of pore pressure buildup in strain-controlled tests to those two factors. Additional evidence 
supporting this conclusion is provided elsewhere [1,2]. 

It must also be noticed that the range of cychc shear stresses measured at a given cyclic 
strain in Figs. 3 and 4, for the two sands and for the two types of specimen fabric, is quite 
wide, in contrast to the corresponding range of pore pressures in Fig. 5, which is very narrow. 
This confirms once again that cyclic shear strain is the fundamental parameter governing 
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FIG. 5—Residual pore pressure in reconstituted specimens of sands A and B. 

pore pressure buildup, and that use of strain-controlled testing and of associated analytical 
modeling represents the most appropriate, as well as the most convenient, approach currently 
available for evaluation of seismic pore pressures and hquefaction of level ground sites. 

To describe such consistent pore pressure buildup obtained in cyclic strain-controlled tests, 
Dobry and coworkers have developed a simple pore pressure model [4], appUcable to both 
cyclic triaxial and cyclic simple shear pore pressure results. The basic form of the model is 

u' = 1 + n,-g{y^) (1) 

where the constant p and function g{yc,) can be determined from the measured u*. Recent 
results by Vucetic [7] further show that a convenient particular form of the model for many 
sands is 

W = 
1 -I- «,-F-(7c - 7^)' 

where 

gilcy) = F-iy^ - y^y 

(2) 

(3) 

This means that the relationship between «*, 7̂ ,̂ and n^ can be described for one-directional 
loading by four experimental constants: p, F, 7^, and s. The constant 7^ is the practical 
threshold strain, that is, the shear strain below which, for all practical purposes, the residual 
pore pressure buildup can be taken as zero. It should be mentioned that 7^ is usually 
somewhat larger than the actual threshold strain, which is for most sands about equal to 
10-2% [2,J,5]. 

Based on the results presented in Fig. 5, the following unique pore pressure model, 
applicable to both WildUfe sands A and B, was obtained: 

1.04 X n, X 2.6 x (7,^ - 0.02)'^ 
1 -I- n, X 2.6 X (7^ - 0.02)" 

(4) 

This expression is graphically portrayed in Fig. 6 as a family of curves for «„ = 1, 2, 5, 10, 
and 30. In Eq 4 and Fig. 6 the transformation 7̂ ^ = 1.5 ê ,̂ based on continuum mechanics 
considerations, was used to plot the cyclic triaxial measurements. This expression is very 
similar to 7^ = V3 ^^ = 1.73 ê ,̂, derived by Prevost [70] based on the incremental theory 
of plasticity. 

As shown in Fig. 6, the model described by Eq 4 was developed based only on the tests 
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FIG. 6—Unique pore pressure model for sands A and B based on cyclic triaxial results. 

with "Vcy < 0.3%. This was done because the pore pressure results for y^y — ̂  and 2% and 
the data for smaller y^y could not be properly fitted together by means of a single u* = 
fi^cy^n^) relationship of the form given by Eq 1. A detailed examination of the strip charts 
and X-Y test records disclosed that in these tests with y^y — ̂  and 2%, the effective stress 
paths of both sands A and B reached the failure envelope in the very first cycle and then, 
because the tested sands were dilative, the stress paths followed the envelope upwards until 
the stress reversed. This kind of behavior of dilative sands subjected to large cycUc strains 
is exemphfied by the deviator vertical load versus pore pressure curve of test 11 conducted 
on sand B and presented in Fig. 7. This graph can, of course, be interpreted as an effective 
stress path p'-q plot. In Fig. 7, the two consecutive points in the first cycle, at which the 
stress path first reaches and then leaves the envelope, are denoted by P and Q respectively. 
Consequently, after approaching the envelope, beyond point P, while the "stress path" 
moved between points P and Q, the pore pressure was decreasing instead of increasing, 
and the shear-stress-versus-time relationship, recorded on the strip chart, did not have the 
sinusoidal pattern characteristic of all other tests with -ŷ  smaller than 1%. Because of this 
inconsistency, the triaxial results for -y,., = 1% and beyond were not used for the development 
of the pore pressure model described by Eq 1 and 2. 

It was mentioned earlier that, as a part of the Wildhfe site seismic evaluation, cyclic simple 
shear tests were also performed on the same sands. The results are reported elsewhere, 
together with a discussion on the applicability of the simple shear technique to cyclic testing 

DEVIATOR 
VERTICAL 
LOAD 

SAND B 
TEST 11 
eev-0.68% 

PORE PRESSURE 

FIG. 7— Record of deviator vertical load versus pore pressure for test 11. 
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FIG. 8—Unique pore pressure model for sands A and B based on cyclic simple shear results. 

of sand [i]. The model based on these simple shear tests is reproduced in Fig. 8 and can 
be compared to the corresponding model in Fig. 6, obtained here from triaxial tests. The 
two models are identical, despite being derived from two different sets of pore pressure 
data. The only difference between the two is that the simple shear-based model in Fig. 8 
could be applied to cyclic strains up to at least 1%, unlike the model based on cyclic triaxial 
tests otJFig. 6, which is not valid for such large strains, as discussed above. This is clearly 
associated with the different loading and boundary conditions in the two types of tests (for 
more information on this, see Ref 7). 

Therefore, the results presented in this paper clearly show that a unique pore pressure 
model is valid for both Wildlife sands, applicable to both cycUc triaxial and simple shear 
strain-controlled tests and to both reconstituted and intact specimens. This is a very important 
conclusion, supportive of the strain approach and consistent with the theory of plasticity 
formulation suggested by Prevost. It reveals that no empirical factor is necessary to go from 
pore pressures measured in cyclic triaxial tests to those obtained in cyclic simple shear tests, 
provided that strain-controlled tests are used in both cases. 

Discussion and Conclusions 

The test results presented yield a number of significant conclusions concerning the ex
perimental evaluation of seismic pore pressures in saturated sands using cyclic triaxial strain-
controlled tests. They show that cychc strain-controlled testing is a very good tool for 
quantitative and qualitative evaluation of pore pressures developed in saturated sands sub
jected to cyclic loading. It was verified that, if sand is tested in the strain-controlled mode, 
as opposed to the stress-controlled mode, a very consistent picture of pore pressure gen
eration is obtained. Such experimental findings confirm that cyclic shear strain is the fun
damental parameter governing undrained pore pressure buildup in saturated sands, as 
previously concluded by Dobry and coworkers [J]. An important practical consequence is 
that the residual pore pressure buildup, for a given shear strain and number of cycles, is 
relatively insensitive to the initial values of sand stiffness, strength, and confining pressure, 
as well as to sample disturbance. 

In this work, results on two Wildlife sands, tested in intact and reconstituted state and 
using triaxial and simple shear testing techniques, were evaluated. An identical pore pressure 
model was derived independently from experiments using two different testing techniques, 
and this model was found to be valid for both intact and reconstituted specimens. This 
verifies the conclusion that the pore pressure model proposed by Dobry and coworkers [4] 
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can be successfully developed based on results obtained on reconstituted specimens only, 
which greatly simplifies the whole procedure of evaluating pore pressure and liquefaction 
of level sandy sites subjected to earthquakes. 

The results also show that for the development of the pore pressure model, the under-
compaction method proposed by Ladd [7], if properly applied, is a good method for building 
reconstituted specimens. In this procedure, however, care must be taken when determining 
the percentage of undercompaction and the water content of the sand mixture. Also, to 
ensure good uniformity, the specimen should be built using the maximum possible number 
of layers. 

With regard to the selection of the appropriate testing technique for evaluating the seismic 
characteristics of saturated sand deposits, it must be emphasized that the NGI simple shear 
testing procedure, if the equipment is available, can be simpler and more economical than 
triaxial testing. There are also other reasons to support the use of the simple shear procedure. 
First, the loading boundary conditions in this test resemble more directly the earthquake 
field conditions of vertically propagating seismic shear waves in level sites and, second, the 
pore pressure buildup at large cycUc shear strains can be consistently determined and mod
eled. On the other hand, the triaxial test does not strictly simulate the seismic field loading 
conditions characteristic of vertically propagating shear waves in level sites. The triaxial 
procedure is far more complex, and the pore pressures cannot sometimes be realistically 
modeled beyond cyclic shear strains of about 0.3%. Also, for sands coarser and cleaner 
than those tested here, a triaxial membrane compliance correction may be required for the 
measured pore pressures. A disadvantage of the NGI simple shear test, however, is that 
the pore pressures at very small shear strains around the threshold {y^, — 1 x 10"^%) 
cannot be exactly determined because the device has too much compUance for rehable small 
strain measurements. 

Fortunately, the previous discussion on the relative merits of the simple shear and triaxial 
techniques turns out not to be critical in practice for fine sands and silty sands, because the 
authors verified here that the measured triaxial residual pore pressures can be easily trans
formed into those that would be measured in simple shear tests, despite the different loading 
conditions in the two tests. Either ycy = 1-5 êy or the similar expression "ŷy = V3e„ = 
1.73 ê , can be employed for this transformation. In the case of medium and coarse clean 
sands, a membrane comphance correction may be necessary for the measured residual triaxial 
pore pressures before applying this transformation. Therefore, and as shown clearly by the 
Wildhfe sand data, the pore pressure model obtained from triaxial tests on reconstituted 
silty sand specimens can be used with confidence for interpretation of level site seismic field 
conditions. 
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ABSTRACT: For the. construction of two large dams, several triaxial test series were executed 
on the embankment materials. The first material is an altered sandstone and the second a 
filter material. Several stress paths of loading were tested: extension test, constant mean 
pressure test, constant stress ratio, and conventional tests. The various causes of error in the 
experiments were examined: end restraint, bedding error, and membrane penetration. For a 
good estimation of deformation modulus, direct measurements inside the triaxial cell were 
developed. The general results are presented and the methods produced high quality tests. 
The effects of the grain size distribution were also studied: on the same material, triaxial tests 
with different specimen diameters were conducted for various maximum grain sizes. 

KEY WORDS: embankment dam, soil testing, triaxial test, lubricated ends, stress paths, 
membrane penetration, bedding effect, mechanical properties 

Electricite de France has recently constructed the Grand-Maison (160-m high) and the 
Vieux-Pre (70-m high) earth dams. In both cases, the structures are zoned embankments 
with a vertical core. The monitoring of the construction has been compared with numerical 
simulation by finite element methods. The construction has been done by layers and the 
results of the monitoring give the real behavior of the materials. For the interpretation of 
the simulation results, the determination of the mechanical properties of the soils is very 
important. 

At the Vieux-Pre dam, the monitoring results from field observations showed that the 
upstream and downstream zones were stiffer than the predicted values based on a preliminary 
laboratory test. This difference underestimated the risks of hydraulic fracturing and required 
a study to explain the causes of this fact. 

At Grand-Maison, with the chosen computation parameters, similar results were obtained, 
especially for the stress distribution in the drains and filters. 

To explain these differences between the results of the numerical simulation and the 
monitoring behavior of the dams, an extensive study of the mechanical properties of the 
materials was conducted: the objective of this study is to obtain reaHstic parameters of the 
constitutive equations used for the numerical simulation. 

The different causes of error in the triaxial test are analyzed in detail: specimens with 
end restraint, membrane penetration effect, and bedding effect. The obtained results are 
then presented for the two construction materials: the Vieux-Pre altered sandstone and the 
Grand-Maison filter. 

" Research assistant and assistant professor, respectively, Institut de M6canique de Grenoble, BP 68, 
38402 Saint Martin D'Heres, France. 

^ Geotechnical engineer, Electricite de France, BP 1034, 73010 Chambery Cedex, France. 

486 

Copyright'^^ 1988 by ASTM International www.astm.org 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



DENDANI ET AL. ON TRIAXIAL TEST FOR EMBANKMENT DAMS 487 

FIG. 1—Vieux-Pri dam, typical cross section: (1) sandstone Gl, (2) sandstone G2, (3) clay, 
(4) filter Oto 5 mm, (5) filter 0 to 20 mm, (6) drain, and (7) filter 0 to 80 mm. 

Dams and Materials 

The Vieux-Pre Dam 

The Vieux-Pr6 dam [/] (Fig. 1) is an embankment dam, with a vertical core 79 m high 
above the foundations; the crest is 350 m wide for a total volume of 1.8 lO* • m'. This water-
resistant structure is made of two compacted rockfill zones surrounding the vertical clay 
core protected by filters and drains. The initial design study had been done using conventional 
methods (stability analysis, design filter criteria and so forth). To carry out the deformation 
analysis, the coarse material Gl had to be tested in laboratory. 

The grain size distribution curve for the real material is presented in Fig. 2. For the 
laboratory experiments conducted by MECASOL (Paris), the material was limited at a 
maximum diameter of 63 mm (Curve 2, Fig. 2) for the specimens with a diameter of 300 
mm; for the tests carried out at the Institut de Mecanique de Grenoble (I.M.G), only a 
small fraction of the material had been studied (Curve 3, Fig. 2) with a maximum grain size 
of 20 mm for the 100-mm specimens. To study the role of Umited grain size, tests were 
conducted on a grain size distribution with more coarse sizes (Curve 4, Fig. 2). 

100 5b 20 lb i 2 1 5 2 r 50 20 
GRAIN SIZE (mm) (pm) 

FIG. 2—Grain size distribution curves for the Vieux-Pre material. 
Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



488 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 
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FIG. 3—Grand-Maison Dam, typical cross section: (1) upstream scree shell, (2) earth core, 
(3) rockfill, and (4) filters. 

The Grand-Maison Dam 

The Grand-Maison dam [2] is 160 m high, and is composed of 12 W-w? of compacted 
backfill. The cross section of the structure is shown in Fig. 3. The materials used for the 
embankments as well as the vertical core have a large range of grain size with a significant 
clay fraction. The filters used were made with crushed gneiss; the grain size distribution 
curve is given in Fig. 4. For the triaxial tests with a diameter of 100 mm, the size of the 
grains was limited to 20 mm (Curve 1, Fig. 4). Different grain size distributions were also 
tested at 10, 5, and 2 mm (Curves 2, 3, and 4, Fig. 4). 

Experimental Tests 

For the two materials, the experimental program consisted of: 

• drained triaxial compression tests with constant lateral pressure, 
• drained triaxial compression tests with constant mean pressure, 
• drained triaxial compression tests with constant effective stress ratio, and 
• drained triaxial extension tests with constant lateral pressure. 

True triaxial tests were also conducted at the I.M.G. on the Grand-Maison filter [5]. 

Objectives of the Program 

To determine the parameters of constitutive equations used in a numerical simulation by 
the finite elements method, an extensive experimental basis is necessary with several loading 
paths. Figure 5 shows the different effective stress paths in the plane of principal stresses 
for the Vieux-Pr6 material in a loose state (17.4 kN/m^). The values of the internal friction 
angle (at the peak of the stress-strain curve) are indicated in the figure; this angle decreases 
as the mean stress increases. For the extension tests, its values were higher than those 
obtained in the compression tests. 
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FIG. A—Granulometric curves for the Grand-Maison filter material. 
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FIG. 5—Stress paths tested for the Vieux-Pre material {initial dry weight: 17.4 kNIm^). 
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DENSE MATERIAL 1 Classic test 200 kPa 
2 Lubricated test 200 • 

LOOSE MATERIAL 3 Qassic test 600 kPa 
4 Lubricated test 600 » 

FIG. 6—Stress-strain volume change curves: dense and loose Vieux-Pre material tested at 
constant lateral stress. Conventional tests and frictionless tests. 
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FIG. 8—Abacus for bedding effect correction. 

These tests must be of very good quality for the different measurements; the various 
causes of error in the triaxial test were examined below with particular attention to: 

• use of frictionless ends, 
• bedding effect and direct measurement of axial strain, 
• membrane penetration 
• extension tests, and 
• coarse particles effect. 

2000 

1000 Specimen 

Axial strain 
0 0.005 0.01 0.015 002 

FIG. 9—Axial stress versus conventional strain and local strain. Triaxial test at constant 
lateral pressure: 600 kPa. Vieux-Pri material. 
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kPa. 

Use of Frictionless Ends 

For the triaxial tests, the conventional specimens have a slendemess ratio (height/di
ameter) of two. However, the use of such specimens often leads to barrelling with nonuniform 
deformations. Additionally, the localization of deformation along the failure plane trans
forms the specimen into rigid blocks which slip against each other. The volumetric strain 
then stabilizes, making interpretation of the test no longer possible, because the deformations 
are concentrated in the shear bands. 

Short specimens with a slendemess ratio of one and a frictionless device are currently 
used in research laboratories: many articles have been pubhshed on the subject [4-6]. The 
device generally used is composed of polished and lubricated end platens, with one or more 
rubber disks, coated with silicon grease between the different layers. With this device, the 
loaded specimens retain a cyhndrical shape and the strains are more homogeneous, without 
shear bands. The measurement of volume variations is possible up to large strains (20% or 
more for axial strain): the critical void ratio can be determined. 

However, for coarse materials, like those studied here, tests with lubricated ends are 
rarely performed. The results of such tests are shown in Fig. 6 and compared with conven
tional triaxial tests for the Vieux-Pr6 material. These experiments consist of triaxial compres
sion tests with a constant lateral pressure of 200 or 600 kPa. The volumetric weight is 19.4 
kN/m' for dense and 17.4 kN/m^ for loose material, the diameter of the specimens is 100 
mm. EPSl indicates the axial strain (logarithmic strains are used) and EPSV the volumetric 
strain (EPSV is positive for a contraction of the specimen). 

The internal friction angle at peak strength is higher for the conventional specimen (with 
a slendemess ratio of two), especially at low lateral stress: this effect is due to specimen 
end restraint [7]. 

The major difference concems the volume variations: the conventional specimens contract 
less at the beginning of test. The rates of dilatancy occurring after the minimum volume are 
achieved, but the dilatancy stops when a slip plane develops throughout the specimen (this 
point is indicated by an arrow in Fig. 6). For the frictionless tests, the dilatancy is continuous. 
At the end of the experiments, the dilatancy is twice as large for the frictionless specimen 
at 200 kPa. 
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One of the advantages of the frictionless test is the higher repeatability: for the conven
tional test, the premature occurrence of a slip surface reduces this repeatability. 

When the experimental stress-strain curves are compared (Fig. 6), the initial tangent 
moduli of deformation are lower for the frictionless tests. This is the major disadvantage 
of the frictionless device: the so-called "bedding effect." 

The Bedding Effect 

Bedding error is caused by the penetration of soil grains into the latex disks and the 
compression of the grease layer. Many authors have studied this effect (see Refs 7-9). For 
coarse materials, this effect will be even more significant. However, for tested material with 
large grain size distribution, this effect has some limitation: after compaction, the top and 
the base of the specimen are smooth, the small particles surrounding the larger grains. 

A simple calculation shows that Young's modulus can be reduced by more than 50%. 
Indeed, the axial compression of a "sandwich" composed of two layers of latex membrane 
and one soil specimen yields an apparent modulus reduced by 62%. This calculation is 
carried out with the following hypotheses: 

• thickness of two latex disks: 0.04 mm 
• latex modulus: 1100 kPa, 
• real soil modulus: 110 MPa, and 
• specimen length: 100 mm. 

Figure 7 illustrates this fact by comparing the results of a conventional test (with end 
restraint, noted VPDA 05) with a frictionless specimen (VPDA 04). Only the beginning of 
the strain-stress curves is plotted for two tests shown completely in Fig. 6; the influence of 
experimental conditions on the modulus measurement is very significant. To check the 
possibility of a correction, several attempts were carried out leading to satisfying results. 

The first method consisted in studying the compressibility of the latex disks in contact 
with a layer of soil: a dried Vieux-Pr6 specimen resting on two latex layers was tested in 
simple compression to determine the bedding effect (the dried material is sufficiently co
hesive). The penetration of soil grains can then be measured. Another possibility is to glue 
soil grains onto a steel plate to conduct the same experiments. 

The second method used was a comparative study between isotropic and odometric 
compression tests: in both cases, the results of the tests with or without a frictionless device 
were compared. In the isotropic test, a transducer inside the triaxial cell measures the axial 
strain. For the odometric test, a frictionless device layer is positioned in the mold base but 
the lateral expansion of the lower disk is then impossible. By assuming the specimens are 
identical, the bedding effect can be calculated. 

These various attempts led to the calculation of the chart shown in Fig. 8 for different 
initial lateral pressures. For the higher stresses, a large part of the bedding takes place 
during the isotropic consohdation. The analytical equations of these curves were introduced 
into the data reduction programs to establish the new values of axial strains. An example 
is given in Fig. 7 where test VPDA 04 is corrected and transformed into test VPDA 04 
(CORrected): the tests VPDA 05 and VPDA 04(COR) are then comparable. However, 
this satisfying result is produced by a large correction on the measured axial strain. 

Direct Measurement of Axial Strain 

The direct measurement of axial strain inside the triaxial cell is certainly a preferable 
method: the axial strain transducers (two linear variable differential transformers [LVDTs]) 
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FIG. 11—Isotropic test: Grand-Maison filter material: uncorrected and calculated results. 

are fixed directly on the specimen: the reliable axial strain is then measured. However, this 
strain is obtained locally and can be affected by nonuniformities. 

Typical results of such tests are shown in Fig. 9 for the Vieux-Pre material; the axial strain 
(e,) is conventionally measured whereas the local strain (e )̂ is measured over the center 
portion equal to half of the specimen height: this figure demonstrates the bedding effect. 
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FIG. 12—XJrut membrane penetration S (1) D^, = 16-mm Grand-Maison filter, 
(2) D,^ = 10-mm Grand-Maison filter, (3) D^^ = 5-mm Grand-Maison filter, (4) D„^ = 
2-mm Grand-Maison filter, and (5) Vieux-Pr^ material {see Curve 3, Fig. 2). 
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On the other hand, some irregularities in the curves illustrate the difficulties of such mea
surements. 

The bedding effect is important as well for the loading-unloading cycles: this effect is 
irreversible and Fig. 10 gives such an example for the Grand-Maison filter. 

A reUable measurement of deformation modulus is very difficult: the end restraint in the 
conventional test can also influence the obtained results. The direct measurement inside the 
triaxial cell is undoubtedly preferable but complicates the test. 

Membrane Penetration 

In the tests using stress paths with variable lateral pressure (that is, isotropic tests, constant 
stress ratio or mean pressure test), the directly measured volume change includes some part 
caused by membrane penetration [10,11]; as the lateral stress increases, an additional quan
tity of water is drained and the volumetric strain becomes too large. For comparison between 
conventional and constant mean pressure tests, or for isotropic tests, a reUable measurement 
of volumetric strain is necessary. 

For coarse materials, this effect is more significant: generally, the volume change mea
surement is corrected by using the "unit normalized penetration" coefficient S: S is the 
slope of the curve in the axis of additional volume change caused by membrane penetration 
divided by the contact area versus the logarithm of the cell pressure [12,13]. 

To study the above correction, a special lateral strain indicator was designed. This trans
ducer is similar to the one described in Ref 14; the lateral strain is measured directly for 
one diameter. With the measurement of axial (e,), radial (es), and volumetric (e„) strains. 
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FIG. 14—Uncorrected and corrected volume change. Grand-Maison filter material tested at 
constant mean pressure. 

the additional volume change caused by membrane penetration can be calculated. In Fig. 
11, an isotropic test is shown; the uncorrected curve is obtained from direct measurement 
of expelled water. The true volumetric deformation is estimated from the direct measure
ments of axial and radial strain: the difference between the two curves allows the calculation 
of the additional volume change as a result of membrane penetration, and thus the calculation 
of 5. 

From different grain size distribution curves (Fig. 2, Fig. 4), it is possible to determine 
the curves in Fig. 12. The maximum grain size varies from 16 to 2 mm. Generally, the value 
of S is related to the mean grain diameter sizes: taking that into account, slope S was plotted 
in Fig. 13 using both scales: 

(a) the value of mean grain diameter Dsi,: Curve a and 

(b) the following value: —f̂  log D50 (mm): Curve b 

where D,o: 10% diameter, D50 50% diameter, and D,a„: maximum grain diameter. 
The relationship between the experimental values is better in the second case (b). 
An example is shown in Fig. 14 for the Grand-Maison filter with an initial volumetric dry 

weight of 18.5 kN/m^ These experiments were constant mean pressure tests conducted at 
400 and 800 kPa. The membrane penetration effect is relatively limited for this example. 
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Extension Tests 

The Grand-Maison filter material was the subject of a extensive experimental program 
for the determination of its mechanical properties: 

• triaxial compression tests with four initial densities, 
• triaxial compression tests with constant mean pressure (Fig. 14), 
• true triaxial tests, and 
• triaxial extension tests. 

In this paper, only the triaxial extension tests using two different apparatus are discussed: 
a conventional triaxial cell and a true triaxial apparatus developed in Grenoble [3]. 

For extension test in a conventional cell, the specimen top is attached to the loading ram. 
The following points must be considered: 

• The axial deviator stress is corrected because the axial extension of the lateral membrane 
produces additional strength. 

• The slip plane appears at very low axial strain (0.03 to 0.05). 
• The shp planes are often localized underneath the specimen top, leading to a very large 

decrease of the specimen area. The interpretation of the test results is then difficult because 
the calculation of the axial strain and stress is not reliable. 

Two major causes can explain these facts: the specimen is less compacted near the top 
and the lateral membrane penetrates between the top plate and the specimen; consequently 
the effective area decreases. 
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FIG. 16—Constant mean pressure triaxial compression tests: 200 kPa. 

To avoid these problems, a reinforced membrane was designed consisting of a latex 
membrane to which brass plates are adhered in the axial direction. The rectangular plates 
are 30 mm long, 5 mm wide, and 0.02 mm thick. Thus, the membrane cannot penetrate 
underneath the top. The localization of deformation is delayed and the slip plane, when it 
appears, is located in the central zones of the specimen. 

In Fig. 15, three triaxial extension tests at the same lateral pressure are compared. In the 
conventional test, a shp plane first occurs at 4% of axial strain, and with the reinforced 
membrane it occurs at 6% of axial strain, thus extending the hmit of test validity. These 
points are marked by an arrow in Fig. 15. 

A true triaxial with the same lateral stress is also plotted: the specimen is overconsolidated 
with a ratio of two: the initial modulus is higher but the angle of friction is the same as in 
the test with reinforced membrane. The volume change behavior in the true triaxial test is 
affected by overconsoUdation. The dilatancy slopes are the same, but the true triaxial 
specimen dilates continuously. 

The reinforced membrane is consequently useful in avoiding the frequent penetration of 
the membrane underneath the top of the specimen. The angle of friction is correctly eval
uated. 

Coarse Particles Effect 

For embankment materials, it is often impossible to test a real material with its complete 
grain size distribution curve in a triaxial apparatus: even in the largest apparatus, a maximum 
grain size can be tested [15]. The effect of hmiting grain size have been studied by several 
authors [16,17] with classical compression triaxial tests. 

For the Vieux-Pr6 sandstone, different types of experiments were conducted to test the 
influence of coarse elements on the mechanical behavior of embankment materials. 
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FIG. 17—Constant mean pressure triaxial compression tests: 600 kPa. 

Two specimen diameters were used: 

• 300 mm for the tests conducted by MECASOL (Paris), for a maximum grain size of 
50 mm and 

• 100 mm for the I.M.G. tests with grain sizes up to 20 mm. 

The grain size distribution curves for the different specimens are given in Fig. 2. Triaxial 
tests at constant mean pressure of 200 and 600 kPa are compared in Figs. 16 and 17, which 
represent the stress and volume variations versus the axial strain. 

The obtained results are very different: for the 300-mm specimen the stress ratio at failure 
is 8.2 and for the 100-mm specimen the stress ratio is only 6.4 for test at 200 kPa. The 
volume change behavior is also different: the 300-mm specimen dilates less than the 100-
mm specimen. 

With the objective of explaining these important differences, triaxial tests with 100-mm 
diameter were conducted on a coarser material: the initial grain fraction between 5 and 20 
mm was replaced by a coarser fraction. The grain size distribution is given by Curve 4 in 
Fig. 2. These results showed the prominent part played by the coarser fraction on the peak 
behavior of the specimen; the obtained peak strength and angle of friction are higher. 

For a good estimation of the real behavior of the material, the use of specimens with a 
large diameter appears to be necessary. With the use of the small diameter (100-mm) triaxial 
apparatus, only the finer fraction of the material is tested and a minimum value of friction 
angle is obtained for this material. 

Conclusion 

The triaxial test, with its versatiUty, is an appropriate tool for estimation of the mechanical 
properties of embankment materials. The use of different stress paths allows the validation 
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of the constitutive law: the triaxial extension and the constant mean pressure tests were 
used to carry out this objective. 

The study of the different causes of error or nonrepeatabihty requires particular attention. 
The use of frictionless devices is advantageous because the specimen deformation is much 
more homogeneous. However, the bedding effect requires a large correction to obtain the 
true deformation modulus. 

A direct measurement of the axial strain by using transducers fastened to the specimen 
gives a reliable estimation of the deformation modulus. 

The membrane penetration modifies the measurement of volume variations. For the tests 
presented here, technical solutions were successfully used and allowed a correction of the 
volumetric strain in constant mean pressure test. 

The reinforced membrane eliminates the penetration underneath the top specimen and 
allows larger strain without slip plane in extension tests. 

All these technical corrections or improvements have increased the reliabihty of the triaxial 
test, but the principal difficulty for the engineer concerns the problem of coarse particles. 
Only extensive series of tests with different specimen diameter can give a estimation of their 
influence. 
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ABSTRACT: The conventional triaxial drained compression test was conducted on specimens 
under wide-ranging confining pressure, 9.8 to 9.8 x 10* kN/m^ (0.1 to 100 kgf/cm^). Three 
kinds of soil were used for the test: clayey soil, Toyoura sand, and soft sedimentary rock 
("Shirasu," derived from pyroclastic flows in the southern part of Kyushu Island in Japan). 
Confining pressure higher than 9.8 x lO* kN/m^ (10 kgf/cm^) was generated by a nitrogen 
gas cylinder; confining pressure lower than 9.8 x W kN/m^ (10 kgf/cm^) was supplied by a 
common air compressor. The compression curves (the e-log p relation) under wide-ranging 
pressure are shown for three kinds of soil. Stress-strain relations and stress-dilatancy relations 
in the shear deformation process are also shown. It is concluded that the mechanical behaviors 
of clayey soil and sandy soil are similar under wide-ranging confining pressure although these 
materials are often treated as different. 

KEY WORDS: conventional triaxial test, clayey soil, sandy soil, low pressure, high pressure, 
compression, shear deformation, e-log p relation, stress-strain relation, stress-dilatancy re
lation 

In soil mechanics clayey soil and sandy soil are often treated as different materials because 
of differences in grain size, permeability, compression and shear deformation characteristics, 
and so on. However, these differences are not intrinsic, but relative ones, taking account 
of the origin and the generation process of clay and sand. The recent development of 
computer science has brought rapid progress in the analysis of soil mechanics problems, for 
example, the finite element method. The accuracy of applying the finite element method 
to soil mechanics problems depends on the constitutive relation used in the analysis. Com
prehensive constitutive laws that take the various mechanical behaviors of clayey soil and 
sandy soil into account must be established. 

In this paper the mechanical characteristics of three kinds of soil in the compression and 
shear deformation processes are investigated. The soil tests are carried out under wide-
ranging confining pressure to determine the similarities and the differences of clayey soil 
and sandy soil. The compression characteristic is discussed based on the compression curve 
(that is, the e-log p relation). The shear deformation characteristic is investigated based on 
the stress-strain relation and the stress-dilatancy relation. 

' Professor and professor (deceased), respectively. Department of Ocean Civil Engineering, Kago-
shima University, 1-21-40 Kourimoto, Kagoshima 890, Japan. 
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502 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

TABLE 1—Physical properties of test materials. 

Specific gravity, G, 

Minimum void ratio, e^„ 
Liquid limit (%), WL 
Plastic limit (%), Wp 
Uniformity coefficient, Uc 

Clay 

2.60 

44.7 
23.0 
3.59 

Shirasu 

2.41 
L86 
0.94 

4.27 

Toyoura Sand 

2.65 
0.94 
0.58 

1.48 

Testing Material, Apparatus, and Procedure 

Three kinds of soil are used for the test: clayey soil, Shirasu, and Toyoura sand. The 
physical properties of these materials are summarized in Table 1, and the grain size accu
mulation curves of these materials are shown in Fig. 1. The soft sedimentary rock, Shirasu, 
is a nonwelded part of pumice-tuff derived from the Pleistocene pyroclastic flow and dis
tributed in the southern part of Kyushu Island in Japan. The particle of Shirasu is porous, 
and its specific gravity is small (see Table 1). The particle can be crushed much more easily 
than Toyoura sand. 

The triaxial testing apparatus (Fig. 2) and the one-dimensional compression appcu^atus 
(Fig. 3) are used in the test. Confining pressure lower than 9.8 x 1(P kN/m^ (10 kgf/cm^) 
is supplied by a common air compressor. Confining pressure higher than 9.8 x 10̂  kN/m^ 

:ioo 

50 

— Clayty soil 
Shirasu 
Toyoura sand 

^o' 10' 10-
Diameter (mm) 

F I G . 1—Grain size accumulation curves of clayey soil, Shirasu, and Toyoura sand. 

o _ § / Pressure 

Regulator 

\ Loading frame 

FIG. 2—Schematic of triaxial testing apparatus. 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



KITAMURA AND HARUYAMA ON DEFORMATION OF SOIL 503 

Buretts 

Specimen 

Porous 
stone C 

Pressure gauge 

Jn Regulator 

Double pipe type's 
burette 

FIG. 3—Schematic of one-dimensional compression apparatus. 

(10 kgf/cm^) is supplied by a nitrogen gas cylinder with initial pressure and volume of 
1.47 X W kN/m^ (150 kgf/cm^) and 7 m^ respectively. Pressure in the nitrogen gas cylinder 
is controlled by the nonreleased type regulator and conveyed to the triaxial cell. This simple 
pressure generation system can supply steady confining pressure lower than 9.8 x lO' kN/ 
m̂  (100 kgf/cm^) for the triaxial compression test although pressures higher than 9.8 x 10' 
kN/m^ (100 kgf/cm^) cannot be controlled. 

Three kinds of triaxial cells are used for the tests: the cell whose maximum allowable 
pressure is 9.8 x 10̂  kN/m^ (10 kgf/cm^) is used for the test of clay, and the cells whose 
maximum allowable pressures are 2.94 x lO' and 2.94 x 10* kN/m^ (30 and 300 kgf/cm^) 
are used for the test of Shirasu and Toyoura sand, respectively. The one-dimensional 
compression apparatus is also used for the test of the clayey soil under extremely low 
pressure. The specimen in the acryhc mold is consolidated by the vertical seepage force of 
the water. (For detailed explanation of the principle of this consolidation apparatus see Refs 
I and 2.) After the clayey soil specimen is consolidated under about 9.8 kN/m^ (0.1 kgf/ 
cm )̂ by the one-dimensional compression apparatus, the specimen is taken out of the 
mold and set in the triaxial cell. The specimen of Shirasu or Toyoura sand is prepared by 
freezing the saturated material. All the specimens in the triaxial cell are compressed under 
isotropic pressure and then sheared under a constant confining pressure. Two latex disks 
with lubricated layers are placed on the cap and the pedestal to reduce the friction between 
the specimen and the end surfaces at the cap and the pedestal. The strain-controlled shearing 
test is carried out under the drained condition, with strain rates of 2.5 x 10"^ mm/min for 
the clayey soil and 0.139 mm/min and 0.375 mm/min for Shirasu and Toyoura sand, re
spectively. The initial void ratio and other conditions of the specimens in this research are 
summarized in Tables 2 through 4. 

TABLE 2—Initial state of clayey soil specimen. 

Initial water content 
Initial void ratio 
Consolidation pressure at the final 

ATs-consolidation stage, kgf/cm^ 
Confining pressure, kgf/cm^ 

75 
1.90 

0.111 
0.3 

140 
3.75 

0.057 

200 
4.83 

0.112 
0.1 
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TABLE 3—Initial void ratio of Shirasu. 

Initial Void Ratio Confining Pressure, kgf/cm^ 

1.34 
1.64 
1.36 
1.34 
1.32 
1.44 

2 
6 

10 
30 
50 

100 

TABLE 4—Initial void ratio of Toyoura sand. 

Initial Void Ratio Confining Pressure, kgf/cm^ 

0.79 
0.80 
0.70 
0.78 
0.71 
0.74 
0.68 
0.75 
0.77 

2 
4 
6 

15 
20 
30 
50 
75 

100 

Results 

Figures 4 and 5 show the compression curves (the e-\ogp relation) for clay, Shirasu, and 
Toyoura sand, where e denotes void ratio and p is the vertical compression pressure at the 
middle height of the specimen for the clayey soil and the isotropic pressure for Shirasu and 
Toyoura sand- The dotted line in Fig. 4 is the extrapolated line of the normal compression 
(consolidation) line for the clayey soil which is obtained under isotropic compression pres
sure, 9.8 to 2.94 X 10 kN/m^ (0.1 to 0.3 kgf/cm^) by the triaxial cell. The initial water 
content for each specimen is 75, 140, and 200% as shown in Fig. 4. The results for Shirasu 
and Toyoura sand are shown in Fig. 5, which also includes results obtained by Kitamura 

20 
9) 

|,.s 

1 

\ 
\ 

V 

^ 

-

C 

\ 
o o ^ 

0 \ 

Irttial 
water content 
:wo = 75'fc 

UO' / . 
200 •/. 

\ \ 
\ 

-3 -2 -1 0 
Vertical pressure log„P(l<gf/cm') 

FIG. 4—e-/og p relation of clay. 
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- 1 0 1 2 3 
Isotrapic pnsaira lo^p (l<gf/cirf) 

FIG. 5—e-log p relation of Shirasu and Toy aura sand. 

Vertical pressure log p 

o 
> 

, Initial compression line 
( high water content) 

Initial 
compression line 
{low water content) 

Normally compression 
line 

FIG. 6—Schematic of e-log p relation of clay. 

Iwtropic pressure log p 

lQ»gulatian 

FIG. 7—Schematic of e-log p relation of Shirasu and Toyoura sand. 

and coworkers [3] for Shirasu and by Miura [4] for Toyoura sand. The volume change due 
to the membrane penetration might occur when isotropic pressure changes, but correction 
for the membrane penetration was not done in this research. Figure 6 shows the schematic 
e-log J? relation described based on the result in Fig. 4 (that is, under extremely low pressure 
the compression curve of the clayey soil deviates upwards for the high initial water content 
or downwards for the low initial water content from the normal compression line). Imai 
and coworkers [5] showed similar results for clayey soil with high water content (that is, 
the compression curve for clayey soil with high water content deviates upwards under 
extremely low pressure). In the following discussion this part of the compression curve is 
called the initial compression line as shown in Fig. 6. Figure 7 is the schematic e-log p 
relation described based on the result in Fig. 5 (that is, the e-log p relation for sandy soil 
is expressed by the initial compression line at low pressure, the normal compression line at 
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FIG. 8—Stress-strain relation of clay. 

moderate pressure, and the coagulation line at high pressure where the coagulation line is 
tentatively named and means the process in which soil changes into rock). According to the 
result in Fig. 5, pressure at the intersection of the initial compression line with the normal 
compression line is about 1.96 x 1(P kN/m^ (20 kgf/cm^) for Shirasu. The results obtained 
by Miura [4] and this research show that pressure at the intersection for Toyoura sand is 
about 9.8 X 10̂  kN/m^ (100 kgf/cm^). The coagulation line is supposed to come out at 
higher pressure although it does not appear in Fig. 5. It is suggested from Figs. 4 and 5 that 
the compression behavior of Shirasu under pressure, 4.9 x 10 to 9.8 x 10̂  kN/m^ (0.5 to 
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FIG. 9—Stress-strain relation of Shirasu. 
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FIG. 10(a)—Stress-strain relation of Toyoura sand (low confining pressure). 

10 kgf/cm^) and Toyoura sand under pressure, 9.8 x 10 to 9.8 x 1(P (1 to 100 kgf/cm^) 
corresponds to that of clayey soil under pressure lower than 4.9 kN/m^ (0.05 kgf/cm^), 
and the compression behavior of the clayey soil under pressure higher than 4.9 kN/m^ 
(0.05 kgf/cm^) corresponds to that of Shirasu under pressure higher than 9.8 x 10̂  kN/m^ 
(10 kgf/cm^) and that of Toyoura sand under pressure higher than 9.8 x 10̂  kN/m^ (100 
kgf/cm^). But more isotropic compression tests with various soils and states under wide-
ranging pressure must be carried out to make this correspondence in the compression process 
of soil clearer. 

Figures 8, 9, and 10 show the stress-strain relations of clayey soil, Shirasu, and Toyoura 
sand in the shear deformation process, where q{= tr„ - a,) is the axial deviator stress, 
p{= «•„ + 2ar)/3 is the mean effective principal stress, e„ is the axial strain, and e„ is the 
volumetric strain. The specimen of clayey soil with an initial water content of 140% is taken 
out of the one-dimensional compression mold at consolidation pressure 5.6 kN/m^ (0.057 
kgf/cm^), but it is impossible to set it in the triaxial cell because the specimen cannot stand 
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FIG. 10(b)—Stress-strain relation of Toyoura sand (high confining pressure). 
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by itself on the pedestal. So, only the results obtained from the specimens taken out of the 
mold at consolidation pressure, about 10 kN/m^ (0.1 kgf/cm^), are shown in Fig. 8. The 
stress-strain relation with confining pressure a, = 9.8 kN/m^ (0.1 kgf/cm^) is a little different 
from the one with CT, = 2.94 x 10 kN/m^ (0.3 kgf/cm^). It is supposed that the specimen 
with a, = 9.8 kN/m^ (0.1 kgf/cm^) is in the slightly overconsolidated state and the one with 
a, = 2.94 X 10 kN/m^XO.3 kgf/cm^) is in the normally consolidated state because final 
consolidation pressure in the one-dimensional compression mold is about 9.8 kN/m^ (0.1 
kgf/cm^) as shown in Table 2. Figure 9 shows that the stress-strain relations of Shirasu at 
pressure higher than 2.94 x 10' kN/m^ (30 kgf/cm^) are almost unique although the ones 
at pressure lower than 2.94 x W kN/m^ (30 kgf/cm^) are not. Shibata has already pointed 
out that the deformation behavior of normally consolidated clayey soil under a constant 
mean effective principal stress condition is uniquely described on the qlp-e„-^ relation [6]. 
According to the e-logp relation of Shirasu in Fig. 5, the specimen whose stress condition 
is higher than 2.94 X l(f kN/m^ (30 kgf/cm^) before shearing is on the normal compression 
hne defined in Fig. 7. Figure 10 shows that the stress-strain relation of Toyoura sand depends 
on the confining pressure although the stress-strain relation at higher confining pressure 
tends to come close. According to the e-logp relation of Toyoura sand in Fig. 5, the specimen 
whose stress condition is lower than 9.8 x lO' kN/m^ (100 kgf/cm^) before shearing is on 
the initial compression line defined in Fig. 7. Ponce and Bell [7] and Fukushima and Tatsuoka 
[8] carried out the shearing test on sandy soil under extremely low pressure. Fukushima 
and Tatsuoka showed that the stress-strain relation under extremely low pressure (lower 
than 1.96 x 10 kN/m^ [0.2 kgf/cm^]) tends to come close although the stress-strain relation 
under pressure between 1.96 x 10 and 3.92 x 10̂  kN/m^ (0.2 and 4.0 kgf/cm^) is different 
[8]. Murayama and coworkers defined the precompression stress of sandy soil on the e-log 
p relation under pressure of 41.2 to 83.3 kN/m^ (0.42 to 0.85 kgf/cm^), and they suggested 
the initial compression line in Fig. 7 is divided into two parts [9]. It is supposed from these 
experimental results that the stress-strain relation of the specimen whose stress condition 
before shearing is on the normal compression line or extremely low on the initial compression 
line can be uniquely expressed on the ^//;-e„-e„ relation. 

Figures 11, 12, and 13 show the stress-dilatancy relation on the spatial mobilized plane 
(SMP) proposed by Matsuoka and Nakai [10]. The stress ratio T/CT ,̂, the normal strain 
increment de.N, and the shear strain increment dy on the SMP are defined by the following 
equations: 

T JJ2 - 9J3 
a„ V 9/3 

J3 (d^i d(.2 df.i 
df-N = T ' \ — + — ''' — h \Wi Q2 ffs 

dii^h kde, - d^^y I {d€2 - df.,y ^ (de3 - dtrf 

2 J2 y 0'lO'2 0'20'3 f s f l 

where 

Ji = (Ti + (T2 + (Ji = first stress invariant 
J2 = cTiCTj + (T20'3 + oTjai = second stress invariant 
73 = CT,a2a3 = third stress invariant 

ff,, o'2. and (T3 = maximum, intermediate, and minimum effective principal stresses, 
respectively 

rfci, dt2, and rfea = maximum, intermediate, and minimum principal strain increments, 
respectively 
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FIG. 11—Stress-dilatancy relation of clay. 

as 

The test results of Nakai and Matsuoka [77] and Shimizu [72] show that the stress-dilatancy 
relations for the normally and the overconsolidated clayey soil can be schematically described 
under a constant mean effective stress condition as shown in Fig. 14. The stress-dilatancy 
relation for the normally consolidated clayey soil is linear. The stress-dilatancy relation for 
the overconsolidated clayey soil is expressed by the dotted line at the initial stage of shearing 
and then the relation coincides with the normally consolidated line after the dotted Une 
intersects with the sohd line. The larger the overconsolidation ratio (OCR) is, the higher 
the stress ratio at the intersection is, as shown in Fig. 14. Comparing the result in Fig. 11 
with the relation in Fig. 14, it is supposed that both the specimen with a, = 9.8 kN/m^ (0.1 
kgf/cm^) and that with a, = 2.94 x 10 kN/m^ (0.3 kgf/cm^) are in the normally consolidated 
state although the specimen with a, = 9.8 kN/m^ (0.1 kgf/cm^) seems to be in the slightly 
overconsolidated state in Fig. 8. It might be found from Fig. 12 that the stress-dilatancy 
relation for Shirasu which is on the initial compression line before shearing is plotted on 
the dotted and then the sohd lines in Fig. 14 and the one whose stress condition before 
shearing is on the normal compression line is expressed by the sohd Une in Fig. 14 although 
the data are scattered at the initial stage of shearing. It might be found from Fig. 13 that 
the stress-dilatancy relation for Toyoura sand is expressed by the dotted and the solid lines 
in Fig. 14, and the larger the confining pressure is, the closer the relation is to the one of 
the normally consolidated clayey soil. The stress-dilatancy relations are scattered at the 
initial stage of shearing because of errors due to the fit between the specimen and the cap 
or the pedestal and other mechanical errors of the measuring system. The more accurate 
triaxial test must be carried out to determine the stress-dilatancy characteristics, especially 
at the initial stage of shearing. The authors tried to carry out the shearing test of clayey soil 
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FIG. 12—Stress-dilatancy relation of Shirasu. 
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FIG. 13(a)—Stress-dilatancy relation of Toyoura sand (low confining pressure). 
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FIG. 13(fc)—Stress-dilatancy relation of Toyoura sand (high confining pressure). 

under confining pressure lower than 4.9 kN/m^ (0.05 kgf/cm^) to investigate the shear 
deformation characteristics of clayey soil whose stress condition is on the initial compression 
line, but it is impossible to do the triaxial test of the clayey soil under such extremely low 
confining pressure. An accurate testing method for the clayey soil under extremely low 
pressure must be established. 
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^ ^ 0CR>1 ' X \ 

Larger: OCR 

/ 

-<!£« / a r 

FIG. 14—Schematic of stress-dilatancy relation. 
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Conclusions 

The results of this investigation of the compression and the shear deformation behaviors 
of three kinds of soil under wide-ranging confining pressure may be summarized as follows: 

1. The normal compression line which is the same as the normally consolidated line exists 
for Shirasu and Toyoura sand at high pressure in the e-log p relation. 

2. The initial compression hne for clayey soil exists at extremely low pressure, and its 
slope might depend on the initial water content in the e-log p relation. 

3. The shear deformation behavior of specimens on the normal compression hne before 
shearing is supposed to be expressed by the unique curve on the q/p-e^-i^ relation as well 
as the normal consoUdated clayey soil. 

4. The mechanical behavior of the clayey soil on the initial compression hne should be 
investigated with greater accuracy and the method to test under extremely low pressure 
should be estabUshed. 

5. The mechanical behavior of sandy soil on the normal compression hne should be 
investigated with greater accuracy (that is, the testing apparatus should be improved to carry 
out the soil test under pressure higher than 9.8 x 10̂  kN/m^ [100 kgf/cm^]). 
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ABSTRACT: A laboratory investigation was conducted to assess the influence of density on 
the shear strength of unsaturated soil. To vary density, compacted specimens of an expansive 
clay soil were subjected to different stress histories prior to shear. Tests were performed at a 
constant water content. The Hvorslev "true friction-true cohesion" concept was used to nor
malize the effects of density differences on the shear strengths of both saturated and linsaturated 
specimens. It was determined that shear strengths of unsaturated soils were dependent on the 
stress state, density, and water content of specimens at failure. A modified Mohr-Coulomb 
failure model to predict the shear strength of unsaturated soils is proposed. The effect of 
suction is to increase the value of the cohesion intercept in this model. The actual measurement 
of soil suction is not required to apply the model. 

KEY WORDS: unsaturated soils, expansive soils, clays, soil suction, laboratory tests, psy-
chrometer, strength tests, consolidation tests, compaction tests 

Numerous failures of conlpacted embankments, excavated and natural slopes, and foun
dations of linsaturated soils have been reported [1-5]. These failures are evidence that the 
geotechnical engineer does not possess an adequate understanding of the mechanical be
havior of unsaturated soil. As a direct result of this technological inadequacy, designs of 
foundations and embankments of unsaturated soils may have been overly expensive, either 
due to extremely conservative design assumptions or in terms of aftermath failures. Realizing 
this inefficiency, a laboratory investigation was conducted to assess the influence of density 
on the shear strength of Unsaturated soil. 

Literature Review 

Partially saturated soils, especially montmorillonitic clays, possess an affinity for water. 
Imbibing water often leads to changes in shear strength, differential heave, or collapse of 
these soils. A measure of the affinity for soil to retain water can be given by the magnitude 
of the negative pressure or suction in the pore water. 

The apparent significance of negative pore water pressures in soils has stimulated many 
programs to develop techniques to measure suction and to evaluate its influence on soil 
behavior. Suction can be expressed quantitatively from the laws of thermodynamics [6]: 

h,= -^inE- (1) 
v„ p„ 

' Research civil engineer, U.S. Afmy Engineer Waterways Experiment Station, Vicksburg, MS 39180. 
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PETERSON ON INTERPRETATION OF TRIAXIAL COMPRESSION TEST RESULTS 513 

where 

h, = total suction 
R = universal gas constant 
T = absolute temperature 

v„ = volume of a mole of liquid water 
p/p„ = relative humidity 

p = pressure of water vapor 
p„ = pressure of saturated water vapor 

Total suction is the algebraic sum of matrix and osmotic suction [6]: 

h, = h„ + K (2) 
where 

h„ = matrix suction 
/ij = osniotic or splute suction 

Osmotic suction results from soluble salts in the pore water. Soluble salts influence the 
distance between clay particles [7,8], the interlayer spacings in the crystalline lattice [9], 
and the magnitude of swell and swell pressures [10,11]. The efficiency of osmotic suction 
to move external water into a soil depends on the type of dissolved salts in the pore water 
[12]. 

Matrix suction is related to the negative pore water pressure or capillary stress in soils 
[13-15]: 

h„ = u, - u„ (3) 
where 

Ua = pore air pressure 
U„ ~ pore water pressure 

Pore air pressure is usually taken as zero for atmospheric pressure. 
Hilf investigated pore water pressures in compacted cohesive soils [16]. He proposed a 

Mohr-Coulomb strength relationship of the form of Eq 4 to describe the shear strengths of 
unsaturated soils: 

T = c' + CT' tan <|)' (4) 

where 

T = shear strength 
c' = apparent cohesion in terms of effective stress 
(|)' = angle of internal friction in terms of effective stress 

and 

CT' = (CT - M„) - u, (5) 

where 

CT' = effective stress 
CT = total normal stress 
Uc = capillary stress = — («„ — M„) 
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Guided by the success of the effective stress equation for saturated soils, Bishop and his 
colleagues also suggested an effective stress relationship for partially saturated soils [17]: 

(T' == {a - M„) + x(«« - " J (6) 

where x = a parameter which varies from 0 to 1 as saturation varies from 0 to 1 
Unsaturated shfcar strengths were expressed in the form of a modified Mohr-Coulomb 
strength relationship [17] as 

T = c' + [((7 - M„) + x(Ua - M J ] tan <|)' (7) 

In practice, the x factor for unsaturated soils did not work well. Jennings and Burland 
demonstrated that x would have negative values for collapsing soils [18]. Blight reported 
two methods for evaluating the x parameter; each method yielded different results [19]. 
Blight was unable to decide which method was correct. Furthermore, Bhght reported that 
it was theoretically possible for values of x to be greater than + 1 in unsaturated soils close 
to saturation. Gulhati and Satija later presented test results where x exceeded + 1 for 
unsaturated specimens [20]. 

Fredlund postulated that unsaturated soil was a four-phase system consisting of soHds, 
water, a continuous air phase, and contractile skin (or air-water interface) [21]. He suggested 
the air phase generally became continuous at degrees of saturation less than approximately 
85% to 90%. Two independent stress tensors were proposed based on an analysis consistent 
with multiphase continuum mechanics. Conceptually, Fredlund suggested the shear strength 
of a partially saturated soil could be expressed in the form of an extended or three-dimen
sional, Mohr-Coulomb strength relationship: 

-H (a - M„) tan <t)' + (M. - u„) tan ct)* (8) 

where 

T = shear strength 
c' = cohesion intercept when the two stress state variables are zero 

(a - Ua) = stress state variable, applied stress 
(u„ - M„) = stress state variable, matrix suction 

<|)' = angle of friction with respect to applied stress 
^'' = angle of friction with respect to matrix suction 

which is illustrated in Fig. 1. Furthermore, he stated there was a smooth transition from 
the unsaturated to the saturated case. As the degree of saturation approached 100% the 
pore water pressure would become equal to the pore air pressure and could be substituted 
for pore air pressure in the stress variable, (CT — «„). Matrix suction (M„ — u„) would go 
to zero. The c' and ^' strength parameters could be evaluated in the conventional manner 
used for saturated soils. 

Ho and Fredlund [22] and Chantawarangul [23] reanalyzed test results of several soils 
reported in the Uterature using the unsaturated shear strength model, Eq 8. Typical values 
for the angle of friction, (J)', ranged from 4° to 35°; ^'' was frequently one-third to two-thirds 
of the angle of friction, <^'. 

Based on results of Unear regression analyses for evaluating <t)', the extended Mohr-
Coulomb relationship for predicting the shear strengths of unsaturated soils appeared to be 
promising. However, because of the limited data base, uncertainty remained regarding 
variables that influence values of suction as well as the shear strengths of unsaturated soils. 
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c' • Iff-Uij) ton 9' • (Uj-iy ton 9 

FIG. 1—Extended Mohr-Coulomb strength relationship for unsaturated soils (after Fredlund 
[21]). 

Therefore, values for strength parameters, such as x or ^'', could not be anticipated with 
any degree of confidence. For example, Ho and Fredlund [22 ] reevaluated the shear strengths 
of compacted specimens of Dhanauri clay which had been previously reported by Gulhati 
and Satija [20], using the shear strength model given by Eq 8. Specimens were compacted 
to two initial densities and tested as constant water content (CW) or consolidated drained 
(CD) triaixial compression tests. Values of cj)* appeared to be dependent on both the specimen 
density and the type of test (that is, CW or CD test). Similarly, other laboratory investigations 
have shown that shear strengths of unsaturated soils were affected by compaction water 
content and the method of compaction [24-27]. Specimens compacted dry of optimum were 
stronger, more brittle, and tended to swell, whereas specimens compacted wet of optimum 
were weaker, more ductile, and tended to consolidate. Specimens molded by dynamic or 
static compaction were more brittle and tended to swell as compared to those specimens 
molded by kneading compaction. However, soil suction was not measured and therefore 
unsaturated strength parameters could not be evaluated. 

As a result of the observation that the strength parameter, <|)', was apparently dependent 
on test typ»e, a reexamination of the literature resulted in the identification of three types 
of triaxial tests routinely used to determine the shear strengths of unsaturated soils: 

(a) Constant water content (CW) test [17,20] The cell pressure, pore air pressure, and 
specimen water content are kept constant during shear. Volume changes and pore water 
pressures induced during sheeir are measured. Suction usually decreases as saturation in
creases due to volume decrease caused by increased normal stresses. 

(b) Consolidated-drained (CD) test [20,22] Cell pressure, pore air pressure, and pore 
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516 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

water pressure are kept constant during shear. Specimen volume changes and the volume 
of water entering or leaving the specimen during shear are measured. For these tests, suction 
remains constant because pore air and pore water pressures are kept constant. 

(c) Undrained (UV) test [28] The cell pressure and specimen water content are kept 
constant during shear. Pore air pressure, pore water pressure, and volume change induced 
during shear are measured. As with C!W tests, suction usually decreases as saturation in
creases due to the decrease in specimen volume caused by increased normal stresses. 

Laboratory Investigation 

A laboratory investigation was conceived and executed to assess the influence of density 
variation on the shear strength of unsaturated soil. Constant water content (CW) tests were 
conducted because the effects of density variation could be evaluated more easily than results 
of CD tests, in which both density and water content changes could occur. Soil suction was 
measured so that unsaturated strength parameters, such as x or <))'', could be evaluated. 

Triaxial compression tests were conducted on unsaturated specimens that had been com
pacted at an initial water content of 20%. The compacted specimens were 2.8 in. (7.1 cm) 
in diameter by 6.0 in. (15.2 cm) high. Density was varied by applying different stress histories 
to replicate specimens. One group of specimens was isotropically consolidated to stress states 
of 0.7, 1.4, or 2.9 tsf (70, 140, or 280 kPa) prior to shear. A second group of specimens 
was consolidated to 2.9 tsf (280 kPa) and rebounded to 1.4 or 0.7 tsf (140 or 70 kPa) before 
shearing. A third group of specimens was consolidated to 11.5 tsf (1100 kPa), rebounded 
to 2.9, 1.4, or 0.7 tsf (280, 140, or 70 kPa), and then sheared. 

To provide a reference for evaluating the shear strengths of unsaturated soil, 1.4-in. (3.6-
cm) diameter by 3.0-in. (7.6-cm) high back-pressure saturated triaxial specimens were tested 
at various overconsohdation ratios (OCRs). Selected specimens were isotropically consol
idated to stress states of 2.9 or 11.5 tsf (280 or 1100 kPa) prior to shear. A second group 
of specimens was consohdated to 2.9 tsf (280 kPa) and rebounded to 1.4, 0.7, or 0.4 tsf 
(140, 70, or 30 kPa) before shearing. A third series of specimens was consolidated to 11.5 
tsf (1100 kPa), rebounded to 5.8, 2.8, 1.4, or 0.7 tsf (550, 280, 140, or 70 kPa), and then 
sheared. 

Hvorslev's [29,30] concept of "true friction, <j)e-true cohesion, C" was selected to nor
malize the effects of density variation on the shear strengths of both saturated and unsat
urated specimens. The Hvorslev strength parameters can be obtained by comparing the 
shear strengths of normally consohdated and overconsolidated specimens at the same void 
ratio at failure, as conceptually illustrated in Fig. 2a by points a and b, respectively. Due 
to the difficulty of performing tests on normally consolidated and overconsolidated specimens 
with identical void ratios at failure. Bishop and Henkel proposed a normalizing technique 
which consisted of dividing both the normal stress and the shear stress by an "equivalent 
consolidation stress," P, [31]. For saturated specimens, P^ was defined as the consolidation 
pressure or stress that produced a particular water content (or void ratio) in a normally 
consolidated specimen. Bishop and Henkel's technique is presented in Fig. 2b. 

To aid in the selection of a P^-relationship, one-dimensional consolidation tests were 
conducted on specimens compacted at a water content of 20%. From each 2.8-in. (7.1-cm) 
diameter by 6.0-in. (15.2 cm) high compacted soil sample, three specimens, 2.5 in. (6.3 cm) 
diameter by 1.25 in. (3.2 cm) high, were prepared for consolidometer tests. For each test 
series, two specimens were inundated and one specimen was tested at the "as compacted" 
water content. Inundated specimens were subjected to initial boundary conditions imposed 
by the swell and swell pressure (constant volume) tests described in EM 1110-2-1906 [32]. 
The maximum stress applied to any specimen was 128 tsf (12.3 MPa), although several tests 
were terminated at lower stresses because soil was extruded around the top loading platen. 
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FIG. 2—Determination of Hvorslev's "true friction-true cohesion" strength parameters, (a) 
Strength parameters determined using normally consolidated and overconsolidated specimens 
sheared with identical void ratios at failure, (b) Normalizing technique using an "equivalent 
consolidation pressure" (after Bishop and Henkel [31]). 

Laboratory Testing Equipment 

The thermocouple psychrometer was selected to measure soil suction because initial values 
of suction in the unsaturated specimens were fairly large (for example, h, > 15 tsf [1.4 
MPa]). The principle of its operation consists of measuring the relative humidity of air in 
the voids of soil specimens; measurements are converted to total suction by Eq 1 [6,55]. 

Only minor modifications to conventional laboratory soils testing equipment were required 
for testing unsaturated soils: 

1. One fixed ring consolidometer was modified to allow a psychrometer to be inserted 
into the top loading platen to measure suction in unsaturated specimens during the con-
sohdation test. To minimize evaporation of water from the unsaturated soil specimen during 
the test, moist paper towels were placed within the inundation ring and a rubber membrane 
was stretched over the apparatus. 

2. Two modifications to the triaxial apparatus were required. First, a thermocouple psy
chrometer was inserted into the soil specimen through the base platen of the device. Second, 
an internal cylindrical chamber was designed and constructed to permit the measurement 
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of volume changes of unsaturated soils in triaxial compression. During the test, the volume 
enclosed between the soil specimen and the internal chamber was saturated with water. The 
volume of water that flowed into or out of the internal chamber was related to the volume 
change of the unsaturated specimen. 

During triaxial compression tests the assembled apparatus was submerged in a constant 
temperature (25 ± 0.02°C) water bath to minimize the influence of temperature fluctuations 
on the electromotive force (emf) output from the psychrometer. Preliminary analyses of 
one-dimensional consolidation test results had shown that emf values, when corrected to 
25°C using Eq 9 [34,35], varied as a function of room temperature fluctuations; the variation 
of the corrected emf values was due likely to unbalanced temperatures between the soil and 
test apparatus. 

E2S = (9) 
"" 0.325 + 0.027r ^ ' 

where 

E25 = voltage at 25°C, JJLV 
E, = voltage at temperature t, jtV 

t = test temperature, °C 

More repeatable results were also obtained when the volume change apparatus was calibrated 
at constant temperatures as compared to similar calibration results obtained at ambient 
temperatures. 

To ensure thermal equilibrium between the water bath and triaxial apparatus, the assem
bled device was allowed to equilibrate thermally overnight before initiating any test or 
calibration; the time required to achieve thermal equilibrium within the triaxial apparatus 
was estimated to be 6 to 8 h using data pubhshed in Ref 36. 

Soil and Specimen Preparation 

Vicksburg buckshot clay was selected for the investigation because it was available locally 
and a substantial amount of test data had been previously reported [37-41]. The soil is a 
brown clay (CH) with a trace of sand [32,42]. Ninety-seven percent of the soil by dry weight 
passes the No. 200 U.S. standard sieve (0.074 mm), and 43% is finer than 0.002 mm. The 
specific gravity is 2.72 and the Atterberg Umits are 

Liquid limit (LL) = 56% 
Plastic limit (PL) = 21% 
Plasticity index (PI) = 35% 

The electrical conductivity of an extract of the pore fluid obtained by the saturation extract 
technique was 0.3 mmho/cm. From this value, solute suction was calculated as 0.1 tsf (10 
kPa) [43]. 

Prior to the compaction of all specimens, the desired amount of air dry soil (w = 5% to 
6%) was placed in a mixing bowl with sufficient distilled water to increase the water content 
of the soil-water mixture to approximately 20%. Both soil and water were thoroughly mixed 
using an electric mixer. After mixing, the moist soil was forced through a #4 wire screen 
(4.8 mm), placed in a plastic container, sealed, and allowed to equilibrate for 1 week prior 
to compaction. 
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All specimens were molded using kneading compaction. Compaction characteristics of 
Vicksburg buckshot clay are presented in Fig. 3. The optimum water content for the low 
compactive effort using kneading compaction was 23.2% with a corresponding maximum 
density of 99.3 lb/ft' (1590 kg/m^). These values compare to the optimum water content-
density relationships obtained by impact compaction using standard compactive effort of 
12 375 ft-lb/ft' (5940 kJ/m') [37,39]. Compaction characteristics for other compactive efforts 
using both impact and kneading compaction are also presented in Fig. 3. 

Consolidation Tests 

Typical one-dimensional consohdation test results for specimens compacted at an initial 
water content of 20% are presented in Fig. 4. The data are expressed as void ratio, e, versus 

115 
CURVE 

NO. 

LEGEND 

DESCRIPTION 

1 KNEADING COMPACTOR - LOW EFFORT 
2 KNEADING COMPACTOR-HIGH EFFORT 
3 ASTM SLEEVE RAMMER - 12,000 FT • LB/FT^ 
4 CE SLIDING WEIGHT RAMMER - 12,000 FT • LB/FT^ 
5 CE SLIDING WEIGHT RAMMER - 26,000 FT • LB/FT» 
6 CE SLIDING WEIGHT RAMMER - 56,000 FT • LB/FT^ 

ZERO Am 
VOIDS 

WATER CONTENT, % 
FIG. 3—Compaction relationships for Vicksburg buckshot clay obtained by kneading com

paction for this investigation and by impact compaction using the ASTM sleeve rammer {after 
Horz [39]) and the Corps of Engineers {CE) sliding weight rammer {after Brabston [37]) {lOW 
ft-lblf^ = 480 kJIm'; 100 lb/ft" = 1600 kglm'). 
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APPLIED STRESS, O, - u, TSF 

FIG. 4.—Typical consolidation test results for specimens of Vicksburg buckshot clay com
pacted at an initial water content of 20% (1 tsf = 96 kPa). 

logarithm of applied stress, a — u, where u is the pore air pressure for unsaturated specimens 
or pore water pressure for saturated specimens. Because these specimens were loaded slowly 
to allow pore pressures to dissipate, M s 0 for both unsaturated and saturated specimens. 
For inundated specimens identified as curves 5 and 6 for the swell and swell-pressure (con
stant volume) tests, respectively, the consolidation relationships converge at a vertical stress 
of approximately 2 tsf (190 kPa). Similar behavior was also observed for other tests on 
inundated specimens. Examination of curves 4 and 5 for unsaturated and inundated spec
imens, respectively, revealed that for stress levels less than 20 tsf (1.9 MPa) the compression 
index, C is approximately 0.28 for the inundated specimen and 0.48 for the unsaturated 
specimen. At stress levels in excess of 20 tsf (1.9 MPa) the compression index for both 
inundated and natural water content specimens is approximately 0.22. 

Total suction for the unsaturated specimen is superimposed on Fig. 4. Measured values 
of suction decreased as the specimen consolidated. At a void ratio of 0.84, suction was 
approximately 14 tsf (1.3 MPa). When the specimen had consolidated to a void ratio of 
0.57, suction had decreased to 12 tsf (1.2 MPa). At a void ratio of 0.57, which corresponded 
to a degree of saturation of about 90%, suction decreased rapidly to a minimum value of 
0.2 tsf (20 kPa) at a void ratio of 0.37. The compression index simultaneously reduced from 
0.48 to 0.22 for the same range of void ratios. A possible explanation for this behavior is 
that pore air had become occluded and water was being forced from the moist soil as 
additional consolidation occurred. 

At void ratios less than approximately 0.5, pore water was likely squeezed from the soil 
specimen as additional consolidation occurred. For this condition matrix suction would be 
approximately zero and the value of solute suction would be that measured using the ther-
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mocouple psychrometer. As can be seen from the void ratio-suction relationship given in 
Fig. 4, the measured value of (solute) suction decreased to less than 0.2 tsf (20 kPa) at a 
void ratio of 0.37. Although the accuracy of this measurement may be questionable because 
psychrometers are not reliable when measuring low values of suction, the value of 0.2 tsf 
(20 kPa) compares well with the value for solute suction of 0.1 tsf (10 kPa) determined by 
the saturation extract methpd [43]. One may conclude that for practical purposes matrix 
suction is equal to the measured value of total suction, as can be determined using Eq 2. 
Therefore, throughout the remainder of this study, measured values of (total) suction will 
be treated as matrix suction when evaluating unsaturated strength parameters, such as 
reported in Eq 7 and Eq 8. 

The void ratio-applied stress relationships for the tests presented in Fig. 4 are presented 
in Fig. 5 along with several data points for slurry consolidated specimens of Vicksburg 
buckshot clay [38,40]. Using these data, a virgin compression relationship, or "equivalent 
consolidation stress," was constructed for this soil. Mathematically, the relationship is ex
pressed as 

- [ ^ (10) 

LEGEND 

CURVE TEST 
DESCRIPTION 

OED-4 -AS COMPACTED" 
WATER CONTENT TEST 

OED-S INUNDATED - SWELL TEST 
OED-6 INUNDATED - SWELL PRESSURE 

(CONSTANT VOLUME ) TEST 

- AFTER OONAGHE AND TOWNSENO (38) 

"EQUIVALENT CONSOLIDATION RELATIONSHIP" 

APPLIED STRESS, O, - u. TSF 

FIG. 5—"Equivalent consolidation relationship" for Vicksburg buckshot clay {1 tsf = 96 
kPa). 
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where 

Pe = equivalent consolidation stress, tsf 
e = void ratio 

a, b = coefficients 
a = 1.049 
b = -4.497 

The equivalent consolidation relationship was used to normalize density variations for 
saturated and unsaturated triaxial compression test specimens. From volume change mea
surements obtained during triaxial tests, the void ratio at any time during the test could be 
calculated and expressed as an equivalent consolidation stress, P„ by Eq 10. 

Strength Tests 

Saturated Tests 

Curves presented in Fig. 6 are typical results of consolidated-undrained triaxial tests with 
pore water pressure measurements conducted on back pressure-saturated specimens ex
pressed as shear stress versus normal stress, where 

shear stress = 
(ffi - M) - ( g ; - u) 

(11) 

and 

normal stress = 
( g , - M) -H (as - u) 

(12) 

and u is the pore water pressure. The maximum and minimum principal stresses are (gj -

/ ^ 2 0 / 

1 
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NO. NO-
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FIG. 6—Stress path data for back pressure-saturated triaxial test specimens of Vicksburg 
buckshot clay (1 tsf = 96 kPa). 
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u) and (as - u), respectively. The failure envelope can be expressed as 

(a, - «) - (a3 - u) ^ ^ ^ (a, - u) + (a, - u) ^^^ ^ ^^3^ 

The slope of the failure surface is tan a and the intercept is a. Apparent cohesion, c', and 
the angle of internal friction, <|)', are related to a and a by the relationships 

fl = c' cos «!)' (14) 

tan a = sin <)>' (15) 

From the test results presented in Fig. 6, it was observed that the failure surface was 
curved concave downward. All spiecimens were overconsolidated and tended to dilate during 
shear. A linear "best fit" strength envelope of c' = 0.6 tsf (60 kPa) and 4>' = 20° was 
determined for specimens rebounded from 11.5 tsf (1.1 MPa). Similarly, the strength en
velope for specimens rebounded from 2.9 tsf (280 kPa) was determined to be c' = 0.2 tsf 
(20 kPa) and <|)' = 27°. The differences in strength parameters for specimens rebounded 
from 2.9 and 11.5 tsf (280 kPa and 1.1 MPa) were likely a result of specimen density variation. 
Void ratios ranged from 0.55 to 0.66 for specimens rebounded from 11.5 tsf (1.1 MPa) to 
void ratios of 0.67 to 0.75 for specimens rebounded from 2.9 tsf (280 kPa). 

To minimize the effects of density differences, results of the strength tests were normalized 
by a Hvorslev technique similar to the procedure suggested by Bishop and Henkel [57]. 
Substituting Eq 14 and Eq 15 into Eq 13 and rearranging terms yields 

2 1 + sin <|)' ^ M + sm <))' ^ ' 

Each stress state in Eq 16 is then divided by an equivalent consohdation stress, P^, to 
normalize differences caused by density variations. The normahzed strength relationship 
becomes 

(ai - M) - (a, - u) ^ Cj cos<|), ^ (ffi - u) sin c|), 
2P, P,l + sin (t), P, 1 + sin 4>e 

Data presented in Fig. 7 are typical of shear strength test results for saturated specimens 
that have been normalized for density variations. 

For all back pressure-saturated triaxial tests, a least-squares regression analysis yielded 
the following normalized strength parameters: 

slope = , ^^^^' = 0.185 (18) 
*̂  1 + sm (|), ^ ' 

intercept = % , '"^ ^ \ = 0.078 (19) 
^ P,l + sin(^e 

<|), = 13.1° (20) 

CJP, = 0.099 (21) 

correlation coefficient, r = 0.948 (22) Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
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CURVE 
NO. 

14 
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1 
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tsf tePa _ 

11.5 1100 
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1.4 130 

0.7 70 

0.7 70 

\trv23 
p^^^ao:!^ 

VOfD 
RATIO AT 
FAILURE 

0.551 

0.568 

0.587 

0.598 

0£1S 

0.632 

0.669 

^ ^ 1 7 
y ^ ^""^15 

J . 

^ ^ \ 

' 

^ \ 

u - ^ j / ^ 

NORMALIZED MAXIMUM STRESS. -

FIG. 7—Normalized stress path data for back pressure-saturated triaxial test specimens of 
Vicksburg buckshot clay. 

These representative strength parameters provided a reference to evaluate the shear strengths 
of unsaturated soils. 

Unsaturated Tests 

Data presented in Fig. 8 are typical of the shear strengths of unsaturated triaxial test 
specimens expressed in a form amenable to Eq 13 as shear stress [(a, - u) — (u, - u)]/ 
2, versus normal stress, [(aj - u) + (CTJ - u)]/2, where u is the pore air pressure. As can 
be seen from the test data presented in Fig. 8, unsaturated specimens exhibited a substantially 
larger shear strength at failure than companion saturated specimens. The magnitude of this 
strength difference was dependent on at least two variables: suction and density. However, 
the effects of each variable cannot be easily separated and evaluated when test results are 
expressed in the form of Eq 13. 

Test results for eleven unsaturated specimens were normalized for density variations using 
the relationship given by Eq 17 where u is the pore air pressure. Typical normalized strength 
results for five specimens tested at a chamber pressure of 1.4 tsf (140 kPa) are presented 
in Fig. 9. Regression analyses were conducted to determine normalized strength parameters 
for unsaturated specimens. Strength data for each specimen were obtained at axial strains 
corresponding to the strains for Hvorslev failure of saturated specimens. Results are sum
marized in Table 1. Correlation coefficients were 0.998 or better. However, a fan of failure 
surfaces which appeared to be dependent on confining pressure was formed. The slopes of 
the failure surfaces increased from 0.33 to 0.37 as the confining stresses decreased from 2.9 
to 0.7 tsf (280 to 70 kPa). Although much confidence was gained from the excellent values 
for the correlation coefficient, the meaning of different failure slopes as a function of 
confining stress was not immediately clear. 

Because of the difficulty of using normalized strength parameters in geotechnical engi
neering practice, the added strength due to suction for unsaturated specimens was expressed 
in a form amenable to Mohr-Coulomb failure criteria. To accomplish this, normalized shear 
strengths for saturated specimens, calculated from the representative strength parameters 
given by Eq 18 and Eq 19, were subtracted from the normalized shear strengths of unsat-
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LEGEND 

POINT TEST 
NO. NO. 

1 TxS-1 
2 TxS-2 
3 TxS-3 
4 TxS-4 
5 TxS-5 
6 TxS-6 
7 TxS-7 

12 TxS-12 
13 TxS-13 
14 TxS-14 
15 TxS-15 

NOTE; 0 1 0 3 - 0 1 -

• (a3-ul = 
• ( O 3 - U ) . 

VOID 
RATIO 

0.782 
0 6 7 1 
0 6 2 8 
0 .647 
0 6 6 1 
0 7 0 4 
0.699 
0 5 8 0 
0.594 
0.601 
0 6 0 2 

0.7 TSF 

1.4 TSF , 1 

2.9 TSF m 

' ^ 

15 • 
A * " 

3 

(O, - U I + ( O T - I 

FIG. 8—Shear strength data for unsaturated triaxial test specimens of Vicksburg buckshot 
clay {1 tsf = 96 kPa). 

urated specimens at identical normalized stress ratios, (CT, - u)/P,. These differences were 
converted to apparent shear strength due to suction, q^, by simply multiplying by P„ as 
shown in Eq 23: 

„ - P rr(gi - ») - (ff3 - «)] 

_ r e , cos<|), ^ <Ti - K sin <|), "I 1 ^^ 
L P , 1 + sin4>. Pe 1 + sin^eL^^J 

where 

Pe = equivalent consolidation stress for the unsaturated specimen at any instant 
during the test computed using Eq 10 

a, - u 

Pe 
= normalized stress state for the unsaturated specimen at any instant during the 

test 

The slope and intercept of the normalized strength relationships for saturated specimens 
are 

slope = 7 ^ ^ ^ = 0.185 
1 -I- sm ^e 

intercept = ^ , ^^ ^' = o.078 
*̂  P, 1 + sm if. 

(18) 

(19) 
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Confining 
( < T 3 -

tsf 

0.7 
1.4 
2.9 

Stress 
u) 

kPa 

70 
130 
280 

0.050 
0.039 
0.025 
0.078' 

0.375 
0.349 
0.329 
0.185' 
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TABLE 1—Normalized strength parameters for unsaturated and saturated specimens of Vicksburg 
buckshot clay. 

Correlation Coefficient, r Intercept Slope 

0.999 
0.998 
0.999 
0.948" 

" Obtained from regression analysis of shear strengths of back pressure-saturated specimens for this 
investigation. 

The results of this calculation disclosed that after density differences between saturated 
and unsaturated specimens had been negated by the normalizing technique, calculated values 
of apparent shear strength due to suction were nearly constant; values ranged from 0.7 to 
1.0 tsf (70 to 95 kPa). Furthermore, the values of apparent shear strength due to suction 
were determined without using measured suction data. 

Typical calculated values of apparent shear strength due to suction expressed as a function 
of axial strain for five specimens are presented in Fig. 10. These data show that the maximum 
strength increase occurred between 7 and 17% axial strain, which is consistent with the axial 
strain range for those data used in the regression analyses summarized in Table 1. 

Table 2 summarizes the calculated values of apparent shear strength due to suction for 
eleven unsaturated specimens which vary from 0.7 to 1.0 tsf (70 to 95 kPa). Measured values 
of suction at failure and the strength parameter associated with suction, arctan [^j,//?,], are 
also tabulated. A linear regression analysis was conducted to evaluate the influence of suction 
on the apparent shear strength due to suction. The coefficient of correlation was poor (r = 
— 0.2) which indicated the strengths that resulted from suction were not linearly related to 
measured suction values. 

TABLE 2—Influence of suction on the shear strength of unsaturated specimens of Vicksburg buckshot 
clay tested at a water content of 20%. 

Test No. 

TXS-1 
TXS-2 
TXS-3 
TXS-4 
TXS-5 
TXS-6 
TXS-7 
TXS-12 
TXS-13 
TXS-14 
TXS-15 

Saturation at 
Failure, 5 

(%) 

67 
74 
77 
78 
74 
73 
72 
90 
88 
88 
86 

Apparent Shear 
Strength Due to 

Suction. 

tsf 

0.79 
0.88 
0.98 
0.74 
0.78 
0.85 
0.89 
0.74 
0.98 
0.79 
1.04 

.9+ 

kPa 

76 
84 
94 
71 
75 
81 
85 
71 
94 
76 

100 

Suction. 

tsf 

9.5 
9.0 
4.0 

3.0 
4.0 
3.5 
3.0 
4.0 

3.5 

.h, 

kPa 

900 
850 
400 

300 
400 
350 
300 
400 

350 

Arctan, q^/h, 
(degrees) 

4.5 
5.5 

13 

15 
13 
13 
13 
14 

16 
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10 20 
AXIAL STRAIN, e,, % 

FIG. 10—Calculated values of apparent shear strength due to suction as a function of axial 
strain {1 tsf = 96 kPa). 

Interpretation of Test Results 

The data presented in Table 2 and Fig. 10 indicate that suction in unsaturated soil produced 
the same effect as increasing the value of cohesion in a Mohr-Coulomb strength relationship 
provided that density differences between saturated and unsaturated specimens were insig
nificant. This infers that shear strengths of unsaturated soils (for example, saturation less 
than approximately 85 to 90%) can be expressed by a modified Mohr-Coulomb failure 
criterion as 

c' + {u - u„) tan <!)' + C„ (24) 
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LINE 1,FIGURE l l A 
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LINE 3, FIGURE 11A 
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80 85 90' 9! 
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FIG. 11—(a) Triaxial tests on a compacted boulder clay (clay fraction 18%) compacted at 
a water content of 11.6% and sheared at constant water content, (b) Relation between degree 
of saturation and factor x for tests at constant water content on a compacted boulder clay (clay 
fraction 18%) (after Bishop et al. [17]). 

where 

T = shear strength 
(CT - Ua) = applied stress 

c' = apparent cohesion evaluated in the conventional manner for saturated soils 
<t)' = angle of internal friction evaluated in the conventional manner for saturated 

soils 
Q = apparent cohesion due to suction 

Preliminary assessment of the data reported in Table 2 and Fig. 10 appeared to be in
consistent with test results previously reported by Ho and Fredlund [22] and Chantawarangul 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



530 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

[23]. These researchers reported that shear strengths of unsatxirated soils increased linearly 
as matrix suction increased whereas the strengths for the unsaturated soils reported herein 
were not linearly dependent on changes of suction. The most obvious explanation for these 
differences is test type. Ho and Fredlund [22] conducted CD tests on unsaturated specimens 
of decomposed granite and decomposed rhyohte; both the water contents and densities of 
these specimens could change during the test. CW tests were conducted for the investigation 
reported herein; the water content was held constant while the density could vary as the 
test was conducted. 

To check the vaUdity of the shear strength model proposed in Eq 24, constant water 
content test results from other studies of unsaturated soil behavior were reanalyzed. Bishop 
and his colleagues [17] presented CW test results for unsaturated specimens of compacted 
boulder clay which are illustrated in Fig. 11a and lib and summarized in Table 3. From the 
curve identified as (a, + v^)!! - u, in Fig. 11a, the failure strength can be approximated 
as two linear segments for tests 1 through 4 and 5 through 9 with a curvihnear segment 
connecting tests 4 and 5. From the data presented in Fig. 116, tests identified as 1 through 
5 have degrees of saturation less than 90% while tests 6 through 9 have degrees of saturation 
greater than 90%. 

Aided by Fredlund's guidance [21] that air becomes occluded at degrees of saturation 
greater than approximately 85 to 90% and by the shape of the failure envelope presented 
in Fig. 11a, the strength increase due to suction for tests 1 through 4 or tests 1 through 5 
was examined and found to be nearly constant at a value of approximately 9 psi (0.6 tsf or 
60 kPa). Linear regression analyses were conducted to evaluate the influence of suction on 
shear strength of unsaturated soil. Results are summarized in Table 3. For conditions when 
the degree of saturation at failure was less than approximately 90%, such as for tests 1 
through 4 or tests 1 through 5, there was a poor correlation between the apparent shear 
strength due to suction and measured values of suction (for example, —0.4 < r < 0.5). A 

TABLE 3—Summary of shear strengths of unsaturated specimens of Boulder clay 
(after Bishop et al. [17]). 

Test" 
No, 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Shear Stress 

(<ri - <r3)/2. 
psi ' 

18.5 
19.6 
28.6 
31.1 
35.3 
41.4 
43.3 
45.8 
49.2 

Normal Stress 

(ui + W3)/2 - Ua, 
psi 

18.7 
19.9 
39.6 
45.0 
57.5 
77.8 
83.3 
91.5 

104.8 

Normal Stress 

(a, + ai)l2 - u„. 
psi 

43.6 
45.8 
60.6 
66.7 
76.7 
91.8 
92.1 
96.1 

104.8 

Matrix' 
Suction 

U, - Uy,, 

psi 

24.9 
25.9 
21.0 
21.7 
19.4 
14.0 
8.8 
4.6 
0.0 

Calculated'' 
Shear Stress 

(<ri - c73)/2, 
psi 

9.8 
10.4 
19.4 
21.9 
27.6 
36.9 
39.5 
43.2 
49.3 

Apparent' 
Shear Strength 

Due to 
Suction 

Al(ai - <73)/2], 
psi 

8.7 
9.2 
9.2 
9.2 
7.7 
4.5 
3.8 
2.6 

- 0 . 1 

Calculated' 
X-Factor 

0.76 
0.78 
0.95 
0.93 
0.87 
0.70 
0.95 
1,22 

" For test numbers and test data refer to Fig. lla and b. 
* 1.0 psi ^ 0.072 tsf s 6.9 kPa. 
"Ua ~ Uw = \{ai + ai)l2 - Uw] - \{a\ + vi)! - Ua]. 
^ The calculated value refers to the shear stress on the saturated failure envelop: c' = 1.4 psi, <|)' = 27.3°. 
' The apparent shear strength due to suction is the difference between the shear stress of the unsaturated specimen and the calculated 

shear stress for a saturated specimen. 
X̂caicuiated = ^[(o"! - (r3)/2]/[(«n - «») t̂ u (j)' COS <|)'] based upon the saturated strength parameters: c' = 1.4 psi, <|»' = 27.3°. 

s Obtained from Fig. \\b for saturated strength parameters: c' = 1.4 psi, <t>' = 27.3°. 
* The calculated value is based upon saturated strength parameters: c' = 0 psi, (f>' = 28.1°. 
' Obtained &om Fig. 116 for saturated strength parameters: c' = Q psi, i}> = 28-1". 
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regression analysis was also conducted on tests 1 through 9. The coefficient of correlation, 
r, was 0.975 and ^'' = 22.4° which agree with the values reported by Ho and Fredlund [22] 
of /• = 0.974 and <^'' = 21.7°. However, tests 6 through 9 had degrees of saturation in excess 
of 90%, and probably should not be included in an analysis of the (j)* parameter. 

The U.S. Bureau of Reclamation has conducted numerous studies of the shear strength 
of unsaturated soils. Results of two studies are summarized in Table 4. Richmond reported 
a study of the shear strengths of both saturated and unsaturated specimens of sandy clay 
[44]. The apparent shear strength due to suction was 0.5 tsf (50 kPa). The coefficient of 
correlation for the apparent shear strength due to suction as a function of suction was 
determined as —0.35. Prizio reported a similar study for compacted specimens of sandy silt 
[45]. The apparent shear strength due to suction was 0.4 tsf (40 kPa). A regression analysis 
to evaluate the influence of suction on the apparent shear strength due to suction was not 
appropriate because suction remained nearly constant for the range of test conditions to 
which the specimens had been subjected. 

Casagrande and Hirschf eld reported a study of the shear strengths of compacted specimens 
of sandy clay [46,47]. Test results are summarized in Table 5. For specimens compacted to 
an initial dry density of 106 pcf (1700 kg/m') and tested at a water content of 16%, the 
apparent shear strength due to suction was approximately 0.2 tsf (20 kPa). The apparent 
shear strength due to suction increased to 0.5 tsf (50 kPa) when unsaturated specimens were 
tested at a water content of 14%. Similar behavior was observed for companion saturated 
and unsaturated specimens compacted to an initial dry density of 111 pcf (1780 kg/m^). For 
unsaturated specimens compacted at initial water contents of 16 and 13%, the apparent 
shear strength due to suction was 0.2 and 0.4 tsf (20 and 40 kPa), respectively. Suction 
measurements were not obtained during these tests. 

From the data reported by Casagrande and Hirschfeld it was evident that shear strengths 
of unsaturated specimens are dependent on both the water contents and densities of the 

TABLE 3—Continued 

Measured* 
X-Factor 

0.73 
0.76 
0.90 
0.87 

0.83 
0.91 

Calculated'' 
X-Factor 

0.83 
0.84 
1.00 
0.97 
0.90 
0.72 
0.98 
1.24 

Measured' 
X-Factor 

0.83 
0.85 
0.99 
0.95 
0.91 
0.94 
0.98 
1.00 

Saturation 
at Failure 

S,% 

79 
79 
87 
89 
85 
93 
96 

-100 
-100 

Regression Analyses 

Test 
No. 

1-4 
1-5 
1-9 

for Apparent Shear 
Suction Versus Suction 

Intercept, 
psi 

10.1 
6.1 
0.4 

Slope 

-0.044 
0.121 
0.366 

Strength Due to 

Coefficient of 
Correlation r 

-0.425 
0.507 
0.975 
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specimens. The magnitude of the apparent shear strength due to suction is related to the 
water content of the specimen at failure and can be treated as a constant for a range of 
applied stresses provided the water content of the specimen remains constant. This obser
vation provided the continuity for interpretation of CW and CD test results. Although Ho 
and Fredlund [22] reported a strong correlation between suction and apparent shear strength 
due to suction, the increased values for suction and apparent shear strength due to suction 
actually resulted from a decrease of the specimen's water content. Hence, Eq 24 can be 
used to analyze test results obtained by either CW or CD tests for unsaturated soils. 

Summary 

A modified Mohr-Coulomb strength relationship, given by Eq 24, has been proposed to 
describe the shear strengths of unsaturated soils. Apparent cohesion, c', and the angle of 
internal friction, ^', can be evaluated by conventional tests on saturated specimens. The 
magnitude of the apparent cohesion due to suction, C ,̂ is dependent on the water content 
of the specimen at failure. At full saturation the value of the apparent cohesion due to 
suction is zero, pore water pressure is equal to the pore air pressure, and Eq 24 reverts to 
the conventional saturated Mohr-Coulomb strength relationship. The measurement of suc
tion is not required to apply this model. 

Only two limitations of the strength model, given by Eq 24, have been identified. 

1. Strengths of saturated and unsaturated specimens must be compared at similar void 
ratios and stress states. If this is not possible because of significant differences of consohdation 
characteristics of saturated and unsaturated specimens, a procedure to normalize density 
differences such as used for the investigation reported herein, must be employed to evaluate 
the apparent cohesion due to suction. 

2. This model should not be used to analyze test results of unsaturated specimens when 
the air phase is discontinuous (for example, at high degrees of saturation). Although the 
data by Bishop and his colleagues [17] which is presented in Figure 11a (tests 6 to 9) indicated 
there was a smooth transition from unsaturated to saturated behavior, further comprehensive 
studies are needed to evaluate the shear strengths of unsaturated soils at high degrees of 
saturation and to assess existing models and/or to propose new models. 

Other laboratory investigations should be undertaken to evaluate the unsaturated strength 
model, given by Eq 24, using low compressibility soils to minimize the effects caused by 
density differences between saturated and unsaturated specimens tested at similar stress 
states. Tests should be conducted on specimens at several void ratios and water contents to 
assess the influence of each variable. Suction measurements should be obtained such that 
other unsaturated strength models could be evaluated by conducting alternative analyses. 

A comprehensive investigation also needs to be conducted to evaluate the influence of 
suction on the shear strengths of unsaturated soils at high degrees of saturation. Specimens 
should be subjected to both CD and CW test conditions at several initial water contents 
and densities. 
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Materials, Philadelphia, 1988, pp. 539-552. 

ABSTRACT: Triaxial compression tests, including anisotropic consohdation tests, were per
formed on compacted kaolin clay by an automatically controlled apparatus. Test results were 
analyzed in terms of suction and (CT - u,), where a is total normal stress and «„ is pore air 
pressure, recognizing that when soil is saturated, M„ becomes equal to «„, pore water pressure. 

When suction is kept constant, the relationships among the observed shear strength, stress-
strain, and stress-water content change can be formulated in equations similar to those of 
saturated soil, in which suction can be regarded as a factor contributing to soil constants. 
When both suction and all-around pressure are varied, the plastic volumetric strain can be 
expressed by an equation in which (a - u„) is multiplied by a function of suction. Therefore 
suction can be regarded as a factor contributing to soil constants in this case too. These facts 
mean that the suction need not be regarded as one of the principal stress components such as 
(o- - «„) in the stress-strain equations of unsaturated soil. 

KEY WORDS: unsaturated soil, kaolin, suction, effective stress, triaxial compression test, 
stress-strain relationship 

Bishop and coworkers proved that the factors controUing the shear strength and strains 
of unsaturated soil mass can be divided into two terms, (o- - MJ and (u„ - MJ, where CT, 
M„, and M„, denote the total normal stress, the pore air pressure, and the pore water pressure, 
respectively [1]. Based on this, they proposed an equation defining the effective stress of 
unsaturated soil, in which suction, (M„ - M„), was converted into (a - u„) using a coefficient, 
X- However, the equation is not valid when a soil mass collapses by soaking. Then Coleman 
proposed more fundamental equation (that is, an incremental equation in which suction was 
given equal weight to externally applied stress) 

de, = Cy d((T} - uj + Cydia^ - ajj + Cijd(u, - uj (1) 

where e, is arbitrary strain component, a, and CTJ are the principal stresses on triaxial compres
sion test specimen, and Cy, Q/, and C3, are the coefficients which are to be composed by 
some stress components, property indexes, and water content, w, or degree of saturation, 
S, [2]. Barden and coworkers performed oedometer tests on unsaturated clays to evaluate 
these coefficients except for Q;, however, they did not analyze the factors contributing to 
the coefficients [3]. Fredlund advanced Coleman's equation to a elasticity form of constitutive 
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equation in which suction was regarded as one of the independent stress variables 

^x = — ^ ^ K + <̂r - 2u.) + — , etc. (2) 

where H is the elastic modulus with respect to suction, («„ - M„) [4\. 
Suction is essentially one of the internal stress components, such as Coulomb's force, and 

in the stress-strain equations for saturated soil, the internal stress components do not appear 
although they must affect the mechanical properties of saturated soil. It is believed that they 
contribute to the coefficients of equations. Therefore the effect of suction on unsaturated 
soil could be expressed by manipulating the coefficients of equations instead of adding a 
term of suction as an independent variable. If this is done, the equations for unsaturated 
soil would be in a form similar to ones for saturated soil, then existing advanced concepts 
for saturated soil such as the constitutive laws based on elastoplastic theory could become 
applicable to unsaturated soil. The results of triaxial compression tests are analyzed based 
on this point of view. 

The following stress and strain components are defined and used hereafter: p = Vs 
(CT, + 2(T3) - Ua,q = ((Ti - (T3) = the deviator stress; 5 = M„ - M„ = the suction; u = the 
volume strain 4= e, + 2e3, e = % (cj - €3) = the shear strain, where e, is axial strain and 
€3 is lateral strain of triaxial specimen. 

Test Apparatus 

A conventional triaxial test apparatus was modified, as shown in Fig. 1, to perform stress-
controlled, air- and water-drained tests on a 35-mm-diameter specimen. Two devices were 
added to the basic apparatus, one is a micropore disk of high air entry value which is buried 
on top of the support pedestal and leads pore water to a burette. Another device is for 
measuring volume change of the specimen, for which a pair of distortion sensors were 
attached to the side of specimen crossing the diameter. The volume of the specimen was 
calculated by averaging a column approximation and an approximation for a revoluted 
parabola body in which both ends keep their initial diameter. The test apparatus works 

FIG. 1—Layout of triaxial test apparatus for unsaturated soil. 
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FIG. 2—Compaction curves. 

automatically. Once the test program is keyed into the personal computer, the computer 
sends an electric pulse to electric-air pressure transducers at the proper time to control air 
pressure from an air compressor, and the specimen is loaded by these pressures. Applied 
air pressures and the force on the loading piston are detected by sensors, and the data are 
fed back to the computer by means of a data logger. The height of the water column in the 
burette is measured by a differential pressure sensor attached to the bottom of the burette. 

Specimen Preparation and Tests Performed 

Specimens were prepared from powdered kaoUn clay having a specific gravity of soil grains 
of 2.70, maximum grain diameter of 0.04 mm, clay fraction (S2 |xm) of 22%, liquid limit 
of 37%, and plastic limit of 28%. After wetting by spray, the clay was put into a 35-mm-
diameter mold in five layers and compacted by a California miniature compactor (15 times 
per layer with a force of 40 N). Figure 2 shows compaction curves of two series of triaxial 
test specimens. In series I, the optimum water content was not measured because clay lumps 
were formed at high water contents, so water content corresponding to 80% of saturation 
was assumed to be optimum. The water content of specimens for the triaxial tests was set 
at 26%, 6% dry of the assumed optimum. In series II, the spray was made finer and surfaces 
of soil layers in the mold were pressed lightly by a 34-mm-diameter plate before compaction. 
An optimum water content of 31% was obtained, and water content of the specimens was 
set again at 26%. Average values of void ratio, e, water content, w, and degree of saturation, 
S„ of the triaxial specimens were 1.229, 26.1%, and 57.4% in series I and 1.114, 25.8%, 
and 62.7% in series II, respectively. 

195 
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3 1 
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1 * - P 
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FIG. 3—Symbols of stress points in the p-S plane, where p = {113) (a, + 20-5) - Ua and 
S = (Ua - u„) (unit: kPa). 
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Tests were perfonned with air- and water-drained condition. Applied stresses were changed 
every 8 h. All specimens were held under an apphed all-around pressure of 20 kPa in an 
undrained condition for a few hours, then the all-around pressure was raised to 69 kPa, 
pore air pressure of 49 kPa was applied, and the burette was opened simultaneously (that 
is, the stress state of the specimen became [S, p, q] = [49, 20, —0] kPa). This stress point 
is called "point A" hereafter. The average e, w, and S, at the end of this stage were 1.219, 
26.5%, and 58.8% in series I and 1.098, 26.2%, and 64.5% in series II, respectively. Strains 
and change in water content of specimen are defined hereafter based on the dimensions at 
that time. 

Starting from point A, the following five tests were performed: 

(a) Isotropic compression test, in which specimens were stressed along various stress 
paths on the p-S plane (Fig. 3) 

(b) p-constant axial compression test, after consolidation along A - ^ B o r A ^ B — » C 
on the p-S plane in Fig. 3, deviator stress was increased with constant suction and 
p. One specimen, however, was consolidated along A ^ D ^ C, which yielded 
different strains following axial compression from other specimens. 

(c) aj-constant axial compression test, in which deviator stress was increased from A or 
B with constant suction and constant all-around pressure 

(d) Anisotropic consolidation test, in which p was increased from A or B with constant 
suction and constant {qlqf), where qf\& the failure stress at arbitrary/? 

(e) Stress-probe test, in which several specimens were stressed to the same stress point 
through the same stress path and then stressed for different directions in the S-p-q 
space. The test results are not described as "stress-probe test" in this paper, but as 
a datum for other tests if any part of the stress path is the same. 

Test Results 

Isotropic Compression Test 

Figure 4« shows a looped stress path for two specimens starting from point A and going 
opposite to each other. Specimen II-l traced the path twice. In Fig. Ab, void ratio changes 
on first cycle and second cycle are shown in thick and thin full lines, respectively. Specimen 
II-3 traced the path just once, and the void ratio change is indicated by the dotted line in 
Fig. 46. At point C of the first cycle both specimens were loaded monotonically, but the 
specimen on which p was loaded first (dotted line) showed a larger compression, which 
coincides with the results by Barden and coworkers [3] and Karube [5]. Figure 4c shows 
the change in water content. Specimen II-3 (dotted line) showed little permanent change 

(a) 
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B 1 1 - ^ 
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FIG. 4—Strains along looped path: (a) stress paths, (b) void ratio change, (c) water content 
change. 
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FIG. 5—Influence of suction change on (a) water content and (b) void ratio. 

at the end of the cycle, caused by drainage during the unloading process C ̂ ^ B; specimen 
II-l showed considerable permanent drainage on first cycle (thick full line), caused by 
permanent compression of the specimen as explained below. 

Figure 5a shows the change in water content, and Fig. 5b shows the volume change with 
change in suction, both of which are plotted against their void ratios for all specimens. It 
seems that the ratio (Atv/AS) is not affected by p, but increases with void ratio, e. On the 
other hand, Fig. 5b shows that void ratio has no effect on the ratio (Au/AS). In this figure 
suffix M means suction was reduced to 49 kPa, r means reloading of suction, and the number 
in parenthesis indicates current value of p in kPa. It is remarkable that solid symbols suffixed 
M or ru have negative value of (Ai;/A5), which means the volume of the specimen decreases 
when its suction is reduced under high all-around pressure. This phenomenon is known as 
collapse. 

Coefficient of compressibility, m„, is plotted against void ratio at p of 20 kPa in Fig. 6, 
where p was increased from 20 to 196 kPa (Fig. 6a) or to 392 kPa (Fig. 6b) with constant 
suction. It is obvious that a large m„ is obtained when p and suction are low and also that 
void ratio has little effect on m„. Figure 7 shows some examples of drainage from increasing 
p under constant suction. It is seen that a spedmeri dtains better under higher suction in 
spite of a lower water content and lower compressibility. 

Failure Stresses 

Failure stresses were measured on 17 specimens, but 2 of them had experienced too 
complex a stress history to be used for estimating failure criteria. Because of the stress-

2 

°0 
a a ^ . 

[b] 

D O 

OD 
<D, 

o 
S I k P a l 

Symbo 1 

49 

• • 
196 

O D 

245 

4-
_1_ _1_ 

1.0. 1.1 1.2 

e at P=20kPa 

_ 1 _ _1_ _ 1 _ 
1.0 1.1 1.2 

e a t P=20kPa 

FIG. 6—m, versus void ratio (a) When p increases from 20 kPa to 196 kPa or (b) from 20 
kPa to 392 kPa. 
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FIG. 7—Water content change by (a) monotonic loading and (b) repeated loading along 
A<^ B <^ C. 

controlled nature of the tests, in which applied stresses were changed stepwise every 8 h, 
an exact condition of failure was seldom defined. Therefore, the failure stress was presumed 
equal to the applied stress when that stress was held out over 6 h, or, when failure occurred 
in less than 6 h, the failure stress was estimated by extrapolation of the preceding stress-
strain plot. In Fig. 8fl, failure lines through points of estimated failure stresses are drawn, 
but no failure line for a suction of 245 kPa is drawn because of insufficient data. 

It seems that the failure line for the high suction has not only a larger cohesion but also 
a larger frictional angle. Because many of the specimens dilated at failure, an energy cor
rection was made, as shown in Fig. 8b. Failure lines in this figure were drawn parallel to 
each other intentionally, but this seems allowable. Because the activity of tested kaolin clay 
is low (A = 0.4), cohesion can be assumed to be caused by suction in specimens [6]. Defining 
the absolute value of intercept of abscissa as /(5), the equation of the failure line becomes 

q/ =M'[p+ fiS)] = M' I i I p (3) 

7 

6 

' ^ 3 

2 

V 

/ / 

"'" s^ 
''̂ -^J^ 

7̂ 
/l/ 

Syntxils 

r 
" 

S (kFtol 

49 
• 
• 

196 
o 
D 

245 
X 

-

FIG. 
(i/a). 

1 2 3 4 5 0 1 2 3 4 5 

(^ llOOMtil Pf (lOOkFhl 

8—Failure stresses: (a) observed, (b) surface energy corrected, (c) (qt'/p) versus 

ID 1.2 U 1£ IB 20 22 24 

ll/ol 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



KARUBE ON EFFECTIVE STRESS IN UNSATURATED SOIL 545 

where 

9/ = 9/ 
Av 
Ae 

(4) 

and qf is deviator stress at failure, ( - Av/Af)f is the dilatancy index, e is shear strain defined 
by e = % (€i - €3), M' is the inclination of corrected failure lines,/(S) is a function converting 
5 into p at failure, which were evaluated from Fig. 8b as M' = 1.08, f{S) = /(49 kPa) = 
39 kPa and/(196 kPa) = 108 kPa, and (1/a) is a parameter defined by 

b^f] (5) 

If Eq 3 is correct, (q//p) is directly proportional to (1/a) in spite of the values of suction 
and p. The straight hne in Fig. 8c shows the theoretical relationship which has an inclination 
of 1.08 (= M') and passes through the origin which is not shown on the figure, and the 
points are the experimental values. As the points distribute near the theoretical line, Eq 3 
is confirmed. The strains during compression tests will be analyzed in the section entitled 
Case of Constant Suction. 

Anisotropic Consolidation Test 

Stress paths of anisotropic consolidation tests are shown with the failure lines in Fig. 9a. 
The lower half of Fig. 9b shows the resulting ratio (q/qf), which was to be kept constant. 
The reason for fluctuation is that at the time of this test, failure Hnes had not been estabUshed. 
The upper half of the figure gives incremental strain ratio (Ae/Ay). When a saturated clay 
is normally consolidated anisotropically, the ratio (Ae/Au) becomes a unique function of the 
stress ratio (qlq/) regardless of the magnitude ofp (see, for example, Ref 7). The behavior 
of unsaturated specimens is inconsistent with the behavior of saturated clay so that the ratio 
(Ae/Ay) increases in spite of decreases of (q/q/) in specimen 11 and specimen 12. In Fig. 
9c, e-log p curves of anisotropic consolidation are shown with isotropic ones. Compression 
index, Q, of the tests could be regarded as almost the same except for specimen 8. 

Stress paths of anisotropic consolidation tests intersect those of p-constant compression 
tests in the S-p-q space. Figure 10a shows both stress paths with their intersections on the 
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FIG. 9—Results of anisotropic consolidation test: (a) loading paths, (b) strain rate corre
sponding to stress ratio, and (c) e-log p curves. 
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plane of S = 49 kPa. Figure lOe shows similar paths on the plane of S = 196 kPa, however, 
/j-constant paths of specimen II-6 and specimen II-8 intersect two anisotropic consolidation 
paths (11-11 and 11-12, respectively). Therefore assumed intersection points were plotted 
midway between the two intersections. Broken lines in Fig. 10b, c, and d show volumetric 
strain, change in water content, and shear strain during anisotropic consolidation, respec
tively, and the points in the same figures represent the strains of/7-constant tests at inter
sections on the plane of S = 49 kPa, Figure 10/, g, and h show the results of tests on 5 = 
196 kPa, in which strains were measured from point B in Fig. 3, (p, S) = (20, 1%) kPa. 
Volumetric strain and change in water content are not affected by stress path, and they are 
functions of current stress state (Fig. 10). On the other hand, the shear strain in anisotropic 
consolidation is larger than that of p-constant compression. These results coincide with the 
behavior of saturated soil. 
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Analysis and Discussion 

Case of Constant Suction 

It is obvious from the above test results that the failure condition and the relationship 
between stress and strain in terms of (cr — «„) are similar to those of saturated soil in terms 
of effective stress. It is also obvious that the change in water content does not depend on 
stress path. Therefore the only problem in this case is to evaluate the effect of suction on 
the soil parameters. Several soil parameters are analyzed as follows. 

1. Shear strength parameter: Eliminate q/ from Eqs 3 and 4, and the following equation 
is obtained: 

„ . [„.(!) - t : (6) 

Because Eq 6 corresponds to Coulomb's shear strength equation with no cohesion com
ponent, the terms in brackets correspond to a frictional parameter, M, that is, 

„ = M. ( i ) . ( -0 (7, 

where a is defined by Eq 5. Generally, Eq 7 has no practical use without knowledge of the 
dilatancy factor, however this factor could be ignored if the specimen were shrinking or 
kept volume-constant at failure. 

Bishop and coworkers introduced coefficient x, which depends on the degree of saturation, 
in their effective stress equation and evaluated it by assuming the frictional angle, ^', is 
constant [1], BUght obtained a failure line based on his advanced x-theory [8]. Fredlund [9] 
proposed a simple failure criterion: 

T = c' + (a - «„) tan <j)' + (M„ - MJ tan ct)* (8) 

where <i>'' is the angle of shear strength increase with an increase in (M„ - M»). 
Applying Bishop's x to Eq 8, it becomes 

tan 9 

Therefore, if both <^' and (j)* are the material constants, x should be uniquely defined 
regardless of the degree of saturation, and this is inconsistent with Bishop's experimental 
results [1]. The uniqueness of M defined by Eq 7 is that it contains a material constant. A/', 
a characteristic factor, a, which is defined by Eq 5 and a dilatancy factor. Therefore it could 
be adapted to various conditions of material. 

2. Coefficient of volume compressibility, w„: In normally consolidated saturated clay, this 
can be defined as 

0.434 C 1 
1 + e p 

where p is the average p when p is increased. This equation shows that the rigidity of soil 
skeleton increases in proportion to mean effective stress. If the rigidity of normally con-
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548 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

solidated unsaturated soil is to vary as a function of [p + f{S)], the following equation may 
be used in a similar analogy to the above equation: 

0.434 C a ,1^^ 

Figure 6 shows measured compressibility, OT„, which was obtained when p was increased 
from 20 to 196 kPa (Fig. 6a) or to 392 kPa (Fig. 6b). In these cases, the precompression 
pressure of specimens is 100 to 200 kPa as shown in Fig. 9c. Therefore, the compressibilities 
were measured covering both over- and normally consoHdated ranges. Thus the appUcabiUty 
of Eq 10 is not guaranteed; however, it could be assumed that m„ would be in proportion 
to a if the value of p were fixed. The figures given in the upper and lower half of Table 1 
correspond to Fig. 6a and Fig. 6b, respectively. The values of m„ and a in Table 1 are the 
averages of individual measured m„ and a, obtained by substituting the values of S and the 
average p into Eq 5. It is seen that the values of (m„/a) are almost the same for the same 
p, which justifies the above assumption. 

3. Strains and the change in water content during p-constant compression process: In 
saturated soil, both shear and volumetric strain under p-constant compression are expressed 
by function of t] = (q/p) and overconsoUdation ratio (OCR), irrespective of the current 
value of p. If [p + f(S)] were assumed to take the place of p in unsaturated soil, strains 
would be defined as a function of 

[p + f(S)] 
— ai) 

The shear strain, e, the volumetric strain, v, and the change in water content. Aw, during 
ap-constant test were plotted against the ratio ati, but they showed significant scatter. This 
indicates that the value of a obtained from compressive strength is not valid for strains 
below failure condition. After trial and error, the following functions were found to minimize 
scatter (Fig. 11): 

(e - e,) = a^G,(a^) (11) 

(v - V,) = a'G^iai)) (12) 

^w = oW(5) Gi(ar\) (13) 

where ê  and v^ are the strains at the start of axial compression, H{S) is a function of suction 

TABLE 1—Correspondence of measured m, and theoretical a.' 

p, kPa 

20 > 196 

20 »392 

S, kPa 

49 
196 
49 

196 

/n„ 

1.9 
1.3 
1.5 
1.1 

a 

0.73 
0.50 
0.84 
0.64 

/«„ 
a 

2.6 
2.6 
1.8 
1.7 

' p = 1/3 (a, + 20-3) - «„; 5 = the suction; m„ = coefficient of compressibility; and a is defined by 
Eq5. 
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FIG. 11—Unified stress-strain relationships during p-constant compression: (a) shear strain, 
(b) volumetric strain, and (c) wafer content change. 

which has positive or negative value when suction is low or high, respectively, and d , G2, 
and Gj are functions of a-t]. 

Specimen II-7 in Fig. 11 shows small strains and large drain. The specimen was consolidated 
along the path of A -^ D ^^ C in Fig. 3, and therefore its void ratio was already small and 
the degree of saturation was high, which may explain its pecuhar behavior. 

Case of Variable Suction 

In this paper the analysis of strains and water content change induced by varying suction 
is limited to isotropic stress condition. 
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550 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

Volumetric Strain—If unsaturated soil is an elastoplastic material, a yield locus must be 
defined on the p-S plane. By examining the void ratio changes along a looped stress path 
in Fig. 4b, the following equations can be proposed as yield functions (schematic views are 
shown in Fig. 12a): 

whenp ,S / (50 , P=m or 1-1 = 2 (14) 

whenp, >/(S,), p = /(S) + />, - /(SO (15) 

or 
p _ (1/ai) - 2 

P, (l/«) - 2 
(15a) 

where (puSi) is a current stress point on loading path, and (l/aO = 1 + f(S^lpi. 
At point D in Fig. Ab, specimen II-3 and the first cycle of specimen II-l show almost the 

same void ratio change. If plastic strain function, F, is defined on the p-S plane, plastic 
strain increment, dv', would be given by 

dF J dF ^^ 
dv = —dp + — dS 

dp dS 
(16) 

From Eqs 10 and 5, 

dF , X - K 1 
dp I + e p + f{S) 

where. 

X = 0.434 C 
K = 0.434 Q 

m„' = the coefficient of rebound 

Therefore 

1 + e 

where Q{S) is an arbitrary function of S. 

f = ^ - ^ l n [ p + / ( 5 ) ] - Q(5) (17) 

3 p 0 p 

FIG. 12—Elastoplastic behavior of unsaturated soil: (a) yield loci and (b) contours of plastic 
strain. 
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KARUBE ON EFFECTIVE STRESS IN UNSATURATED SOIL 551 

Because the plastic strain must be zero in Eq 15, Q(S) becomes 

Q{S) = j ~ In [2/(5) + P. - f{S,)] (18) 

Substituting Eq 18 into Eq 17, plastic strain function is obtained as 

F=^^:^,nr ^±M 1 (19) 

or 

Equation 19a means that the plastic strain function for unsaturated soil becomes a logarithmic 
function of p similar to the function for saturated soil, and suction, S, can be regarded as 
a factor contributing to the coefficient of p. Figure 12b shows contours of plastic strain 
calculated using Eq 19, in which C = (X - K)/(1 + e). Therefore the volumetric strain 
increment in elastoplastic zone is given by 

dv = dv + dv = YT~^ -^dp + \K - ^~^—^ I dS (20) 

where K = AuVA5, 

Change in Water Content—The amount of drainage caused by p is affected by the mag
nitude of suction, as shown in Fig. 7, but the amount of drainage caused by suction seems 
independent of magnitude of p and dependent on void ratio, as shown in Fig. 5a. Therefore, 
the equation for the change of water content will become 

A(Aiv) = R(S) Ap + T(e) AS (21) 

where R{S) and T{e) are the functions of suction and void ratio, respectively, which increase 
as variables S and e increase. Suction must be treated as an independent stress component 
here. 

Conclusions 

Compacted unsaturated kaohn clay was treated in a triaxial compression apparatus. 
When the suction is kept constant, the shear and the volumetric strain of unsaturated soil 

are expressed by equations similar to those for saturated soil, where effective stress is defined 
by (CT - MJ and suction is regarded as a factor contributing to soil constants. Water content 
changes are defined by characteristic equations whereby whether a specimen drains or sucks 
depends on the magnitude of the suction. However, the suction may be treated as a factor 
of soil constants. In this case, suction acts on soil constants with a function of a defined by 
Eq 5. Because pore eiir pressure is equal to pore water pressure when suction is absent, a 
conventional concept of effective stress for saturated soil is included in the more general 
concept above. Measured failure stresses indicate that the suction affects not only the 
cohesion but also the frictional parameter if dilatational energy is not corrected. 
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552 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

Volumetric strain and change in water content caused by the changes in both suction and 
p were analyzed on the p-S plane (isotropic stress condition). In the equation of plastic 
volumetric strain, suction can be regarded as a factor contributing to the coefficient of 
(a — M„). On the other hand, in the equations of elastic volumetric strain and change in 
water content, suction acts as a independent variable. 
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ABSTRACT: The Mohr-Coulomb model is used as the strength criterion in this study to 
model shear strength. Thus, the procedure is applicable only for the soils and rocks whose 
deterministic strength follows the Mohr-Coulomb criterion. Available methods to obtain point 
estimates for the strength parameters from triaxial test data are discussed. Inaccuracy of the 
traditional method is pointed out. A method which requires weighted regression analysis and 
propagation of error technique is developed to obtain point estimates for the strength param
eters. Chi-square tests for bivariate beta and bivariate normal distributions are performed on 
point estimates of strength parameters to check the applicability of the distributions in rep
resenting the distribution of the strength parameters. Both probability distributions seem to 
be useful in representing statistical distribution of strength parameters. 

KEY WORDS: triaxial test, shear strength, probability and statistics, regression analysis, 
goodness-of-fit test, bivariate distributions 

Shear failure of some soils and soft rocks in a triaxial test may be modeled by the Mohr-
Coulomb strength criterion as given in Eq 1, 

ff] = ^ -I- BcFj ( l a ) 

A = 2c tan('ir/4 -I- <|)/2) (lb) 

B = tan2(ir/4 + <t)/2) (Ic) 

where ai and a, are, respectively, the effective major principal stress and effective minor 
principal stress on a triaxial specimen at failure, c is the cohesion, and <t) is the angle of 
internal friction. Earlier, it was believed that the strength parameters, {A,B) and {c,^), 
were invariant properties for a given geologic material. Soon, however, researchers realized 
that similar shear strength tests on nearly identical samples of geologic material may result 
in a wide range of values for c and <|) [1,2]. It is possible to include this variabihty by 
identifying the strength parameters as random variables and developing probabilistic models 
for their description. Probabilistic modeling of strength parameters is important in perform-

' Assistant professor. Department of Mining and Geological Engineering, University of Arizona, 
Tucson, AZ 85721. 

553 

Copyright' 1988 by ASTM International www.astm.org 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



554 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

ing reliability analysis of geotechnical structures. In this paper, the hterature available on 
the topic is reviewed and procedures are suggested to improve the techniques in probabilistic 
description of shear strength parameters. An example is given to illustrate the application 
of the suggested procedures. 

Literature Review 

In probabihstic modeling of c and t, where t is tan <[), the task is to express the joint 
probability, P{c,t), from the results of n pairs of values of c and t. First, it is necessary to 
discuss the methods of obtaining point estimates for c and t from triaxial test data. To obtain 
(c,f) sets, either the standard triaxial test or the multistage triaxial test could be performed. 
If heterogeneity of the geologic deposit is significant, the multistage triaxial test is recom
mended to reduce the variability. There are three methods to obtain point estimates for 
(c,t) using the Mohr-Coulomb strength criterion. 

In the traditional method, simple linear regression anaylsis is performed between 
(a, - ff3)/2 and (a, + cr3)/2 to obtain point estimates fore and ̂  Theoretically, this method 
is not accurate because (wi - a^)!! and (cF, + v^)!!, respectively, are not the shear stress 
and normal stress on the failure plane. 

Lisle and Strom have made a refinement in obtaining point estimates for c and ( by 
implementing the criterion that the sum of squares of the radial distances from the Mohr 
circles perpendicular to the Mohr-Coulomb line be minimal [3]. However, for this method, 
expressions are not available to check the adequacy of the regression model. Also, equations 
are not available to calculate variances of estimated c and (. 

In the third method, simple regression analysis is performed between a, and aj to estimate 
the regression coefficients A and B (see Eq la). Then, Eq lb and Eq Ic can be used to 
estimate c and t. Franklin has used this method to estimate c and t for intact rock [4]. This 
method is theoretically correct and also simple. In this paper, the third method is used to 
obtain point estimates for c and t. Also, expressions are developed to calculate variances 
for estimates of c and t. 

All the aforementioned regression analyses have assumed the variance of the regression 
line as a constant. However, strength data may show a variance that is not constant with 
the independent variable. Nonconstant variance can be included through a weighted regres
sion analysis. A procedure to perform weighted regression is given in this paper. 

Sets of point estimates of c and t obtained through any of the aforementioned procedures 
usually show scatter and negative correlation [2]. However, in estimating the joint probabil
ity of c and t, quite often c and t have been assumed to be independent. This assumption 
overestimates the variability of the shear strength. Therefore, to model strength parameters 
realistically, it is necessary to quantify the uncertainty, taking into account the correlation 
between c and t. Such modeUng can be achieved by fitting bivariate probability distributions 
to c and t. Grivas and Williams have suggested a procedure to fit a bivariate beta distribution 
for (c,t) data [5]. In addition to fitting, it is important to look into how good the fit is. This 
can be done by goodness-of-fit tests. In this papier chi-square goodness-of-fit procedures are 
given for bivariate beta and bivariate normal distributions to test the apphcability of these 
distributions to model the variability of (c,t), estimated from triaxial test data. 

Suggested Procedure 

Outline 

Variability of a soil can be studied at different levels. It can be performed at low sampling 
ratios (that is, number of samples per cubic metre such as 75 x 1 0 ' or at high sampling 
ratios such as 500 [2]. If several sets of a, and CT, are available and each set consists of at 
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KULATILAKE ON CHARACTERIZATION OF SHEAR STRENGTH PARAMETERS 555 

least four different CT, values, then the suggested method is applicable. Data that belong to 
one set may come from just one specimen in the case of a multistage triaxial test or may 
come from almost identical specimens in the case of a standard triaxial test. 

First, for each set, unweighted simple linear regression can be performed between oi and 
CT3 to obtain A and B, which are estimates for A and B, respectively (see Eq la). Next, the 
residuals resulting from each regression analysis should be examined to check whether the 
residuals have a constant variance or not. If the variance shows a trend with CT3, then it is 
necessary to perform a weighted regression analysis between aj and oj to obtain A and B; 
otherwise, the unweighted simple linear regression is appropriate to obtain A and B. The 
computer program P5R of BMDP [6] can be used to perform both the unweighted and the 
weighted regression analyses mentioned above. The next section gives details related to 
carrying out the weighted regression analysis. These regression analyses also provide stand
ard error of A, S^, standard error of B, Sg, and covariance of A and B, COV(A,B). 

The corresponding estimates of (c,r), (£,1), and variances of (c,f), (Se^,S-^), can now be 
found from A, B, SA, SB, and COY{A,B) using the "propagation of errors" approach [7]. 
The details of this approach are given in the section entitled Determination of (c,f) and 
(5/,5?). 

Values of (c,?) obtained for different sets of ai versus 0-3 can be subjected to chi-square 
tests for bivariate beta and bivariate normal distributions to check the applicability of the 
distributions to describe the joint probabiUty distribution of the strength parameters. This 
is dealt with in the sections entitled Chi-Square Goodness-of-Fit Test for Bivariate Beta 
Distribution and Chi-Square Goodness-of-Fit Test for Bivariate Normal Distribution. 

Weighted Regression Analysis 

For the theory of weighted regression analysis, the reader is referred to Ref 5. To perform 
weighted regression analysis, it is necessary to find weight factors for each data set. The 
weighting function, which provides weight factors for each data set, is inversely proportional 
to the variance function of the residuals [8]. To obtain the relation between the variance 
of the residuals and v,, it is possible to perform polynomial regression analysis between the 
square of the residuals and ^3 for different orders using P5R. The best polynomial to 
represent the variance of the residuals could be used to obtain the weighting function. 

In general, the variance function for the residuals can be given as 

S^ = Oo + UiXi + (hxf + ••• + fl„x," (2) 

where x^ is the rth data value of the independent variable ^3, S} is the variance function 
value corresponding to ith data, and OQ, . . . , «„ are the coefficients of the best-fit polynomial. 
A weighting function corresponding to Eq 2 can be given as 

W, = ^- (3) 
flo + « i^ , + (h.X'i' + ••• -I- fl„J:," 

Weight factors calculated according to Eq 3 can be used with original strength data to perform 
the weighted regression analysis [6]. 

Determination of (6,t) and (Sj^Sj^) 

If z = f{U, V) is some function of two random variables U, V, of means U„, V„, variances 
Sij^, 5v^ and covariance COV(t/,V), then the first-order approximate mean and variance 
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of z through the propagation of error approach [7\ can be given by Eq 4 as follows: 

E(2) = f(f/„,V„) (4a) 

Using Eq lb and Eq Ic, it is possible to express c as a function of A and B as 

c = AI{2B"^) (5) 

Application of Eq 4a and Eq 40 lo iiq 5 gives 

6 = - 4 - (6a) 

and 

^̂  ~ L2^"d L̂ ^ 4̂ ^ ^^ J ^ ^ 

From Eq Ic and t = tan <[), / can be expressed as a function of B as 

t = tan{2 tan-i(5"') - IT/2} (7) 

Application of Eq 4a and Eq 4b to Eq 7 produces 

i = tan{2 tan->(^"2) - w/2} (8a) 

and 

Chi-square Goodness-of-Fit Test for Bivariate Beta Distribution 

If random variables X, Y are distributed according to a bivariate beta distribution, the 
joint density function of X, Y is given by [9] 

I (/'i)r(p2)r(P3) 

where pi, p2> Pa > 0 and x, y take values within the whole triangular domain shown in Fig. 
1. Notation F in Eq 9 is for the gamma function. 

The chi-square statistic, (x^)^, for bivariate beta distribution can be computed by 

(x̂ ). = ^ i : i ^ % ^ r ^ (10) 
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0 0.2 0.4 0.6 0.8 1.0 X 
FIG. 1—Discretized X-Y domain for bivariate beta distribution. 

where 

(/•>)•/ ~ observed relative frequency for i\h interval of X and y'th interval 
o fy 

(/e)ij = expected or theoretical relative frequency for rth interval of X and yth interval 
o fy 

/ = total number of intervals of X 
Ji = total number of intervals of Y for /th X interval (see Fig. 1) 
N = total number of data sets of (X, Y) 

The {X,Y) domain can be discretized as shown in Fig. 1 and for each cell, (/„)î  and (J,\j 
can be determined. To compute (/„),y, it is necessary to transform {c,i) to X,Y. If (Q,R) is 
picked to represent {c,t), the required transformation can be given by 

X = D 

D 

Q-
\^iaax 

R -

iCma 

i^OlJO 

•*nUn 

Rn Rm 

(11a) 

(lib) 

where D is a constant and subscripts max and min represent the chosen maximum and 
minimum values, respectively. The possible values for D should satisfy x > 0,y ^ 0, and 

(Qmin,Rmax) 

(Qmin.Rmin) IQmax.Rmin' 
^ Q 

FIG. 2—Q-R domain for bivariate beta distribution fitting. 
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X + >• =s 1. This allows values between zero and one for D. It can be shown that the straight 
line joining (Q^ax, Rmm) and (<3„i„, R^) gets transformed into X + Y = D under the 
transformation given by Eq 11. Thus, if one is interested in filling the whole domain available 
for X and Y, then the appropriate value for D is one. Figures 1 and 2 show the transformation 
in graphic form for Z? = 1. However, it seems other D values between zero and one are 
also theoretically correct for this transformation. Therefore, it may be worthwhile to pick 
different values for D to study the influence of D on the results of goodness-of-fit test. Also, 
it should be noted that (Q^ax. ^min) and {Q^, R,^) are not unique values for the transfor
mation (see the section entitled Example). Equation 9 can be numerically integrated over 
each cell to obtain each (/j)/,. To perform this, it is necessary to know the values oipi, p2, 
and PJ. Parameters p,, p2, and p , can be estimated through [9] 

^. = - - ^ - X (12a) 

P2-Pi^ (12b) 

h = -^:-P.-p2 (12c) 

where X,Y,SX,SY, and rx,Y are, respectively, sample mean of ^ , sample mean of Y, sample 
standard deviation otX, sample standard deviation of Y, and sample coefficient of correlation 
of X and Y. Parameters of X and Y variables are related to parameters of Q and R through 

(13a) 

(13b) 

(13c) 

X = 

y = 

c 
^x -

c 
!>Y — 

^ Q - Gmin 

i^max S/min 

^ R ~ Rtnin 

D ^' 
\Cmax icmia 

D ^« 
" r, D (13d) 

*max ' * m m 

rx.y = re.R (13e) 

where Q, R, SQ, SR, and TQR are, respectively, sample mean of Q, sample mean oiR, sample 
standard deviation of Q, sample standard deviation of R, and sample coefficient of corre
lation of Q and R. To evaluate the theoretical chi-square value, (x^),, the number of degrees 
of freedom for this distribution is 

( , ? / • ) -
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(x^), can be obtained from the chi-square table. The maximum significance level, P, up to 
which the tested distribution is considered to be a suitable representation of the data is 
known as the ' T level" of the test [7]. This is the significance level at which (x^), equals 

Chi-square Goodness-of-Fit Test for Bivariate Normal Distribution 

Let {Q,R) represent {t,t). (x^)^ can be computed from Eq 10 with /, replaced by / . For 
this case, (/„);, and (/̂ ),j are, respectively, observed and expected relative frequency for ith 
Q interval and /th R interval; /, /, and N are, respectively, total number of Q intervals, 
total number of R intervals, and total number of data sets of {Q,R). 

To compute (/j),y and (/„)iy, it is necessary to estimate the means, ((tg,(*,«), the variances, 
{aQ,(jR), and the correlation coefficient, p, of the distribution using the strength parameter 
data. The required expressions to estimate parameters of the distribution are given in Ref 
10. Values of |1Q ± 36-g and |1R ± 3CTR can be used to cover the entire domain for bivariate 
normal distribution. Then suitable values can be selected for / and / to compute (/̂ ),j and 
(J„)ij for different cells. Obtained values for \i,Q,\x.K,aQ,OK, and p define the density function 
uniquely. This density function can be integrated over the cell domain of interest to compute 
each (/,)„. 

For details related to performing the x̂  test, the reader is referred to Ref 10. To evaluate 
(x^)„ the number of degrees of freedom for this distribution is (/ x / - 6). The P value 
is computed as in the case of bivariate beta distribution fitting. 

Example 

Data 

Data for the example, taken from Ref 11, are for a highly weathered graywacke from the 
Wellington area in New Zealand. Reference 11 presents standard triaxial test data from five 
sites located within an area of approximately 0.25 km .̂ From the point of view of visual 
classification, the materials at all the sites have been found to be similar. However, void 
ratios ranging between 0.25 and 0.8 have been observed for this material. A triple tube 
coring barrel has been used to recover continuous cores 100 mm in diameter. Consolidated 
undrained triaxial tests have been performed on 100-mm-diameter specimens with pore 
water pressure measurements. 

For the example given in this paper, data from four sites for void ratios ranging between 
0.5 and 0.8 were selected. To perform regression analysis between a^ and CTS, data were 
grouped into eight sets as shown in Table 1. For the fifth site, there were not enough data 
under each void ratio range to perform regression analysis between ai and 0̂ 3. Data from 
Bolton Street bridge and Aurora Terrace bridge were considered together as in Ref 11. 

Regression Between CTJ and u^ 

Effective principal stress data (^^^3) for each of the eight sets were subjected to un
weighted first degree polynomial regression using program P5R of BMDP [6]. The plot 
between Oi and CTJ for set 7 for both predicted and observed values is shown in Fig. 3a. It 
depicts that the Mohr-Coulomb criterion is suitable to model the trend of the strength data. 
This type of behavior was observed for all eight sets. The plot between the square of the 
residuals and a^ for set 7 is shown in Figure 3b. This figure shows that the variance of the 
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TABLE 1—Grouping of shear strength data. 

Data Set 
Number 

1 
2 
3 
4 

5 

6 
7 
8 

Name of the Site 

Public Trust Office 
PubUc Trust Office 
Public Trust Office 
Bolton Street and 

Aurora Terrace bridges 
Bolton Street and 

Aurora Terrace bridges 
Southern Portal Terrace Tunnel 
Southern Portal Terrace Tunnel 
Southern Portal Terrace Tunnel 

Void Ratio Range 

0.5-0.6 
0.6-0.7 
0.7-0.8 

0.5-0.6 

0.6-0.7 
0.5-0.6 
0.6-0.7 
0.7-0.8 

Number of 
Specimens 

17 
24 
21 

10 

12 
6 
9 
6 

residuals is nonconstant witli a^. This type of behavior was observed also for sets 1 and 5. 
Therefore, for each of these three sets, regression analysis was performed between the 
square of the residuals and a^ up to the sixth degree polynomial using P5R to obtain a fit 
for the variance of the residuals. Table 2 shows the results for set 7. The polynomial that 
gave the lowest residual mean square was chosen as the best fit to represent the variance 
function of the residuals. One has to be careful using the residual mean square and the 
multiple R-square to decide the best fit when dealing with a set containing few data points 
or repetitive data points. Draper and Smith have discussed this issue [8]. For set 7, the fifth 
degree polynomial was chosen as the best fit, and the inverse of this function was used to 
calculate the weights to perform the first degree polynomial weighted regression analysis. 
Similarly, the weighted regression analysis was performed also for sets 1 and 5. The results 
for both unweighted and weighted regression analyses for the three sets are given in Table 
3. For each of these three sets, weighted regression has resulted in a lower residual mean 
square value than for unweighted regression. For all three sets, multiple R-square has 
increased with weighted regression; the coefficients of variation of A and B, respectively, 
8^ and 8B, have decreased with weighted regression. These results show that the weighted 
regression estimates are better than unweighted regression estimates for these three data 
sets. However, the improvements on multiple R-square values are small (<7%). Therefore, 
even for data sets 1, 5, and 7, the point estimates based on unweighted regression may be 
satisfactory. 

Variance of the residuals for each of the other five sets was found to be approximately 
constant with CTJ. Due to this behavior, for these five sets, only unweighted regression results 
were used to obtain values for A, B, S^, Si, and COy(A,B). The results, given in Table 3, 
show high multiple R-square values for all eight sets. This imphes that the Mohr-Coulomb 
criterion is highly suitable to model the considered strength data. 

Calculation of (c,t) and (S/,Si^) 

Obtained values for A, B, SA, S^, and COV(A,B) were used in Eq 6 and Eq 8 to calculate 
values for c, i, S/, and 5,-̂  for each set. The results are shown in Table 4. This table also 
provides values for the coefficients of variation of c and i, respectively, 8,. and 8,-, to make 
comparisons about the uncertainty of / and c among different sets. For each set, 8? is smaller 
than 8̂ . All the 8,- values are less than 0.13. 8̂  values range from 0.19 to 0.41. 
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Itf '° 
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FIG. 3—Typical fesults of Unweighted linear regression for a data set that requires weighted 
regression analysis: (a) Predicted and observed 5i versus v, for data set 7; (b) Square of the 
residuals versus a, for data set 7. 

Bivariate Beta Modeling of (c,t) 

For convenience of presentation, (d,f) is replaced by {Q,R)- Figure 4 shows the values 
obtained for iQ,R) for all eight sets. Two different regions were chosen for Q versus R 
space as shown in Fig. 4 to investigate the effect of size of the region on fitting the distribution. 
For each case, (X,Y) and (X,Y,Sx,SY,rxY) sets were calculated for six different D values, 

TABLE 2—Results of the polynomial regression between square of the residuals and a-i for data set 7. 

Degree 

1 
2 
3 
4 
5 
6 

Residual Mean Square 

2.11 
2.37 
2.81 
1.84 
0.08 
0.12 

Multiple R-Square 

0.69 
0.70 
0.70 
0.84 
0.99 
0.99 
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TABLE 4—Estimates for parameters c and t. 

Data Set 
Number 

1 
2 
3 
4 
5 
6 
7 
8 

e = Q, 
hundreds 

of kPa 

0.525 
0.588 
0.887 
0.832 
0.455 
0.692 
0.662 
0.447 

t = R 

0.618 
0.608 
0.434 
0.491 
0.565 
0.671 
0.573 
0.573 

Se\ 
ten thousands 

of (kPa)^ 

0.0330 
0.0317 
0.0621 
0.0927 
0.0093 
0.0816 
0.0166 
0.0244 

s,' 

0.0008 
0.0015 
0.0031 
0.0038 
0.0003 
0.0034 
0.0019 
0.0010 

8. 

0.346 
0.303 
0.281 
0.366 
0.212 
0.413 
0.195 
0.349 

8,-

0.047 
0.064 
0.129 
0.125 
0.033 
0.087 
0.075 
0.055 

using Eq 11 and Eq 13, respectively. Then Eq 12 was used to obtain p,, p2, and ps values, 
which were used to find (/,),, for each of the grid cells shown in Fig. 1. Also, total expected 
probability, TEP, (that is, 2 (/j),j) was calculated for each case. Values of (/„),y for each cell 
shown in Fig. 1 were calculated using the computed X, Y values, (x^)^ for each case was 
obtained through Eq 10. Table 5 shows the results of bivariate beta modeling. TEP values 
were found to be either one or very close to one for all the cases. This implies that both 
the regions of Q-R chosen for modehng are adequate for accurate (x )̂d calculations. For 
all cases, the number of degrees of freedom was 51. Table 5 shows that the (x^)^ value 
depends on D as well as on the size of the considered Q-R domain. In this particular case 
it may be due to small sample size and coarse grid cells. However, P values given in the 
table imply that a bivariate beta distribution is suitable to represent the distribution of {Q,R) 
at least up to a significance level of 99.5%. 

Bivariate Normal Modeling of (c,t) 

Again {Q,R) is used to represent {6,t). Values of Q and R given in Table 4 were used to 
obtain estimates for |JIQ, (JLR, <JQ, CTR, and p through the moment estimation technique. The 
values obtained for jig, (IR, dg, d ,̂ and p were, respectively, 0.636, 0.567, 0.164, 0.074, and 
-0.594. These values led to coefficient of variation values of 0.26 and 0.13 for Q and R, 
respectively. The value obtained for p clearly shows that the correlation between Q and R 
is important for the considered strength data. For probabihty calculations, p-g ± Sdg and 
PR ± 3dR were used to cover the {Q,R) domain. The whole domain was divided into 36 
equal size grid cells to calculate (/„),y and (J,)ij values and thus to find (x^)^. The total 
theoretical probability for the whole domain was found to be 0.9949. This value shows that 
the considered domain is highly adequate for accurate {^\ calculations. The number of 
degrees of freedom for this case was 30. (x^^ was found to be 22.2, giving a P value of 
83%. This implies that the bivariate normal distribution with the parameter values given 
above can be used to represent the {Q,R) distribution up to a significance level of 83%. 

Conclusions 

The suggested procedure for probabilistic description of shear strength parameters using 
triaxial test data requires either an unweighted regression analysis or a weighted regression 
analysis, the propagation of error technique, and the chi-square goodness-of-fit test. To 
decide whether a weighted regression analysis is required for a given set of data, it is 
important to perform a residual analysis. The suggested procedure was apphed to eight sets 
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Region Marge triangle 
Region 2'small triangle 

1.6 iO 2.4 2.8 3.2 

Q='?,IO''kPa 

FIG. 4—Domains and point estimates of (c,t) to perform bivariate beta fitting. 

of strength data belonging to one soil type. For three data sets, weighted regression estimates 
were found to be better than unweighted regression estimates. However, the difference 
between the weighted and unweighted fits were found to be small. The parameter c was 
found to have higher variability than t. This agrees with previous findings on the variabiUty 
of c and t reported in geotechnical literature. In bivariate beta distribution modeling of c 
and t values, several factors were found to influence the (x^)j value. Further research is 
recommended on this issue. In the example discussed, only eight points were available to 
perform a chi-square test. A sample size of about 30 to 40 may be considered as a lower 
limit to perform a proper chi-square test. In geotechnical literature it is difficult to find such 
a data set. This shows that careful planning of experiments is important if one is interested 
in analyzing strength data using probabilistic methods. Results of this investigation show 
that both bivariate beta and bivariate normal distributions are suitable to represent the 
distributions of strength parameters. For the tested data set, bivariate beta fits were found 
to be better than bivariate normal fit. However, it is important to note that carrying out a 
goodness-of-fit test for bivariate normal distribution is easier than for bivariate beta distri
bution. 
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ABSTRACT: The demand for more rehable methods of predicting the stress-strain relation
ship of large particle soils, and for more realistic assessment of the influence of grain char
acteristics on the shear behavior of cohesionless materials, makes it very important that the 
geotechnical profession develop a reliable modeling technique to accurately evaluate the effects 
of test and specimen variables. Large size particles in a soil matrix make it difficult to determine 
the strength parameters using conventional laboratory equipment. The relevant properties of 
the prototype materials (which contain large size particles) could be evaluated by using lab
oratory-reconstructed specimens vifith smaller particle sizes. 

Traditionally, shear strengths of different types of cohesionless soils were compared using 
a constant relative density or void ratio. It was found that because of the differences in the 
range of limiting densities, soils with a constant relative density or void ratio but with different 
grain sizes would undergo different behavior during shear. At a constant void ratio or a constant 
relative density, sonie soils may experience volume increase; others may undergo a volume 
decrease; still others may experience no volume change during shear. Thus, comparing the 
shear strengths of different types of soils (that is, different grain size materials) based on the 
soils' relative densities or void ratios may led to inaccurate conclusions. The model should be 
based instead on the soils' response under the applied loads rather than their states of com
paction. 

This paper presents a new model (percent dilatation) whereby the shear strength of cohe
sionless soils, comprised of different particle sizes, can be compared and studied based on 
their behaviors during shear. The percent dilatation (PD) model was developed using data 
from 178 drained static triaxial tests, designed and conducted to study the effects of soil density, 
confining pressure, moisture content, and grain characteristics (size, gradation, shape, and 
particle angularity) on the shear strength of cohesionless soils. 

KEY WORDS: cohesionless, sand, gravel, triaxial, shear strength, ultimate strength, grain 
size 

The shear strength of dry cohesionless soils, described by their total angle of internal 
friction (<t)), can be separated into two independent components: 

(a) Ultimate angle of friction {<^u), which is governed by microscopic interlocking of 
particles due to their surface roughness at contact points (grain-to-grain friction), and 

(b) Interlocking angle of friction (<|),), which consists of physical restraints to relative 
particle translation affected by adjacent particles. 

' Associate professor of civil engineering. Department of Civil and Environmental Engineering, 
Michigan State University, East Lansing, ML 48824-1212. 

^ Engineer, Jones, Kwong, Kishi Consulting Engineers, 235 15th Street, West Vancouver, British 
Columbia, Canada, V7T 2X1. 
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568 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

The interlocking angle of friction is affected by the sample dilatancy, which is a function 
of the state of compaction of the soil (that is, the denser the soil, the higher its dilatancy; 
the higher the degree of interlocking; and the higher the angle of interlocking friction [<|)/]). 

The shear stress required to overcome particles interlocking and to bring the soils to a 
free-sliding position is greatly affected by the soil grain size [1]. This conclusion, however, 
is not consistent throughout the literature. Conflicting findings and opinions concerning the 
effects of grain size or percent gravel content on the shear strength of cohesionless soils [2] 
are summarized below. 

1. The shear strength of cohesionless soils increases as the particle size increases [1, 
3-6]. 

2. The shear strength of cohesionless soils decreases as the particle size increases [7-13]. 
3. The shear strength of cohesionless soils is not affected by the grain size [14-17]. 

TABLE 1—Summary of the effect of grain size on the shear strength of cohesionless materials. 

Source 

Bishop [14] 

Vallerga et al. [16] 

Zelasko [17] 

Kirkpatrick [1] 

Koemer [8] 

Leslie [9] 

Marachi [10] 

Marshal [11] 

Rowe [12] 

Zeller & Williman [13] 

Donaghe & Torrey [4] 

Holtz & Gibbs [5] 

Lewis [6] 

Maximum 
Particle Size, 
inch (mm) 

1.25 
(31.8) 

0.20 
(4.8) 

0.03 
(0.9) 

0.08 
(2.0) 

0.10 
(2.5) 

3.00 
(76.2) 

6.00 
(152.4) 

8.00 
(203.2) 

0.04 
(10) 

3.94 
(100.0) 

3.00 
(838.2) 

3.00 
(76.2) 

0.25 
(6.4) 

Type 
of 

Test" 

D 

T 

T 

T 

T 

T 

T 

T 

S 

T 

T 

T 

D 

Conclusion* 

1* 

1* 

1* 

2* 

2* 

2* 

2* 

2* 

2* 

2* 

3* 

3* 

3* 

Conclusion 
Based on a 
Constant 
Value of 

n 

e 

e 

n 

e 

e 

e 

n 

n 

n 

Dr 

Dr 

Dr 

Uniformity 
of the Test 
Material 

Uniformly graded 

Uniformly graded 

Varied 

Uniformly graded 

Uniformly graded 

Very well graded 

Well graded 

Varied 

Varied 

Very well graded 

Very well graded 

Varied 

Uniformly graded 

" D 
T 
S 

b I* 
2* 
3* 

= Direct shear test 
= Triaxial compression test 
= Sliding test (or angle of repose test) 
= The shear strength is not affected by particle size. 
= The shear strength decreases as the particle size increases. 
= The shear strength increases as the particle size increases, 

n = Porosity 
e = Void ratio 
Dr = Relative density 
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FIG. 1—Parallel gradation curves. 

The differences between these findings are related mainly to the basis on which the shear 
strengths of different grain size soils were compared. Some researchers compared the shear 
strength of the soils using a constant relative density; others used a constant void ratio; still 
others did not separate variables that may affect shear strength. Table 1 summarizes past 
studies of the effects of grain size on the shear strength of cohesionless soils and the basis 
on which the analyses were conducted. 

This paper presents a new analytical model, called the percent dilatation model (PD), 
whereby the effects of grain size on the shear strength of cohesionless soils can be studied. 
The model, based on the soil behavior during shear, was developed using drained triaxial 
test results. 

1 0 0 ' • • -

60 

40 
; 

. / 

r 
/ 
/ 

1 0 ' 10^ 10° 10" 

Maximum Grain Size (mm) 

10 

FIG. 2—Relationship between the percent fine content and the maximum grain size of the 
series of samples. 
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570 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

Test Material and Test Results 

The original test material used in this investigation consisted of a natural deposit of rounded 
to subrounded aggregates. The aggregates consisted of the following percent mixture by 
weight: granite 39%, sandstone 20%, meta-quartzite 11%, dolomite 11%, limestone 11%, 
and chert 8%. The grain size of this material ranged from 1.5 to less than 0.003 in. (40 to 
0.075 mm). A part of the original material was crushed and pulverized (C/P). The C/P 
material was then sieved and separated according to different fraction of grain sizes. The 
other parts of the natural aggregates were used to study the effects of particle angularity on 
the shear strength of the materials. The test results can be found in Ref 2. 

It should be noted that in this paper the term soil sample refers to a soil mixed according 
to any one of the five gradation curves (Curves 1 to 5 in Fig. 1). The term soil or test 
specimen indicates the physical test specimen made from a soil sample and tested under 
certain conditions. Thus, several test specimens could be made from one soil sample. 

To study the effects of grain size on the shear strength of the C/P material, five soil 
samples from a series of five parallel gradation curves (Fig. 1) were used. Because the 
gradation curves are parallel, the soil samples possess the same coefficient of uniformity 
(C„) of 45 and coefficient of curvature (C,,) of 1.58. The only difference between the five 
soil samples is the grain size or percent fine content (percent finer than the No. 200 sieve). 
For example, the soil of curve 1 (in Fig. 1) consists of the largest maximum grain size (0.375 
in. or 9.5 mm), and the lowest percent fine content of 12%. For all curves, as the maximum 

TABLE 2—Percent gravel, sand, and fine content by weight, Atterberg limits, uniformity coefficient 
(C) coefficient of curvature, (Q) and the Unified Soil Classification System {USCS) of the series of 

parallel graded samples. 

Soil Fraction 
or Component 

Coarse-grained 
• Gravel 

Coarse 
Fine 

Total Gravel 

• Sand 
Coarse 
Medium 
Fine 

Total Sand 

Fine-grained 
SUt 

Unifomiity coefficient (C„)" 
Coefficient of curvature (C)° 
Atterberg Limits'' 

Liquid Limit 
Plastic Limit 
Plasticity index 

USCS symbol 
Specific gravity 

1 

0.0 
19.2 
19.2 

23.8 
27.0 
18.0 
68.8 

12.0 

45.0 
1.58 

21.9 
21.62 
0.28 

SW-SM 
2.74 

2 

0.0 
0.0 
0.0 

23.0 
36.0 
23.1 
82.1 

17.9 

45.0 
1.58 

21.9 
21.62 
0.28 
SM 
2.74 

Sample Number 

3 

0.0 
0.0 
0.0 

4.0 
42.0 
27.9 
73.9 

26.1 

45.0 
1.58 

21.9 
21.62 
0.28 
SM 
2.74 

4 

0.0 
0.0 
0.0 

0.0 
30.0 
34.5 
64.5 

35.5 

45.0 
1.58 

21.9 
21.62 
0.28 
SM 
2.74 

5 

0.0 
0.0 
0.0 

0.0 
10.0 
52.3 
52.3 

47.7 

45.0 
1.58 

21.9 
21.62 
0.28 
SM 
2.74 

' C„ and Cc sue presented here to indicate parallel graded samples. 
' Tests were conducted on materials passing No. 200 sieve. 
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grain size decreases, the percent fine content increases. For any series of parallel graded 
soils, the value of the percent fine content of the soil is a function of its maximum grain 
size. The functional relationship for the series of curves of Fig. 1 is expressed in Eq 1 and 
shown in Fig. 2. 

PF = -0.176{1.0 - 3.187 exp[-0.66(log£)^)]} (1) 
where 

PF = percent fine content (PF = 0.0 to 1.0) 
exp = exponential function 
log = logarithm to base 10 
m̂ax = maximum particle size 

In this paper, the percent fine content will be used to characterize the grain size of the soils. 
As noted above, the C/P material was then blended in conformity with each of the parallel 

gradation curve of Fig. 1. This resulted in five different soil samples (different grain sizes) 
with the same coefficients of uniformity and curvature. The soil samples were then classified 
(see Table 2) in general accordance with the Unified Soil Classification System. Maximum 
and minimum dry density tests and angle of repose tests were conducted for all five soil 
samples. The test results, critical void ratio, and the ultimate angle of internal friction of 
the soil samples are summarized in Table 3. 

From each soil sample, several 3-in. (76-mm) diameter triaxial test specimens were pre
pared at various densities and three levels of water content (dry, 5%, and 9%), and tested 
using confining pressures of 5, 25, and 50 psi (34.5, 172.5, and 345 kN/m^- In this paper 
however, only the dry drained triaxial test results at the 5 psi (34.5 kN/m^) confining pressure 
are presented (see Table 4) and discussed. Other data at different confining pressures and 
water contents, and the test procedures may be found in Ref 2. 

Discussion 

The characteristics of the stress-strain diagram of a cohesionless soil vary, and they depend 
on the density and moisture content of the soil specimen, and the test confining pressure. 

TABLE 3—Percent fine content; maximum particle size; maximum and minimum densities; maximum, 
minimum, and critical void ratios; ultimate angle of internal friction; and angle of repose of the series of 

parallel graded samples. 

Material 
Sample 
Number 

Percent fine content 
Maximum particle size, in. 
Maximum density, pcf 
Minimum density, pcf 
Maximum void ratio 
Minimum void ratio 
Critical void ratio 

at 34.5 kN/m^ (5 psi) 
Ultimate angle of friction 

((()„) at 34.5 kN/m' (5 psi) 
Angle of repose (<|),) 

0-

0.0 
1.5 

134.4 
111.0 

0.539 
0.271 

37.75 

1 

12.0 
0.38 

131.0 
103.5 

0.650 
0.304 

0.470 

35.69 
33.67 

Crushed and Pulverized 

2 

17.9 
0.19 

129.5 
99.5 
0.716 
0.319 

0.485 

35.38 
31.61 

3 

26.1 
0.09 

126.5 
94.0 
0.817 
0.350 

0.525 

34.42 
28.50 

4 

35.5 
0.05 

123.0 
88.5 
0.930 
0.388 

0.550 

33.41 
27.75 

5 

47.7 
0.02 

118.0 
80.0 
1.135 
0.447 

0.610 

33.62 
26.76 

' Sample number zero designates zero percent fine content. 
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572 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

TABLE 4—Triaxial test results. 

(T/ 

5 
5 
5 
5 
5 
5 

5 
5 
5 
5 
5 
5 
5 

5 
5 
5 
5 
5 
5 

5 
5 
5 
5 
5 
5 

5 
5 
5 
5 
5 
5 
5 
5 

5 
5 
5 

D," 

46.70 
58.40 
62.70 
79.40 
91.30 
97.90 

50.90 
63.20 
67.10 
69.80 
90.10 
91.20 
96.30 

55.70 
64.60 
71.90 
80.80 
90.20 
99.60 

53.70 
57.00 
65.40 
76.70 
80.70 

100.0 

61.60 
62.50 
68.30 
80.60 
80.70 
92.70 
95.50 
98.00 

82.70 
95.30 
99.80 

SampU 

Sampl< 

Sampli 

Sampli 

Sampli 

Sample 

i 1, Crushed and Pulverized Material 

e' 

0.4882 
0.4477 
0.4328 
0.3750 
0.3337 
0.3109 

V 
35.69 
37.34 
38.70 
47.53 
50.19 
55.88 

; 2, Crushed and Pulverized Material 
0.5139 
0.4650 
0.4496 
0.4388 
0.3581 
0.3537 
0.3334 

35.38 
* 

38.12 
39.69 
45.27 
47.04 
50.67 

i 3, Crushed and Pulverized Material 
0.5568 
0.5152 
0.4812 
0.4396 
0.3957 
0.3519 

34.42 
*« 

37.11 
39.27 
44.62 
51.33 

i 4, Crushed and Pulverized Material 
0.6390 
0.6212 
0.5757 
0.5148 
0.4929 
0.3884 

33.41 
33.41 
33.41 
35.69 
37.63 
52.40 

e 5, Crushed and Pulverized Material 
0.7113 
0.7051 
0.6652 
0.5807 
0.5797 
0.4975 
0.4817 
0.4609 

33.62 
33.62 
33.62 
35.08 
37.33 
47.27 
48.72 
49.89 

100, Crushed and Pulverized Material 
0.8100 
0.7044 
0.6672 

34.69 
41.16 
43.71 

V 
20.0 
6.0 
5.0 
3.5 
2.7 
2.5 

20.0 
* 
6.6 
5.5 
3.0 
3.5 
2.5 

20.0 
« 
6.7 
4.5 
3.3 
2.2 

20.0 
20.0 
20.0 
4.8 
4.5 
2.4 

20.0 
20.0 
20.0 
4.0 
3.7 
2.5 
2.2 
2.1 

4.9 
3.2 
2.9 

PDf 

-10.94 
13.40 
22.36 
57.09 
81.91 
95.61 

-17 .38 
12.03 
21.29 
27.78 
76.31 
78.95 
91.16 

-18.17 
5.60 

25.03 
48.80 
73.89 
98.91 

-55.07 
-44.06 
-15.90 

21.78 
35.33 

100.00 

-62.26 
-58.45 
-33 .93 

18.01 
18.62 
69.15 
78.90 
91.60 

25.65 
79.84 
98.92 

° 0-3 = Confining pressure (psi). 
' O, = Relative density (after confining pressure). 
' e = Void ratio (after confining pressure). 
•* <l)p = Peak angle of internal friction (degree). 
' £p = Axial strain at peak strength. 
'̂  PD = Percent dilatation. 
« * = No data. 
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(a) (b) 

cr 
Void Ratio Axial Strain 

FIG. 3—Typical stress-strain and stress-void ratio curves for loose and dense soil specimens. 
(From Holtz, R. D. and Kovacs, W. D., An Introduction to Geotechnical Engineering, 
Prentice Hall, Englewood Cliffs, NJ, 1981.) 

Typical stress-strain curves of loose and dense soil specimens (Fig. 3a) show that dense soil 
possesses a peak strength (maximum principal stress difference) after which the stress drops 
to a constant value (ultimate strength) while the soil undergoes a continuous deformation 
(strain). On the other hand, the principal stress difference for loose soil increases with 
increasing strain until a constant stress level (ultimate strength) is reached. Figure 3b depicts 
the principal stress difference versus the void ratio of the same soil specimens. It can be 
seen from Fig. 3b that the dense specimen experiences an increase in the void ratio while 
the loose one undergoes a decrease in the void ratio as the stress increases. At ultimate 
strength, however, both samples would have approximately the same void ratio. This is 
called the critical void ratio—the void ratio at which cohesionless soils experience no volume 
change during shear. Any soil specimen with an initial void ratio of less than its critical void 
ratio is called a dense specimen and will undergo a volume dilatation (volume increase) 
during shear. If the void ratio of the soil specimen is higher than its critical void ratio, then 
the soil specimen is loose and will stand a volume decrease during shear. Further, the value 
of the critical void ratio depends on the soil in question and the test confining pressure [18]. 

Traditionally, the strength of soil specimens are compared, studied, and analyzed using 
the void ratio or the relative density of the soils. This method is useful when analyzing the 
strength variation of one type of soil (loose or dense) due to variations in the soil density 
or void ratio. If different types of soils or the same soil type but with different grain sizes 
are involved, however, the method may be inaccurate and may lead to conflicting conclusions 
concerning the effects of grain size on the shear strength of the soils. This point could be 
illustrated using the following examples: 

Example 1 

In this study, all soil samples possess the same type of gradation (coefficients of uniformity 
and curvature) but different percent fine content and maximum particle size. Several dry 
dense and loose soil specimens of each sample were tested using drained triaxial compression 
tests. Figure 4 shows plots of the peak angle of internal friction versus the relative density 
of the soil specimens. The ultimate angles of internal friction, and the critical relative densities 
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FIG. 4—Peak angle of internal friction versus relative density of the series of samples for a 
confining pressure of 34.5 kN/rn' (5 psi). 

(corresponding to the critical void ratios) of all samples are also shown in Fig. 4. It can be 
noted from the figure that for all soil specimens of any one sample of one gradation curve, 
the higher the relative density, the higher the angle of internal friction. If the peak angles 
of internal friction of all samples (different types of soils) are to be compared with one other 
using a constant relative density value (for example, 0.7), then samples 4 and 5 are on the 
loose side of the curves, sample 3 is in the vicinity of the critical void ratio, and samples 1 
and 2 are on the dense side. Thus, the samples possess different behavior during shear and, 
consequently, their strengths cannot be compared. Nevertheless, if such comparison is to 
be made then the following conclusion can be drawn: The larger the grain size {or the lower 
the percent fine content) of the soil, the higher the strength. A similar conclusion was also 
reached by several other researchers [1,3-6]. 

Example 2 

Figure 5 depicts the same data as Example 1, plotted against the void ratio of the soil 
specimens. It can be seen from the figure that for all test specimens of one soil sample, the 
lower the void ratio, the higher the angle of internal friction. If the data from all samples 
are to be compared at the same void ratio then the following conclusion can be made: The 
larger the grain size (or the lower the percent fine content) of the soil, the lower the strength. 
Again, a similar conclusion was reached by several other researchers [7-13]. 

It is clear that the conclusion of Example 1 is exactly the opposite of that of Example 2. 
The reason is that at a constant relative density or void ratio, soils with different grain sizes 
experience different behavior during shear. 
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FIG. 5—Peak angle of internal friction versus void ratio of the series of samples for a 
confining pressure of 34.5 kNIm^ (5 psi). 

The above two examples illustrate, to some extent, the need to develop a new technique 
or analysis procedure to study the strengths of different types of soils. 

To this end, a new model was developed based on the dilatant behavior of the soil during 
shear. The model can be expressed by the following equation: 

PD = (ec« - e)/(ec« - e^„) (2) 
where 

PD = percent dilatation of the soil specimen (percent volume change) 
ecR = critical void ratio of the soil (the void ratio at which the soil will not change volume 

during shear) 
e = void ratio of the soil 

fimin = minimum void ratio of the soil (it corresponds to the maximum dry density) 

Irrespective of the type of soil and the grain size involved, the advantages of the percent 
dilatation model include 

1. For zero percent dilatation, all cohesionless soils will experience no volume change 
during shear (that is, the void ratio of the soil will be the critical one). 

2. For a positive value of the percent dilatation, all cohesionless soils will possess a void 
ratio less than the critical void ratio and will experience similar behavior (volume 
increase) during shear. 

3. For a negative percent dilatation, all cohesionless soils will possess a void ratio higher 
than the critical void ratio, will undergo a volume decrease during shear, and will have 
a peak angle of internal friction equal to the ultimate angle of internal friction. 
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FIG. 6—Normalized strength dijjKrcice versus percent dilatation of the series of samples 
for a confining pressure of 34.5 kN/m^ (5 psi). 

The same data of the two examples above were also analyzed using the percent dilatation 
model. The normalized strength difference (NSD) from each test was calculated using Eq 
3. Then the NSD data were plotted against the percent dilatation (PD) of the test specimen 
(Fig. 6). 

N S D = (<()p - <i>u)/(<^u) (3) 

where 

NSD = normalized stress ratio 
<(>P = peak angle of internal friction (degree) 
^u = ultimate angle of friction (degree) 

The significance of the percent dilatation model can be realized by considering the char
acteristics of Fig. 6. These include 

1. If the void ratio of the soil specimens is lower than the critical void ratio (that is, dense 
to relatively dense specimens), then the test data will be located in the first quarter of 
the axes system (as shown in Fig. 6). 

2. If the soil specimens are loose (that is, the void ratio is higher than the critical), then 
the test data will be located along the negative part of the PD axis (the horizontal 
axis). 

3. If the void ratio of the soil specimens is equal to the critical void ratio, then the data 
points will be located at the origin. 
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The benefit of the percent dilatation model is that the test data, as shown in Fig. 6, are 
separated into different regions whereby the soil specimens in any one region possess similar 
behavior during shear. For example, soil specimens with data points located in the first 
quadrant (24 data points are shown in Fig. 6) will undergo a volume dilatation (expansion) 
during shear; those with data points at the origin of the axes will theoretically experience 
no volume change during shear (no data points are available); and soil specimens with data 
points along the negative part of the PD axis will undergo volume decrease during shear (8 
data points are available, see Table 4, but are not shown in Fig. 6 due to size restriction). 

The test data of Fig. 6 were then used to obtain equations of the best lit lines using least 
square analysis. It should be noted here that the best fit Unes (the solid Hnes in Fig. 6) were 
made to pass through the origin by adding several data points with zero coordinates to every 
set of data representing any one sample. The straight Unes in Fig. 6 were modeled using 
the following general equation: 

NSD = (<t>p - (t>„)/(<t>̂ ) = SP / ^ " " ^ l (4) 

where 

NSD = normalized stress ratio 
<i>p - peak angle of internal friction in degrees 
^u = ultimate angle of internal friction in degrees 
ecR = critical void ratio 
e^„ = minimum void ratio 

e = void ratio of the soil specimen 
SP = slope of the best fit line 

Examination of Fig. 6 indicates that 

1. The higher the percent dilatation of any soil sample, the higher the NSD and the higher 
the strength of the soil. This was expected because the higher the PD, the denser the soil 
and the higher the degree of particle interlocking. 

2. There is no consistent (decreasing or increasing) order of the magnitude of the slopes 
of the best fit lines. Because the only difference between the parallel graded soil samples 
is grain size, the slopes of the straight lines of Fig. 6 are a function of the grain size of the 
samples or the percent fine content. 

To study the effect of grain size on the peak strength of the soil samples, the slopes of 
the best fit hnes of Fig. 6 are plotted against the percent fine content of the soils in Fig. 7. 
The values of the slope decrease as the percent fine content increases from zero to about 
20; increase as the percent fine content increases from about 20 to about 45; and decrease 
thereafter. Nevertheless, the curve of Fig. 7 was modeled using Eq 5. 

^ 0.41 + 3.16[ABS(PF - 0.205)] _ 
1.00 + 1.45[ABS(PF - 0.205)] ^ ^̂  ^•^^(i''^) J ^V 

where 

SP = slope of the best fit lines of Fig. 6 
ABS = absolute value 

PF = percent fine content of the soil (PF = 0.0 to 1.0) 
exp = exponential function 
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FIG. 7—Values of the slope of the normalized strength difference lines versus percent fine 
content of the series of samples. 

By combining Eqs 4 and 5, the NSD of any soil specimen of the crushed and pulverized 
material could be calculated by using Eq 6: 

NSD = {[ 
(ecx - e) i ro.41 + 3.16[ABS(PF - 0.205)]] 

(e« - e„jJLl.OO + 1.45[ABS(PF - 0.205)]J 

X exp[-1.26(PF'35] + 1 
•») 

(6) 

Equation 6 was found to be more than 95% accurate (that is, a comparison between the 
values of the NSD calculated by using Eq 6 and the measured data showed a maximum 
absolute difference of less than 5%). 

Given the ultimate angle of internal friction of the soil samples, the effect of grain size 
on the peak strength of the soil can then be studied by using Eq 5 to calculate the peak 
angle of internal friction at constant levels of percent dilatation. Figure 8 depicts the cal
culated peak angle of internal friction plotted against the percent fine content of the soil 
for percent dilatation of 0.0, 0.25, 0.5, 0.75, and 1.00. Examination of the figures indicates 
that 

1. For a constant percent fine content (particle size), the higher the percent dilatation of 
the soil specimen, the higher the value of the peak angle of internal friction (that is, 
the higher the density of the soil, the higher the shear resistance). 

2. For a constant value of percent dilatation, the peak angle of internal friction decreases 
as the percent fine content increases from zero to 20.5%, then it increases as the 
percent fine content increases from 20.5 to about 40%, and finally it decreases once 
again as the percent fine increases above the 40% level. 

The first observation was expected because the higher the percent dilatation, the lower 
the void ratio and the higher the density of the soil. The peak angle of internal friction of 
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FIG. 8—Peak angle of internal friction versus percent fine content of the series of samples 
for a confining pressure of 34.5 kNIm^ (5 psi) and five values of the percent dilatation. 

the soil (also called the total angle of internal friction) is a function of the state of compaction 
of the soil (that is, the denser the soil, the higher the shearing resistance). The shearing 
resistance of cohesionless soils depends on the physical motion between particles which 
includes particles sliding and rolling relative to each other, and particle plucking and dis
placement from their interlocking seats. The former is being resisted by the sliding friction 
(ultimate friction), which is a function of the soil mineral and surface roughness of the grain. 
The latter consists of physical restraints to relative particle translation affected by adjacent 
particles. The resistance to this motion is offered by what is called interlocking friction. 
Particle interlocking is a function of the soil density and particle angularity. For a constant 
value of soil angularity, the denser the soil, the higher the particle packing and the higher 
the degree of interlocking. The peak angle of internal friction can be taken as the sum of 
the shding (ultimate) and interlocking friction, and the ultimate friction is independent of 
the soil density, therefore, the higher the degree of interlocking, the higher the peak angle 
of internal friction. 

The significance of the second observation is that two variables are affecting the peak 
angle of internal friction. The first is the percent gravel content of the sample, while the 
second is the percent fine content. As noted above, for parallel gradation curves, these two 
variables are dependent on each other. However, they possess independent influence on 
the shear strength of the soils. This observation is explained below. 

Gravel Content 

Figure 9 shows the percent gravel and sand contents plotted against the percent fine 
content of the five soil samples. First, the percent fine contents of all samples are known. 
To obtain the percent combination of gravel and sand, simply enter the percent fine content 
of the sample in question on the horizontal axis; draw a vertical line to intercept the gravel 
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FIG. 9—Percent combination of gravel and sand versus percent fine content for the series 
of samples. 

and sand lines; then read the percent gravel and sand contents on the vertical axis that 
correspond to the points of intersection. The percent gravel content decreases as the percent 
fine increases from zero to 17.9, and it is zero thereafter. Thus, for percent fine contents 
lower than 17.9%, gravel size particles reside in the soil matrix of the specimen. Large 
particles possess a relatively higher degree of interlocking than smaller particles (sand). 
Consequently, the interlocking friction is expected to increase, which causes an increase in 
the peak angle of internal friction. 

Fine Content 

Siddiqi concluded that the presence of oversized particles (larger than one sixth of the 
specimen diameter) in a soil matrix decreases its density due to less efficient packing around 
the oversized materials [79]. The presence of fine material around gravel and sand particles 
in a soil matrix offers a similar phenomenon (that is, they form localized loose soil pockets 
around denser and larger particles). These loose pockets possess lower shearing resistance 
than the rest of the soil. Consequently, the overall shearing resistance of the soil specimen 
will suffer. As the percent fine content increases and the gravel content decreases to zero 
percent, packing efficiency increases and the fine particles are forced closer together. Further 
increases in the percent fine content will cause fine materials to dominate the soil behavior 
which will result in a lower shearing resistance. 

To summarize, the total effects of the grain size on the peak angle of internal friction can 
be separated into two components: 

(a) their effect on the ultimate angle of internal friction, which is mainly (for the same 
mineral type) a function of the surface roughness of the particles. This in turn is a 
function of the percent fine content and the maximum particle size of the sample. 

(b) their effect on the angle of interlocking friction, which is a function of the percent 
dilatation (sample density), the percent fine content, and the maximum grain size, 
and the percent combination of gravel, sand and fine materials of the sample. 

Conclusions 

The contradictory conclusions found in the literature concerning the effect of grain size 
on the shear strength of cohesionless soils were found to be related to the basis on which 
the analyses were conducted. This problem can be resolved by a new analytical model based 
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on the dilatent behavior of the soil (percent dilatation model). It was found that this model 
is superior when compared to the traditional relative density and void ratio models. By using 
the percent dilatation model, the effects of grain size, gravel content, and percent fine of 
the soil can be separated and analyzed. 

Based on constant percent dilatation, the shear strength of cohesionless soils was found 
to be dependent on the grain size and the percent fine content. In general, the shear strength 
of cohesionless soils increases with increasing grain size and gravel content. 
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ABSTRACT: A theoretical study of pore-pressure distributions in drained, constant strain-
rate triaxial tests, an outgrowth and extension of earlier work by Gibson, Bishop, and Henkel, 
has been done to determine the experimental conditions under which pore-pressure gradients, 
and hence, effective stress differences throughout deforming triaxial test samples, are small. 

It is concluded from the analysis of drained triaxial constant strain-rate tests that it is 
impossible to obtain a fully drained condition. In fact, in this test the long-term spatial pore-
pressure distribution becomes parabolic. Unless strain rates are sufficiently low or permea
bilities are sufficiently l£irge to minimize the effect of this parabolic pore-pressure distribution, 
effective stresses in the deforming sample cannot approach uniformity and any property de
terminations based on the assumption of uniform effective stresses will be in error. A similar 
conclusion was reached by Gibson. It is also concluded that volumetric strains will be largest 
near the undrained end of a sample drained at one end, or largest in the middle of a sample 
drained at both ends. This strain distribution is a consequence of the paraboUc pore-pressure 
distribution and suggests an explanation (apart from frictional end restraints) for any post-
yield barreUng observed in a drained triaxial test. 

KEY WORDS: pore pressure, consohdation, triaxial, constant strain-rate tests, drained tests 

Most triaxial tests done in rock and soil mechanics laboratories can be classified as drained, 
undrained, or pore-pressure-controlled. In drained tests, either one or both ends of a jack
eted cyhndrical sample are open to atmospheric pressure allowing drainage of pore fluid 
during deformation. In undrained tests, both ends of the sample are sealed, preventing any 
drainage during deformation. In the pore-pressure-controUed test, pore pressure is inde
pendent of confining pressure and maintained by external means. For each of these tests, 
it is necessary that pore-pressure gradients within the deforming test sample be small. If 
frictional effects near the ends of test samples can be minimized and pore-pressure gradients 
are small, then effective stresses across the material being tested will be reasonably uniform, 
and meaningful test results can be obtained. 

In the following, Biot's theory of poro-elasticity [1] is apphed to model pore-pressure 
distributions in drained constant strain-rate tests. Attention is focused on the conditions 
under which uniformity, or near-uniformity, in pore pressure is obtained in this type of 
triaxial test. However, no attempt is made to assess other effects, such as frictional end 
restraints, on the test sample. 

Theoretical predictions of pore-pressure distributions in drained and undrained triaxial 

' Geologist, United States Department of the Interior, Geological Survey, Box 25046, M.S. 966, 
Denver Federal Center, Denver, CO 80225. 
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tests have been presented previously. Gibson and Henkel [2] applied Biot's theory of poro-
elasticity [1] to find the time variation of spatially averaged pore pressure in a drained 
constant strain-rate triaxial test. Their interest was in determining the amount of time 
required for dissipation of at least 95% of the average excess pore pressure; a degree of 
dissipation sufficient to ensure negligible error in determining the drained strength. Because 
pore pressures were spatieilly averaged, no consideration was given to pore-pressure gra
dients, a factor considered below. 

Gibson (quoted in Bishop and Henkel [3] also considered the time required for equali
zation of an initially nonuniform pore pressure in an undrained constant strain-rate triaxial 
test. The nonuniformity in pore pressure was attributed to nonuniformity in stress and strain 
due to end restraint in the test sample. This end restraint was thought to cause high pore 
pressures near the sample ends. Gibson treated the problem theoretically by assuming an 
initial parabolic nonuniformity in sample pore pressure, and found what strain rates were 
necessary to ensure nearly complete pore-pressure equalization at sample failure. This prob
lem will not be considered here. 

Gibson also considered theoretically the times required for equalization of pore pressures 
between a sample and a flexible pore-pressure measuring system [4]. No attempt is made 
here to analyze the effects of measuring system stiffness on the accuracy of pore-pressure 
measurements, and the reader is referred to Ref 4 for further details. 

In the following, Biot's theory of consolidation [1] is specialized to the case of constant 
strain-rate deformation under fixed confining pressure. This leads to a diffusion equation 
for pore pressure, which in turn is solved for boundary and initial conditions appropriate 
for drained tests. The result of this analysis provides the experimentalist with an idea of 
pore pressure and volumetric strain distributions in drained constant strain-rate tests. 

Biot's Theory of Consolidation 

Biot considered the stress-strain response of a porous material having the following 
properties: (1) isotropy; (2) reversibility of stress-strain relations under final equilibrium 
conditions when all excess pore fluid pressures are dissipated; (3) linearity of stress-strain 
relations; (4) an incompressible pore fluid; (5) small strains; and (6) water flow through the 
porous skeleton according to Darcy's law [3]. (Discussions of Biot's theory and assumptions 
1 through 6 can be found in Refs 5 to 7.) These assumptions are fairly reasonable for porous 
rocks subjected to stress levels where strains remain small. However, for soils, the effects 
of finite strains must often be considered which complicates the analysis [8-10]. Such com
plications are avoided here because the intent is to explore the fundamental phenomenology 
of pore-pressure distribution in drained constant strain-rate tests. 

The first of Biot's constitutive (stress-strain) relations are in standard tensor notation: 

iLy'"~3r^^''''v^3H-^'i = ^ r^v ~ ax _̂  o.. 8,y <y**) + :n} ^n (1) 

where ei, represents strains; <j,j represents stresses; Sjy is the Kronecker delta; \i. and \ are, 
respectively, the shear modulus and Lame's constant for the elastic skeleton; P is the pore 
pressure; and the coefficient \IH is a measure of compressibiUty of the porous material for 
a given change in water pressure. As can be seen, Eqs 1 reduce to the usual elastic relations 
when the pore pressure, P, vanishes. Because consolidation involves removal of pore water, 
an additional variable specifying the change in the amount of pore fluid per unit volume of 
porous medium must be defined. For a saturated material containing an incompressible 
fluid, this variable, 0, is equal to T) - TI„, where ii and TI„ are porosities in the strained and 
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unstrained states. Biot assumed the relation between change in water content (porosity), 
pore pressure, and mean stress (a„/3) to be 

e = P/i? + ^ (2) 

where the coefficient 1/R measures the change in water content (porosity) for a given change 
in water pressure. This constitutive relation (Eq 2) predicts that an increase in pore-water 
pressure causes an increase in porosity, and an increase in compression causes a decrease 
in porosity in a water-saturated porous medium. 

The constitutive Eqs 1 and 2 may be inverted for stress in terms of strain to give 

(Til = \8i, eu + 2jJiei, - a^aP (3) 

and 

e = acu + PIQ (4) 

In Eq 3, a = 3 \ -I- 2\i/3H = K/H, where K is the bulk modulus of the porous skeleton. 
In Eq 4, 1/Q = 1/R - a/H. 

The stresses given by Eq 3 must satisfy equilibrium, or 

^ . p / ^ = 0 (5) 

where F, represents the components of body force per unit mass at the point jc,. Substitution 
of Eq 3 in Eq 5 and use of the strain displacement relation, Cy = Vz [dUi/dXj + du^/dXt], 
leads to the equations of equihbrium in terms of displacements: 

We see that the pressure gradients dP/dXj affect the displacements like a body force. 
An additional relation is needed to describe the flow of pore fluid in response to changes 

in pore pressure. According to Darcy's law, the rate of flow of fluid, Vi, at a point defined 
by the volume of fluid crossing a unit area per unit time, is proportional to the gradient of 
pore pressure at that point, or 

. , . - . g (7) 

where k is the permeability. 
Assuming the pore fluid to be incompressible, continuity requires the increase of fluid 

content per unit time in a volume of porous solid, or /„ dS/dt dv to equal the volume of 
fluid entering per unit time through the surface, s, of the volume, or —J,Vii\ids, where TI, 
is an outward normal to s. We have, then 
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which, by the divergence theorem of Gauss, is 

J dt J dXi 

or finally, the statement of continuity 

dt dXi 
(8) 

Substituting Eqs 4 and 7 in Eq 8 leads to 

dXidXi dt dt 
(9) 

Equations 6 through 9 in the four unknowns u^ and P constitute the basic equations in Biot's 
theory of consolidation [J]. 

Drained Constant Strain-Rate Test 

As shown in Fig. 1, a sample of height h relative to an x^, X2, Xj rectangular coordinate 
system is jacketed so that pore fluid moves in the axial direction only. The sample is subjected 
to a constant symmetric radial stress an = CT22 = ~ ôc- The upper boundary (JCJ = h) is 
open to atmospheric pressure and is subjected to a displacement M3 = - rth where r is a 
constant strain rate. The lower boundary of the sample is sealed against fluid flow and fixed 
so that Mj = 0. The axial displacement would have the distribution M3 = - rtxj in the absence 
of pore pressure. 

When pore fluid is present, some additional analysis is necessary. Because the pore fluid 
flow is axial, it is assumed that P is a function of the axial coordinate and time only. Also, 

•*>X2 

FIG. 1—Tricaial test configuration referred to a Cartesian x,, X2, X3, coordinate system. The 
sample, jacketed radially, is open to fluid flow at x, = h, and closed to fluid flow at x, = 0. 
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for the configuration shown in Fig. 1, the equations of equilibrium of total stresses and the 
fact that ail = 2̂2 = - Vc yields 

^ = 0 (lOa, 

and the constitutive equations (Eq 1) give 

£̂33 _ J _ aP _ g dP 
dx, ~ 3H dxj ~ 3 \ + 2jji dxj 

Integrating Eq 11 with respect to x, yields 

'"'^ = 0 (10c) 

3X + 2ji 

and a second integration yields 

"' = 35: 

and from Eq 10 

3ett ^ J [ a P 
dX3 H dX} 

(11) 

en = r r - ^ + /o(0 (12) 

frAlr-'ilf]-"" <'̂ ' 
which satisfies the boundary conditions on the displacement field. 

The pore pressure distribution is governed by Eq 9 which reduces to 

6X3^ 9t dt 

as P is a function of x^ and t only. Also from Eq 1 

eu = ^ ^ + PiH (15) 
3 \ + 2|Ji 

(16) 

Taking derivatives with respect to x^ of each term of Eq 14 and using Eq 16, one finds 

dx,' IH Q] dx.dt ^ ' 
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The initial (( = 0) condition for Eq 17 is obtained from Eq 2. When t = 0 the change 
in water content is zero and from Eq 2 

P(x„ 0) = />„ = - ^ (18) 

Boundary conditions on the pore pressure are 

P = 0 on X3 = ft for r > 0 

dPIdX} = ~rh/k onXi = hfoT t> 0 

(19a) 

(19b) 

dP/dx^ = 0 on ;c, = 0 for r > 0 (19c) 

Condition 19b is obtained from Darcy's law (Eq 7). That is, at the drained end the volume 
of fluid crossing unit area per unit time, F;, can be considered the velocity of fluid relative 
to the velocity of the solid porous matrix (rft) or V, = rh = -k dP/dx^. 

The solution to Eq 17 satisfying the initial (Eq 18) and boundary conditions (Eq 19) is 

^^^'•'>-m-i]-u:-- (-l)"cosnii;«:3//»]e-"''''c</'.^ 

4 P * /'_nn<,-(2'i-l)Vci/4*2 Try, 

- V g / % - . ) "•'P'-Of (20) 
where C = kR. 

For f = 0, P = P„ = RITJH. For large t, P = rh^(l - x,yh')/2k—a final parabolic 
distribution of pore pressure which makes it impossible to obtain a fully drained condition 
in a drained constant strain-rate test. This effect is clearly shown in Fig. 2 where the 
dimensionless pore pressure kPlrh^ is plotted for various dimensionless times, Ctlh^, and 
positions x^lh. Here, P„, the initial pore pressure in the sample, is taken to be zero, as 
would be the case in an unconfined constant strain-rate test. 

Figure 3 shows the spatial variation of pore pressure for various dimensionless times when 

kP/rh' 

-1 1 r 
0.40 0.60 

«i/h 

FIG. 2—Variation of pore pressure with time and position for P„ = 0. Numbers on curves 
represent values of Ct/h .̂ 
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FIG. 3—Variation of pore pressure with time and position for rh^/k = 0. Numbers on 
curves represent values of Ct/h^. 

rh^/k vanishes and P„ is nonzero. This gives pore pressures for a consohdation process where 
axial strains vanish and radial stress is - a , , Note that pore pressures vanish in long time 
in this case. 

The time variations of pore pressure at the closed end X}/h = 0 are shown in Fig. 4 for 
various values of kPJrh^ when rh^/k and P„ are nonzero. From Eq 20 and Fig. 4, we see 
that pore pressure at the sealed end of the sample approaches, in long time, the final value 
rh^llk. Also, from Fig. 4 it can be seen that higher strain rates, lower permeabilities, or 
small initial pore pressures cause a continuous build-up of pore pressure at xjh = 0 to the 
long-term value. Conversely, lower strain rates, higher permeabilities, or large initial pore 
pressures lead to an initial additional pore pressure build-up at x^lh = 0, followed by a 
slow decrease of pore pressure to the long-term value. 

Axial displacements in the deforming test sample are (from Eq 13) 

nVo/Zi^ 
n'nxf\ 

+ ^ E (-1)" La sin(2n - l)-ff/2 - h sin(2« - 1 ) ^ 1 e-'^"-"'"'^""*'] - rtz (21) 

For t = 0 axial displacements vanish and for large t axial displacements are given by the 
first and last terms on the right side of Eq 21. 

kP;rh> 

1 1 
o.eo 1.00 

FIG. 4—Variation of pore pressure at the closed end of a specimen (xj/h = 0) in a singly 
drained constant strain-rate test. Numbers on curves represent values o/kP„/rtf. 
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Axial strains are given by 

3K[k [ 2 [ 3 /I2J i T ^ . i 
'— c o s — — 

n^ h 

8P„ " (_l).e-(2»-l)VQ/4«' 

+ ^ f , (2n - 1)̂  

X sin (2n - 1)^/2 "2 ^ - ^ T I T; cos(2« - 1) ^ - rt (22) 

For * = 0, axial strains vanish and for large t axial strains are given by the first and last 
terms on the right side of Eq 22. 

Total axial stresses, (T33, are given by 

3̂3 = £̂ 33 - - - 2w. = - - [ - 1̂3 - - ^ 2 — ^ \ 

-—rl, ^—7T TVi S'n(2n - l)i7/2 - £ r t - 2i.a, (23) 

where E is Young's modulus and v is Poisson's ratio. For / = 0, total axial stresses are given 
by 

ff33 = -2vCTc - a ( l - 2v)P„ 

For large t, total axial stresses reduce to 

a ( l - 2u) , , ^ 
CT33 = TT w - Ert - 2vCT, 

Equation 23 shows that total axial stress CT33 depends on time only. Hence, a^j is unvarying 
with respect to position in the deforming sample. On the other hand, the effective axial 
stress is given by ff33 = CT33 - aP, which clearly depends on position through P{x,, t). Note 
that effective axial stresses will alway be smallest near the undrained end (xjih = 0) where 
pore pressures are largest, and largest near the drained end where P(h, t) = 0. Finally, the 
volumetric strain (obtained from Eq 15) is 

n -7 ^ , 2(1 - 2v)(l + v)g. 3a(l - 2v) \rh' \\ \^ xH e. = - (1 - 2.)rt + ^— [ - 1̂ - 1̂1 - - J 

~ 1^'h n^ J 
4P " (-l)"e-P"-i)Vo/4»2 itx,! 

Z ^ T^i T\ cos(2n - 1) - r -
-n „=i (2n - 1) ' h ] 

L ^ L3 7,^^ n' J E 

r S ^—j; r;̂  sin(2« - 1)̂ /2 (24) 
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For t — 0, the volumetric strain is given by 

and for large t, it is given by 

- (1 - 2 .) , , - ^ " - ^ - y * ">-• (25) 

The first term on the right hand side of Eq 25 shows that a parabolic distribution of 
volumetric strain will persist at large time in the deformed sample. This a direct consequence 
of the final parabolic distribution of pore pressure (Eq 20) found earlier. This final strain 
distribution cannot be removed. However, if the strain rate or sample height is reduced or 
if Poisson's ratio is large, the effect can be reduced. This effect can also be minimized if 
permeability or Young's modulus is large. 

Discission 

This theoretical study of pore-pressure distributions in drained constant strain-rate triaxial 
tests has been done to determine the conditions under which pore-pressure gradients in the 
deforming test sample are small. Such small gradients would yield reasonably uniform 
effective stresses in the deforming test sample. If effective stresses are uniform, and other 
problems, such as frictional end restraints, can be minimized, then reasonable effective-
stress parameters can be obtained. 

It has been determined from this and previous analyses of undrained triaxial constant 
strain-rate tests (see Refs 2 and J) that it is impossible to obtain a fully drained condition. 
In fact, in this test, the long-term spatial pore-pressure distribution becomes parabolic. 
Unless strain rates are sufficiently small or permeabilities are sufficiently large to minimize 
the effect of this parabolic pore-pressure distribution, effective stresses in the deforming 
sample cannot approach uniformity, and any property determinations based on the as
sumption of uniform effective stresses will be in error. 

It is of interest that volumetric strains (Eq 24) will be largest near the undrained end of 
a sample drained at one end or largest in the middle of a sample drained at both ends. This 
strain distribution is a consequence of the parabolic pore-pressure distribution and suggests 
an explanation (apart from frictional end restraints) for any post-yield barreling observed 
in a drained triaxial test. 
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ABSTRACT: Laboratory tests designed to expose fundamental mechanical behavior of very 
stiff, heavily overconsolidated soils can be difficult to interpret. Parallel testing of soil recon
stituted from the matrix of the undisturbed soil therefore enables the observed behavior during 
testing to be assessed in a comparative way, and such effects as previous stress history, sampling, 
and soil fabric to be examined. 

Undrained 38-mm-diaraeter triaxial compression testing of an Anglian till sampled undis
turbed was carried out in conjunction with a soil reconstituted from its matrix. Analysis of 
pore pressure data showed that the critical state parameter /4„ gave good predictions of pore 
pressures generated in the normally and hghtly overconsolidated specimens, but tended to 
overestimate pore pressure in the most heavily overconsolidated specimens. It is shown that 
this may be accounted for by the overconsolidated specimens not reaching ultimate failure at 
the critical state. Parry's (1958) method of presenting pore pressure data at failure is used to 
construct pore pressure paths for the tills during undrained compression. 

KEY WORDS: till, overconsolidated soil. Pleistocene, pore pressure, undrained compression, 
critical state 

Lodgement tills are soils formed within the basal traction zone of an ice sheet. The 
composition and texture of tills are extremely variable and will reflect both the nature of 
the original source material and the amount of particle comminution that has occurred over 
the distance of entrainment. 

The growing bank of general engineering data reported in the hterature relating to tills 
bears witness to the variability of these soils. Engineering parameters specific to the chalky 
Anglian tills found in the Vale of St. Albans, England, have been reported by Little [7] and 
Little and Atkinson [2]. This present paper describes the results of a series of conventional 
triaxial compression tests carried out on isotropically consolidated specimens of undisturbed 
Ware Till from the Vale of St. Albans and examines this natural fill's pore pressure response 
during undrained loading. 

The Vale of St. Albans lies very close to the southern limit of the inferred ice margin in 
the British Isles during the Anglian period [3]. The post-depositional history of the tills 
therein would therefore have been characterized by glacial overriding (inducing both con
solidation and swelling), subsequent periglaciation, desiccation, carbonate cementation, and, 

' Lecturer in soil mechanics. Department of Civil Engineering, Heriot-Watt University, Edinburgh, 
Scotland. 
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in part, decalcification. Because of these various factors, the interpretation of engineering 
tests designed to evaluate fundamental soil behavior becomes very difficult, and laboratory 
tests may usefully be carried out on soils that are reconstituted from the matrix of the 
undisturbed soil so as to faciUtate analysis. The paper therefore also describes a parallel 
series of consolidated undrained triaxial tests carried out on a soil reconstituted from the 
screened matrix of the Ware Till so as to expose the combined but unknown effects of such 
things as sampling, soil fabric, previous stress history, freeze-thaw, and cementation. 

Description of the Ware TOI 

Undisturbed and bulk samples of the till were obtained from Holwell Hyde quarry, Welwyn 
Garden City, approximately 25 miles (40 km) north of London. This locality lies within a 
part of the Vale of St. Albans associated with a pre-Anglian course of the proto-Thames. 
A detailed Pleistocene stratigraphy for the Vale of St. Albans has been described by Gibbard 
[4]. Generally, however, sedimentary sequences in the Vale are characterized by a lower 
(proto-Thames) fluviatile gravel (Westmill Lower Gravel) on chalk bedrock overlain by 
Ware Till. Above the till lie gravels of mainly glacial outwash origin (Westmill Upper Gravel) 
deposited on the proglacial fringe of the receding Ware Till ice front. Above this upper unit 
of gravel is occasionally seen a second lodgement till deposit referred to as Eastend Green 
Till by Gibbard and as Westmill Till by Cheshire^ 

In situ the Ware Till is a very dark (5Y 3/1)' stiff to very stiff and occasionally hard clay 
with fine, medium, and coarse (up to 100 mm), rounded to subrounded, fresh, white chalk 
clasts showing clearly marked glacial striations on their surfaces. Occasional angular frag
ments of medium to large flints are present. A derived Jurassic fauna is evident. A detailed 
description of the fabric of this till by Littie [t] showed that whereas there was an identifiable 
clast fabric, there was relatively little Assuring, jointing, layering, or other fabric features 
normally recognized by engineers [5,6] and the occasional discontinuities found tended to 
reflect the structure of the underlying chalk. 

The grading was approximately 10% by weight gravel, 10% sand, 40% silt, and 40% clay; 
in the gravel and sand sizes approximately 25% by weight was chalk. The mineralogy of 
the clay fraction determined by powder x-ray diffraction was approximately 20% illite, 10% 
Ca-montmorillonite, 10% kaolinite, and 60% amorphous iron and alumina hydrates. The 
Atterberg Umits of the fraction passing a 0.425-mm sieve were LL = 40, PL = 18, and the 
natural water content of this fraction was 18%; thus, the liquidity index was zero. During 
determination of the grading and Atterberg limits, chalk clasts larger than about 0.5 mm 
were removed by hand before the residue was ground to avoid the inclusion of ground chalk 
in the finer fractions. 

Laboratory Tests 

A series of consolidated undrained triaxial tests was carried out on undisturbed and 
reconstituted specimens. The specimens were 76 mm in length and 38 mm in diameter, and 
the tests were carried out in commercially available triaxial testing equipment. The cells 
had interna] axial load cells, electrical pore pressure transducers, and electrical axial and 
volumetric strain transducers. A diagrammatic layout of the equipment and instrumentation 
is shown in Fig. 1. 

^ D. A. Cheshire, Personal communication, 1985. 
' Refers to hues in Munsell Soil Color Charts (1975 edition). 
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Undisturbed specimens of till were obtained by driving thin-walled 38-mm-diameter tubes 
vertically into soil freshly exposed in small trenches on the floor of the quarry. Specimens 
were extruded on site and carefully examined for flaws and signs of disturbance. By extruding 
all specimens from their sampling tubes while still on site and rejecting those that had been 
disturbed in the process of sampling, an important monitoring procedure was introduced at 
an early stage of the testing. All satisfactory specimens were wrapped in "clingfilm" (plastic 
wrap) placed in polyethylene bags, and, once in the laboratory, stored in a humidifier until 
required. 

Reconstituted specimens were prepared by initially air drying a "crumbed" bulk sample 
of the till from which all chalk clasts had previously been removed by hand. The dried soil 
was then ground in a mortar with a rubber pestle before being transferred onto a 0.425-mm 
sieve. This screened fraction was then thoroughly mixed with distilled water to produce a 
homogeneous sample with a water content of 20%. At this stage the soil was wrapped in 
"clingfilm," bagged in polyethylene, placed in a humidifier, and allowed to equilibrate for 
about 48 hours. Cylindrical specimens of this soil were then produced by hand molding into 
a 38-mm-diameter tube, extruding, and cutting to length. 

Both undisturbed and reconstituted till specimens were placed in the triaxial cells each 
with a saturated porous stone and with a slotted filter paper side drain. During initial isotropic 
consolidation of the till a back pressure acting through the pore fluid was applied incre
mentally to ensure saturation. Back pressure saturation techniques, which are now widely 
used in both consolidated undrained and consolidated drained tests have been described by 
several workers, and these have been summarized by Saada and Townsend [7]. The size of 
the pore pressure response during an undrained loading increment prior to isotropic con
solidation is usually used to determine the degree of saturation of the specimen. This in 
turn can be used [8] to estimate the level of back pressure required to attain a desired degree 
of saturation. While the reconstituted soil examined in this way could be satisfactorily fully 
saturated with a back pressure of 200 kPa, the undisturbed soil required much larger pressures 
(this despite a theoretical degree of saturation = 0.94 calculated using measured values for 
the soil's natural water content, particle specific gravity, and bulk unit weight). In fact, with 
some of the undisturbed specimens satisfactory levels of saturation (B a 0.95; B = Aw/Aâ ) 
were only achieved after a back pressure of 750 kPa was in operation. Similarly high back 
pressures (690 kPa) to ensure saturation greater than 95% have been reported by Soliman 
[9] for Sterling Till in Wisconsin. 

The reconstituted and undisturbed specimens were then isotropically consohdated and 
overconsohdated to initial effective stresses in the range of 50 kPa to 1600 kPa producing 
a suite of soils with overconsolidation ratios in the range of 1 to 32. Shearing of the sample 
was carried out at nominal rates of axial strain of 0.06% per hour. While this rate of loading 
is slower than is normal for undrained tests, it was chosen to avoid the high rates of change 
of deviator stress that occur at the start of the test. 

Analysis of Pore Pressure Data from the Tests 

The response of the pore water pressure A« to undrained compression may be expressed 
in terms of the two empirical parameters A and B [10,11] according to the equation: 

AM = 5[A(T„ + A(^(T, - Aa,)] (1) 

where CT„, CT, are the total axial and radial stresses acting on the boundary of the soil specimen. 
Usually, the value of the pore pressure parameter at failure, Af, is quoted (this corresponds 

to the observed pore pressure at maximum deviator stress), and a special interest has been 
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o r,..coris,titutctt ( R ) 

(Ul 

Af 0 

FIG. 2—Pore pressure parameter Af versus overconsolidation ratio. 

shown in the variation of Af with overconsohdation ratio. Bishop and Henkel [12] quote 
values for Â  varying from +1.3 for normally consolidated undisturbed marine clay to -0.62 
for undisturbed Weald (a region in southeastern England) clay; remolded Weald clay with 
an overconsolidation ratio (R„) = 8 has Af = -0.22, for example. 

Values for Af have been calculated from the pore pressure data for the reconstituted and 
undisturbed till, and these are shown plotted against overconsohdation ratio in Fig. 2. From 
this figure it can be seen that Af varies from +0.710 at /?„ = 1 to Af = -0.385 at R^ = 
32 (but note Af = -0.449 at i?„ = 16), for the reconstituted soil, while over the range of 
overconsohdation ratios Ro = 1 to 20 for the undisturbed soil Af varies from + 0.423 to 
-0.406. 

Wroth [13] proposed an alternative pore pressure parameter, A^.,, which is evaluated on 
the basis that the soil fails at the critical state: 

"•• " M [(^)'^f-'] (2) 

where 

M = critical state frictional constant 
A = (\ - K)/XXX,K are the slopes of the normal consolidation, swelUng Unes for the 

soil) 
r = a parameter related to the spacing of the normal consohdation and critical state 

lines for the soil 

At very large overconsolidation ratios the value of the term (/?„//•) "'̂  becomes very small 
and, approximately, 

Acs ' 2_ 
M 

(3) 
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Af-Ac.s 

FIG. 3—Pore pressure parameters Af, Â .s versus overconsolidation ratio, reconstituted till. 

Values for A^., calculated for the reconstituted and undisturbed tills are shown in Figs. 3 
and 4; these are shown plotted against the corresponding overconsolidation ratio. Also 
included in these figures are the values for Af from Fig. 2. It can be seen that the closest 
correspondence between Af and A^,, exists between the normally consolidated and Ughtly 
overconsolidated samples. The reason why A^,, overpredicts the size of the (negative) pore 
pressures produced in the most heavily overconsoUdated specimens at failure may be ap
preciated by examining the stress paths for the soil during compression. 

Atkinson and Bransby [14] presented a method for normalizing stress paths based on a 
constant p'{= V'3(CT/ + 2a/) section whereby a reference section of the state boundary 
surface for the soil at p ' = 1 kPa is selected so that on this section the soil specific volume 
V - V„ for the normal consolidation line and V = T iox the critical state line. Values for 

Af.Ac.s 

1/M MRo/ r ) *M/3 -1 1 

-• — 
A c s — I TO - " M l 

FIG. 4—Pore pressure parameters At, Ac., versus overconsolidation ratio, undisturbed till. 
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q'/P' 

FIG. 5—The reference section in qVp' : V̂  space. 

Specific volume V^ on the reference section may be found from 

V^= V + \lnp' (4) 

By plotting the deviator stress scaled in the ratio lip' against the corresponding Vj the 
nature of the two sections of the state boundary surface are exposed (see Fig. 5). Therefore, 
all points on the critical state line (CSL) have q'/p' = M{q' = (CT„ - a,)) and all points on 
the normal consolidation line (NCL) have q'/p' = 0. Hence, all normally consolidated 
specimens (̂ 4) originate at V^ = V„, q'/p' = 0 and move along the Roscoe [14] surface to 
the critical state line whence V̂  = F, q'/p' = M. The more heavily overconsolidated samples 
(B,C) will have Vx < T and will be capable of sustaining q'/p' > M (shaded portion) before 
reaching the Hvorslev [14] surface and proceeding down it toward the critical state line. 
Predictions of soil behavior for overconsohdated specimens on the Hvorslev surface may 
be obtained from an expression of the type shown in Eq 5 [14]: 

q' = {M - h) exp I—-—1 + hp' (5) 

where 

his a soil constant defining the Hvorslev surface 

Figure 6 shows the relationship between V^ and q'/p' for the reconstituted soil. The general 
pattern of behavior shown in this figure is consistent with that idealized in Fig. 5; stress 
paths for the normally consolidated specimens define a Roscoe state boundary surface for 
the soil, reaching ultimate failure at the critical state, while stress paths for the most heavily 
overconsolidated till extend into the region where q'/p' > M. Significantly, test paths for 
the most heavily overconsolidated specimens, although approaching the Hvorslev surface 
sliortly after the maximum value for the principal effective stress ratio (a„7o-/) was attained, 
did not apparently reach ultimate failure at the critical state. Similar observations were made 
for the most heavily overconsolidated specimens of the undisturbed till (see Fig. 7; 
in this figure data for the reconstituted and undisturbed soils may be compared directly 
because the two reference sections have been matched at the point Vx = V„ for the recon
stituted soil. It can be concluded therefore that the most heavily overconsolidated specimens 
of Ware Till failed in undrained compression furthest away from the critical state line, and 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



LITTLE ON PORE PRESSURE RESPONSE IN UNDRAINED TRIAXIAL COMPRESSION 599 

o'r mox V q ; P = (M -h 1 exp ( ( T - Vx I / A i • h 

FIG. 6—The reference section: reconstituted till. 

that predictions of undrained strength assuming ultimate failure at the critical state, should 
also be overestimated. 

Parry [15] examined the rate and relative sign of the excess pore pressures generated 
during the undrained compression of London Clay and used these findings to infer the 
directions in which both normally consolidated and overconsolidated specimens were moving 
at failure. By plotting the rate of pore pressure change at failure 

((7)M 

FIG. 7—Reference sections for the reconstituted (R) and undisturbed (U) till matched at 
Vx = V„ for the reconstituted till. 
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where 

A = a large increment of . . . 
e, = axial strain 
f = at failure 

against/?„7p/ for his tests, Parry was able to demonstrate that this rate of change was largest 
for those specimens failing (at p/) furthest away from the critical state line (where the 
equivalent pressure = p„'). In addition, the sign of the pore pressure change was such so 
as to move the specimen toward the critical state line. A more detailed interpretation of 
these results and their significance has been presented elsewhere [14,16]. 

A similar approach has been adopted for the pore pressure data from the tests on the 
Ware Till. Here, however, the rate of pore pressure change throughout each test 

8M 

bp' 
8e, 

has been evaluated and plotted against p„'/p'. Here, hp' is the small increment in effective 
average pressure over the corresponding shear strain increment Scj in which the pore pressure 
increment 5M is recorded. In this way, the complete pore pressure paths for the normally 
consoUdated and overconsolidated specimens can be examined over the entire range of axial 
compression. 

FIG. 8—Rates of pore pressure change, reconstituted till. 
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FIG. 9—Rates of pore pressure change, undisturbed till. 

These results are presented in Figs. 8 and 9. Values for the overconsolidation ratios are 
shown (circled) against each pore pressure path; the estimated overconsolidation ratios for 
undisturbed tills isotropically consolidated and then overconsolidated to p' < p/ (p/, the 
preconsolidation pressure for the Ware Till, has been estimated at = 2000 kPa, [7]) are 
shown uncircled. The extent of Parry's data for the London Clay is also shown in Fig. 8. 

Both reconstituted and undisturbed normally consolidated specimens showed reducing 
rates of positive pore pressure change over a narrow band either side of p„7p' = 1.0. 
Normally consolidated samples approached the critical state from within the top left-hand 
quadrant of the graph. With increasing overconsolidation ratio, the positions of the pore 
pressure paths shift further into the top right-hand quadrant to increasing positive values 
for the ratio/)„'//?'. This is entirely consistent with the expectation that overconsolidated 
soils should approach the critical state line during undrained compression with reducing 
pore pressures and therefore increasing effective stresses. Within each set of paths (recon
stituted, undisturbed), increasing overconsolidation ratios are associated with larger negative 
values for the ratio {bu/bp')/be;. However, the undisturbed specimens showed larger negative 
rates of change. The minimum value of this ratio for the reconstituted till was -10.0 at 
R„ = 32; for the undisturbed till it was already -14.5 at R„ = 20. Comparing behavior at 
similar overconsolidation ratios also suggests that these minima occurred further away from 
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the critical state line in the undisturbed soil. Compare, for example, the value of pjlp' = 
4.2 for the undisturbed specimen, i?,, = 16withp„7p' = 1.9 for the reconstituted specimen 
with the same overconsolldation ratio at the points on their paths corresponding to the 
maximum rate of pore pressure reduction. The positions on each of these paths where the 
pore pressures first Jjecame negative (relative to the initial equilibrium pore pressure) are 
also indicated (by open circles). These show that negative pore pressures only occurred in 
the reconstituted tills when /?„ & 4,0; however a negative pore pressure was recorded in the 
undisturbed till with i?„ = 1.5. It is of interest to note that an extrapolation of these points 
produces an intersection of the Pu'lp' axis for both the reconstituted and the undisturbed 
till at small positive values, generally within the region where the pore pressure paths for 
the lightly overconsolidated specimens first traverse it. 

Finally, the superimposition of the principal effective stress ratio contours at the arbitrary 
intervals x V2, x 3/4, x liajltr,')^^ shows a similar contouring for the reconstituted and 
undisturbed till. These contours trace continuous lines across the mapped region over the 
entire range of overconsolidation ratios examined. The contour representing the maximum 
value for (CT '̂/CT/) appears particularly significant in this respect: it apparently defines a 
surface beyond which the samples do not move, and along which the overconsolidated soils 
approach the critical state. The direction of movement of these paths parallel to this stress 
ratio contour in opposite directions either side of the vertical through p„'/p' = 1.0 is, of 
course, a manifestation of the same effect observed by Parry [15\. 

Conclusions 

1. A laboratory examination of the fundamental mechanical behavior of a stiff, overcon
solidated, possibly cemented, natural till in undrained compression became more meaningful 
when a control sample of the soil was reconstituted from the natural soil's matrix and then 
tested in an identical manner. 

2. The method of applying a back pressure through the pore fluid of the undisturbed till 
to ensure its saturation necessitated surprisingly large (750 kPa) pressures; saturated samples 
of the reconstituted till could be produced using back pressures of 200 kPa. 

3. Values for the pore pressure parameter Af showed a pattern consistent with expectations 
(that is, reducing Af with increasing /?„). Predictions of pore pressures at ultimate failure 
using the equivalent critical state parameter A^,,, while showing good agreement with Af for 
the normally and lightly overconsolidated till, overestimated the size of the negative pore 
pressure response at the largest overconsohdation ratios. 

4. An examination of V^: q'lp' normalized stress paths for the reconstituted and undis
turbed till showed that while the normally consolidated specimens reached ultimate failure 
at the critical state, the most heavily overconsolidated specimens apparently did not. It is 
not surprising, therefore, that overestimates of ultimate pore pressures made for these 
specimens on the assumption that the soil reaches ultimate failure at the critical state should 
result. 

5. An examination of the measured rates of pore pressure change occurring during the 
undrained compression of the till indicated that the overconsolidated specimens were moving 
toward the critical state hne at rates corresponding to their distance from it at failure. Testing 
that is carried out slowly enough will permit the plotting of complete pore pressure paths 
on which may be superimposed contours of the principal effective stress ratio (o-a'/a/)^^, or 
any proportion of it. 
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ABSTRACT: This paper presents the results of a combined theoretical and laboratory study 
of the formation of shear bands in triaxial compression, triaxial extension, and plane strain 
compression. The principal finding is that shear bands are initiated more easily under plane 
strain than under axially symmetric conditions of the triaxial test. The triaxial compression 
test is most resistant to shear banding, although the theory tends to overestimate the stabihty 
of this test. The lack of agreement between the theory and experiment requires a reassessment 
of the suitability of isotropic hardening laws even for monotonic loading. 

KEY WORDS: triaxial test, plane strain test, instability, shear banding, bifurcation, failure 

The phenomenon of shear banding is an important element in understanding the failure 
mechanisms of soil. The formation of shear bands in triaxial specimens is a common oc
currence generally assumed to be associated with failure of the specimen. It is now under
stood that the formation of shear bands does not necessarily coincide with the peak of the 
stress-strain curve, and the tendency for shear banding may not be the same for all test 
configurations [1,2]. The recent availability of test devices capable of applying rather ar
bitrary stress paths requires particular attention to shear banding because comparisons of 
stress-strain response measured in different tests may be obscured by the device-dependent 
potential for shear band formation. 

The problem is illustrated in Fig. 1 which shows the ideal stress-strain response of a soil 
and its relationship to the observed load deformation curve. It is assumed that the response 
for simple monotonic loading can be expressed in the form 

/(stress) = g(strain) (1) 

so that the unique relationship describes the behavior for all stress states. Equation 1 may, 
for example, describe an elastoplastic model where / describes the shape of the yield surface 
and g describes the strain hardening. Thus, if the specimen deforms uniformly without 
formation of shear bands the stress-strain response shown by the solid line in Fig. 1 will be 
obtained. However, if shear banding occurs, the load-canying capacity of the specimen will 
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FIG. 1—Relationship between stress-strain curve and observed load displacement. 

be reached rapidly, and the apparent stress-strain response depicted by the dashed Une in 
Fig. 1 will be obtained. The important point to be made here is that the conditions for shear 
band formation depend on stress conditions and may occur at different points on the stress-
strain curve depending on the test configuration. TTierefore, while the stress-strain response 
can be expressed in a form that is independent of stress state (Eq 1), the load-deformation 
curve actually observed in the test is strongly dependent on stress conditions. To illustrate 
the problem, the impact of shear banding on sand behavior will be compared for triaxial 
compression, triaxial extension, and plane strain compression tests. 

Theoretical Background 

Formation of shear bands can be addressed theoretically by assuming that the physical 
appearance of the bands in a material is associated with a bifurcation in the solution of the 
corresponding boundary-value problem [1-5]. For example, an analysis of a plane strain 
test specimen with ideal boundary conditions should yield, as a solution, linearly varying 
displacements which correspond to uniform strain throughout the specimen (referred to as 
the trivial solution). Shear banding can occur when a second solution can be found that 
satisfies all equations of equilibrium and compatibiHty and gives rise to a displacement field 
that concentrates strains about a discrete surface. The existence of the second nontrivial 
solution is governed by the constitutive relationships. 

To provide a basis to interpret the experimental results a computation was performed 
relating the stress-strain response to the critical condition for shear band formation. The 
computation to determine the critical condition where shear banding can occur has been 
well documented [7-5] with a particularly lucid account being presented by Vermeer [5]. 
The analysis that follows is similar to that presented by Molenkamp [4] except that terms 
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related to the extra stress increments in the shear band that arise from rigid body rotations 
have been ignored. The result, which for plane strain conditions is identical to Vermeer's, 
has the advantage that the critical condition for shear banding can be expressed as explicit 
formulas for generalized stress conditions. 

Critical Shear Band Condition 

The condition associated with shear banding is shown in Fig. 2. The coordinate system 
xrX2-X} is aligned such that the Xj axis is parallel to the shear band, the X2 axis is perpendicular 
to the shear band, and ^3 hes within the plane of the shear band but is perpendicular to the 
plane of sliding. It can be shown that x^ corresponds to a principal stress direction [7] and, 
for the cases considered here, x^ corresponds to the direction of the intermediate principal 
stress. Therefore, the x^-Xi-Xj direction can be related to the principal stress direction 
x-y-z by the angle 9. The increments of displacement due to shearing along the band are 
denoted, respectively, Uj, Ui, and u,. The kinematic condition for shear banding can be 
expressed in terms of the incremental displacement gradients as follows [1,2,4]: 

dU2 

dX2 

dUj 

dXi 

= giiXi) 

= 0 

(2) 

dU2 

dx, 
= 0 

where g, and g2 are arbitrary functions that depend only on X2. These relationships define 
the condition whereby all displacement gradients occur across the band (x2-direction). Sep-

FIG. 2—Conditions for shear banding. 
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aration may occur as a result of dilation of the soil within the band, but there is no stretching 
along the band (jCj- and Xj-directions). 

In addition to the kinematic conditions, equilibrium must be maintained as localization 
occurs. The stress change inside the band must be restricted as follows: 

Aa22 = 0 

Aau = 0 (3) 

A<r23 = 0 

The change in stress within the band is related to the gradients in Eq 2 through an 
incremental constitutive relationship. For an elastoplastic material the quantities are related 
by the following: 

Ae„ = ( c v , + jj QuPi,] Aa„ (4) 

where 

" ~ 2 [dxj "̂  ax, 
C'iiu = elastic constants 

H = plastic hardening modulus 
Qtj = direction of yield surface normal 

Pij = direction of plastic strain increment 

The directions (2,j and Pa are normahied such that QijQi, = 1 and P,jPij ~ 1. The direction 
Pij is generally related to a plastic potential surface analogous to the relationship between 
Qij and the yield surface; for the analysis that follows, a plastic potential is not required. 

Assuming an isotropic strain hardening model in which the yield surface expands in 
response to the total plastic strain^ di - (d€'',;d€'',,)"^ then the plastic hardening modulus 
can be defined as 

H = ag/3i/(a//a(T„ df/da.y^ (5) 

By combining Eq 2, Eq 3, and Eq 4, the following relationship' can be extracted for the 
nonzero stress increments: 

CPm, Aa„ + Ĉ '-nss Aa33 = 0 
(o) 

C'-saii ACTII + C P J S J S Aa33 = 0 

where the coefficients C%a are the terms inside the parentheses in Eq 4. Equation 6 has a 
nontrivial (nonzero) solution for the stress increments only if the elastoplastic coefficients 
satisfy the following: 

C'^nn O",,,, - C n̂33 C'",,,, = 0 (7) 

Equation 7 can be solved for H which corresponds to the critical value of plastic hardening 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



608 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

for which locaUzation is possible. For an isotropic material, the critical value, He is given 
by 

HJE = - -^-^^ {P,,Q^ + PuQn) - YZr-i (^"233 + ^3301.) (8) 

where E is the elastic Young modulus and v is the elastic Poission ratio. The values of ?„ 
and 211 can be related to the principal values by the following transformation: 

Pu = Pn + Pi cos2e 

Qu = G» + e . cos2e 

where 

Pn = \ (A + P^) 

p, = \ (Pi - P3) 

Qn = \ (Ql + G3) 

Qi = \ (Gi - G3) 

and the subscripts 1 and 3 refer to the values in the directions of the major and minor 
principal stress, respectively. Equations 8 and 9 lead to a quadratic equation for cos2e which 
has real solutions only if H s H^- The value for cosZÔ  corresponding to H^ is the value 
that maximizes H^ in Eq 8 and thus can be readily determined as 

Equations 9 and 10 define a necessary condition for which strains localize into distinct bands; 
their actual formation depends on the specific boundary conditions found in the test. Further, 
Eq 10 defines the orientation of the shear bands provided they form at the earliest possible 
instant in the test. If their formation is delayed and H falls below H^, two orientations are 
possible. At the peak stress when H = 0, these two directions correspond to the plane of 
maximum obliquity (Coulomb direction) and direction of zero extension as predicted for a 
rigid plastic material. 

Constitutive Model 

The condition for shear banding is completely determined by Py, G,>. and v. The critical 
modulus is a computed quantity, and £ is needed only to relate He to experimental behavior. 
Both Pij and v can be measured directly by experiment, and the conditions of axisymmetry 
in the triaxial tests and the zero intermediate strain direction in the plain strain test limit 
the possible forms of P^ and Gu- The possible constitutive response is further limited by the 
loading criterion which dictates rfai/Gij ̂  0- Therefore, a relatively simple constitutive law 
can be used as a basis to compare theory with experiment. Each experimental configuration 
will be treated as a separate case described by its own constitutive law. The constitutive 
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relationship for each case has the following features in common which are beheved to 
encompass a large number of constitutive models proposed in recent years: 

1. The shear resistance should be proportional to the normal stress. Thus a Mohr-Coulomb 
yield law was used which can be written as 

a./aa - g(e) = 0 (11) 

where <TI and CTJ are the maximum and minimum principal stresses (assumed to be com
pressive). Note that the function / defined previously is equal to the effective stress ratio 
CTi/a3. 

2. The volume change rate of the soil should be coupled to the shear strain rate by a 
function proportional to the effective stress ratio. Rowe's stress-dilatancy relationship [6] 
is suitable for this purpose because the analysis is restricted to the triaxial compression, 
extension, and plane strain tests. Rowe's relationship, which couples the rate of plastic 
volumetric strain, rfej/rfef to the effective stress ratio, can be applied to each test configu
ration as follows: 

CT]/(T3 = K{1 - dei/de^) (triaxial and plane strain compression) (12a) 

ffi/aj = K/{1 - rfej/de?) (triaxial extension) (12b) 

where the major compressive stress and strain rates for the extension test, denoted by 
subscript 1, correspond to the radial direction. The parameter, K, is not necessarily the 
same for all test configurations but can be computed from experimental measurements for 
any point in the test using Eq 12a or Eq 12b. 

The principal values of Pj, are given for each case in Table 1. 

In Table 1 R = aja-i. The relationships for Q, can be obtained from Table 1 by replacing 
K with 1. The hardening modulus, H, is defined for each test configuration as follows: 

Triaxial compression: 

H= ''^ 

dR 
def 

(4 -I- 2i?7'2 / 1 \ ' 
-' (̂ 1 + i {RIKfj 

(13a) 

TABLE 1—Relative components of principal plastic strain increments. 

Test Configuration 

Triaxial compression 

Triaxial extension 

Plane strain 

P. 

2K 
(4X-2 + 2«2)i'2 

-2R 

K 
(A-2 + R2)1'2 

P, 

-R 
(4/f̂  + iR^y" 

K 

0 

P^ 

-R 

K 
(4«2 + 2K')"^ 

-R 
{K^ + R^^ 
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Triaxial extension: 

H = 
<r3 

(4^2 + If 

dR 
def 

{l^liK/RfJ 
(13b) 

Plane strain: 

H = ^ 3 

dR 
de? 

(1 + R^y^ (1 + {RIKff 
(13c) 

In Fig. 3a the critical value of H is plotted as a function of critical stress ratio. For 
axisymmetric conditions, localization can occur only postpeak (/f < 0) with the triaxial 
compression requiring a slope on the softening portion of the curve of over - 40% of the 
elastic stiffness. Localization in the plane strain can occur in the prepeak portion of the 
curve {H > 0) at a value of H that is less than 5% of the elastic modulus. In Fig. 3fe the 
critical angle 8 is shown plotted as functions of stress ratio. Also shown are the directions 
predicted by classic Coulomb theory for maximum obliquity directions for stress and zero 
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FIG. 3—Shear banding predictions. 
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TABLE 2—Values of shear band orientation angle and normalized critical hardening modulus for 
K = 2.50 and v = 0.15. 

R 

1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.5 
8.0 

Compression 

e 

32.4 
38.0 
42.2 
45.6 
48.5 
50.9 
53.1 
55.0 
56.7 
58.2 
59.7 
61.0 
62.2 
63.4 
64.4 

HJE 

-0.065 
-0.123 
-0.179 
-0.229 
-0.270 
-0.305 
-0.333 
-0.357 
-0.376 
-0.392 
-0.405 
-0.416 
-0.425 
-0.433 
-0.440 

6 

44.4 
50.5 
54.6 
57.6 
59.9 
61.8 
63.4 
64.7 
65.9 
66.9 
67.8 
68.5 
69.3 
69.9 
70.5 

Extension 

HJE 

-0.229 
-0.142 
-0.094 
-0.065 
-0.048 
-0.036 
-0.028 
-0.022 
-0.018 
-0.015 
-0.013 
-0.011 
-0.009 
-0.008 
-0.007 

Plane Strain 

e 

38.8 
44.3 
48.2 
51.2 
53.6 
55.6 
57.3 
58.7 
60.0 
61.1 
62.1 
63.0 
63.9 
64.6 
65.3 

HJE 

0.022 
0.025 
0.024 
0.022 
0.019 
0.017 
0.015 
0.013 
0.011 
0.010 
0.009 
0.008 
0.007 
0.006 
0.006 

extension direction for the plastic strmn rate. The predicted values fall between the char
acteristic directions for stress and strain rate which agrees with the empirical relationship 
obtained by Arthur and coworkers [7] and is consistent with bifurcation computations made 
by Vardoulakis [J] and Molenkamp [4]. Values of critical hardening modulus and shear 
band orientation angle for K equal to 2.5, 3.0, and 3.5 are presented in Tables 2 to 4. 

It is important to note that the peak stress condition for homogeneous deformation occurs 
at the point where the displacement increments can be arbitrarily large which is only possible 
when the elastoplastic matrix becomes singular as H = 0. The bifurcation condition can be 
satisfied by nonzero values of H and, as in the case of axisymmetric compression, may not 

TABLE 3—Values of shear band orientation angle and normalized critical hardening modulus for 
K = 3.00 and v = 0.15. 

R 

1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.5 
8.0 

Compression 

e 

31.6 
37.0 
41.0 
44.3 
47.1 
49.5 
51.6 
53.4 
55.1 
56.6 
58.0 
59.3 
60.5 
61.6 
62.6 

HJE 

-0.049 
-0.096 
-0.145 
-0.190 
-0.230 
-0.264 
-0.294 
-0.320 
-0.341 
-0.359 
-0.375 
-0.388 
-0.400 
-0.410 
-0.418 

e 

42.9 
49.0 
53.0 
56.1 
58.4 
60.4 
62.0 
63.3 
64.5 
65.6 
66.5 
67.3 
68.0 
68.7 
69.3 

Extension 

HJE 

-0.230 
-0.145 
-0.096 
-0.067 
-0.049 
-0.037 
-0.029 
-0.023 
-0.019 
-0.015 
-0.013 
-0.011 
-0.010 
-0.008 
-0.007 

Plane Strain 

e 

37.8 
43.1 
46.9 
49.9 
52.2 
54.2 
55.9 
57.4 
58.6 
59.8 
60.8 
61.7 
62.5 
63.3 
64.0 

HJE 

0.029 
0.034 
0.034 
0.032 
0.029 
0.026 
0.023 
0.020 
0.018 
0.016 
0.014 
0.013 
0.012 
0.011 
0.010 
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TABLE 4—Values of shear band orientation angle and normalized critical hardening modulus for 
K = 3.50 and v = 0.15. 

R 

1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7,5 
8.0 

Compression 

e 

30.9 
36.1 
40.1 
43.3 
46.0 
48.3 
50.3 
52.1 
53.7 
55.2 
56.6 
57.8 
59.0 
60.1 
61.1 

HJE 

-0.037 
-0.076 
-0.117 
-0.157 
-0.195 
-0.228 
-0.258 
-0.285 
-0.308 
-0.327 
-0.345 
-0.360 
-0.373 
-0.385 
-0.395 

e 

41.7 
47.7 
51.7 
54.8 
57.2 
59,1 
60.7 
62.1 
63.3 
64.4 
65.3 
66.2 
66.9 
67.6 
68.3 

Extension 

HJE 

-0.228 
-0.144 
-0.096 
-0.067 
-0.049 
-0.037 
-0.029 
-0.023 
-0.018 
-0.015 
-0.013 
-0.011 
-0.009 
-0.008 
-0.007 

Plane Strain 

6 

36.9 
42.1 
45.9 
48.8 
51.1 
53.1 
54.7 
56.2 
57.5 
58.6 
59.6 
60.6 
61.4 
62.2 
62.9 

HJE 

0.035 
0.042 
0.043 
0.041 
0.038 
0.035 
0.031 
0.028 
0.025 
0.023 
0.020 
0.019 
0.017 
0.015 
0.014 

be possible even if the total response is singular. Localization represents a particular type 
of instability that does not coincide with the general instabiUty that occurs at the peak stress 
condition [2]. Localization can control both the peak load observed in the test and the 
postpeak load-deformation behavior. Therefore, it is necessary to distinguish between be
havior related to localization and the stress-strain response under homogeneous strain con
ditions. 

The conclusions stated above are valid for a wide range of possible isotropic hardening 
plasticity models applicable to frictional materials, giving experimental verification of the 
theory importance that reaches beyond the prediction of instabihty by shear banding. For 
example, isotropic hardening models are simple and are justifiably popular for practical 
analysis because they can model many essential features of stress-strain behavior. Yet they 
are somewhat restrictive; it has been shown that shear banding occurs more readily when 
features such as vertices on the yield surface [7] and kinematic hardening [8] are incorporated 
into the model. Comparisons between theoretical modes of instability and experiments thus 
provide insight into the mechanical consistency of constitutive models that cannot be obtained 
from predictions of homogeneous behavior alone. 

Experimental Investigation 

Three series of tests were performed along different predetermined stress paths under 
conditions of triaxial compression (three tests), triaxial extension (three tests), and plane 
strain (three tests), and the similarities and differences in shear band formation characteristics 
were observed in these tests. The time of formation and the influence of formation of shear 
bands on the stress-strain and volume change behavior were also noted. AH quantities 
necessary to define all stresses and all strains in each test were measured. These include 
direct measurements of the intermediate principal stress in the plane strain tests. Photographs 
were taken throughout each test to produce a record of the shear band locations and 
directions in the specimens. 
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Description of Sand Tested 

All experiments included in this study were performed on specimens of sand obtained 
from the beach in Santa Monica, California. The sand was washed several times with fresh 
water to eliminate salt and impurities, and the portion passing the No. 40 U.S. sieve was 
used for testing. 

The physical characteristics of Santa Monica beach sands are summarized in Table 5. The 
specific gravity was determined according to ASTM Test for Specific Gravity of Soils (D 854). 
The maximum void ratio was determined by the method proposed by Kolbuszewski [9] in 
which the loosest packing is obtained by tilting a graduated cylinder (2000 cm', 3.0 in. in 
diameter) containing dry sand (2000 g) through 180° from one vertical position to the other. 
This procedure was repeated several times, and the volume of the sand was measured for 
determination of the maximum void ratio. The minimum void ratio was determined by 
compacting the sand by vibration in a standard Proctor compaction test mold until no further 
densification was observed. The minimum void ratio was determined by weighing the sand 
and measuring the volume of the mold. 

All tests were performed on dense specimens with relative densities of about 90%. Rel
atively high rates of dilation and consequently greater tendencies for development of shear 
planes are present for high relative densities [10]. Tests on dense sand are most useful, 
therefore, for studying formation of shear planes. The void ratio and the dry density used 
in the test specimens are also listed in Table 5. 

Specimen Preparation and Testing Procedures 

Triaxial Compression and Extension Teste—All triaxial tests were performed on cylindrical 
specimens with height of 7.4 in. (18.8 cm) and diameter of 2.80 in. (7.1 cm) corresponding 
to H/D = 2.65. This high H/D value was chosen to allow shear bands to develop freely 
and uninterrupted by the end plates. Lubricated end plates were used in all tests to avoid 
development of significant shear stresses at the cap and base. 

The specimens were prepared by pluvial deposition through a No. 20 U.S. sieve placed 
on top of a cardboard tube approximately 70 cm above the forming jacket. A preweighed 
amount of dry sand was pluviated into the specimen cavity formed by the base and the 

TABLE 5—Properties of Santa Monica beach sand. 

0,0 0.18 
Deo 0.28 
C„ = DJD,„ 1.58 
D50 0.265 
Particle shapes Angular to subangular 
Mineral composition 45% quartz, 45% feldspar, 8% magnetite, 2% trace minerals 
Specific gravity, G, 2.659 
Max. void ratio, e^ , 0.87 
Min. void ratio, e^n 0.58 
Min. dry density (g/cm^) 1.422 
Max. dry density (g/cm') 1.683 

Conditions in Tests 

Void ratio, e 0.609 
Dry density, T^ (g/cm^) 1.653 
Relative density, D, (%) 90.0 
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membrane held by the forming jacket. After seahng the membrane to the cap, a small 
vacuum was apphed and the specimen dimensions were measured. 

Vertical Unes were drawn with waterproof ink 1.0 cm apart on one side of the cylindrical 
specimen. This was done to enhance the detection and observation of developing shear 
planes during the test. To get an undistorted view and to take photographs of the developing 
shear planes, a rectangular Lucite compartment was attached and sealed on the outside of 
the Lucite cell wall. This compartment was filled with water as was the triaxial cell, thus 
providing an undistorted view of the specimen through this window. 

After applying an initial confining pressure of 51 kPa, the dry specimen was saturated 
using the carbon dioxide method [11] combined with back pressure-assisted saturation to 
ensure a high degree of saturation. An indication of the degree of saturation of the specimens 
was obtained from B-value tests conducted immediately before the specimens were tested. 

The deviator load, the confining pressure, the vertical deformation, and the volume 
changes were measured during each test. Constant or varying effective confining pressures 
in the range from 51 kPa to 406 kPa were employed in the testing program. 

Corrections were applied to the measured deviator load for uplift force on the piston, 
piston friction, the load taken by the rubber membrane, and for the buoyed weight of the 
cap and the buoyed weight of the upper half of the specimen. The volumetric deformations 
were corrected for effects of membrane penetration which occurred in tests with varying 
effective confining pressure. 

Plane Strain Tests—The plane strain tests were performed on specimens shaped as rect
angular prisms 5.0 in. (12.7 cm) high, 1.75 in. (4.5 cm) wide, and 4.5 in. (11.4 cm) long. 
This shape corresponds to HID = 2.85, thus allowing free development of shear planes. 
Lubricated ends were also used in these tests to avoid any influence of end restraint. 

The specimens were prepared in the same manner as described above for the triaxial tests. 
Vertical lines were drawn on the membrane on one of the two sides that were to be restrained 
from deformation. The restraint was provided by two 1-in. (2.54-cm) thick clear Lucite 
plates which would allow observation of shear planes during the test. The two Lucite plates 
were placed on two opposite sides of the specimen and connected with four instrumented 
bars located in the far comers of the plates. Each of the two interfaces between the specimen 
and the Lucite plates were provided with extra lubricated rubber sheets to avoid development 
of significant shear stresses along these interfaces. The two plates were held in place by a 
small seating load applied by finger nuts on the ends of the four instrumented bars. The 
small buoyant weight of the two Lucite plates was supported on small blocks sitting on the 
bottom of the triaxial cell or by rubber bands hanging in small gallows. 

The deviator load, the confining pressure, the vertical deformation, and the volume 
changes were measured in each plane strain test in addition to the horizontal deviator load 
determined from the four instrumented bars. Constant or varying effective confining pres
sures from 51 kPa to 406 kPa were used in the tests. Corrections similar to those employed 
in the triaxial tests were used for the measured quantities in the plane strain tests. 

Stress Paths 

Stress paths were chosen that would highlight deviations from the Mohr-Coulomb behavior 
assumed in the theoretical analysis. The stress paths used in the triaxial compression and 
extension tests are shown in Fig. 4; the stress path for the plane strain test is shown in 
Fig. 5. 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



PETERS ET AL. ON SHEAR BAND FORMATION 615 

Triaxial Compression and Extension Teste—The experiments consisted of three different 
stress paths in compression and three different stress paths in extension. The tests were 
initiated at an isotropic confining pressure of 51 kPa and then followed different stress paths 
to reach peak failure. Following peak failure and complete development of shear bands, 
the specimens were unloaded. The compression tests were then reloaded in extension to 
study the influence of compression shear bands on formation of extension shear bands. 
Following unloading in the extension tests the confining pressure was reduced to the initial 
isotropic state, and the specimens were reloaded in compression. This was done to study 
the effects of extension shear bands on development of compression shear bands. 

Plane Strain Tests—The three different stress paths resemble those in triaxial compression 
in terms of the combination of variation of the stress difference (CT, - CT3) and the confining 
pressure v, excepting that extension loading was restricted by Wj > 0- The horizontal stress 
difference (aj - aj) cannot be controlled, but basically is dictated by the condition that 
€2 = 0. Following peak failure and shear banding, the specimens were unloaded at the 
confining pressure reached at failure. 

Results 

Formation of Shear Bands in Triaxial Compression 

The stress-strain and volume change relationships obtained from the triaxial compression 
tests are shown in Fig. 6. The vertical stress difference and the volumetric strains are plotted 
against the vertical strain in these diagrams. 

During the tests, the specimens were carefully observed for early detection of developing 
shear bands. The location on the stress-strain curves at which the first observation of shear 
bands was made is indicated on each figure for both compression and extension conditions. 
Considerable straining beyond the peak failure points occurs in all cases before shear bands 
develop in the compression tests. The stress-strain curves in Figs. 6 and 7 show only little 
sign of the formation of shear bands, whereas the rates of dilation diminish substantially 
immediately before the shear bands become visible. Thus, the reduced rates of dilation in 
all cases appear to be associated with the occurrence of shear bands. Once a shear band 
has developed fully, the stresses and the volume change curve tend to level off. It appears 
that the initiation of shear banding results in elastic unloading of the specimen outside the 
developing shear band which rapidly becomes weaker than the remaining major parts of 
the specimen. 

The results of the extension tests following the compression tests on the same specimens 
are also shown in Fig. 6. Although very clear extension shear bands developed in each 
specimen, there does not appear to be any clear indication of these occurrences to be seen 
from the stress-strain and volume change curves. This may be because these two curves 
indicate very steady behavior before shear banding (that is, almost no change in stresses 
and only small volume dilation with continued straining). Therefore, the shear bands, which 
were rather slow to develop in these tests, did not cause any recognizable effects on the 
stress-strain and volume change curves. The new shear bands developing in the specimens 
seemed to initiate from one end of an old shear band where a loose zone was created. 

Formation of Shear Bands in Triaxial Extension 

Figure 7 shows the stress-strain and volume change relationships obtained from the triaxial 
extension tests. The vertical stress difference, which is negative during extension, and the 
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FIG. 5—Stress paths for plane strain tests. 

volumetric strain are plotted against the vertical strain in these diagrams. The observations 
of developing shear bands are noted on all the diagrams. It may be seen from Fig. 7 that 
shear bands were observed closely after peak failure in all cases and they were accompanied 
by a sudden and considerable drop in sustained stress difference and almost complete 
termination of dilation. The rates of dilation observed in these tests were higher before 
shear banding than those measured in extension following the compression tests described 
above. The shear bands in these tests were also observed to develop abruptly and become 
very sharp and clear over a very small range of deformation. 
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The shear banding during the compression portion of the test is associated with drops in 
stress difference and in rate of dilation in all cases except one, in which several shear bands 
developed in the specimen. As in the compression tests, the development of new shear 
bands appeared to initiate from one end of an old shear plane where a loose zone was 
present. 

Formation of Shear Bands in Plane Strain 

Figure 8 shows the results of the three plane strain tests. Both the vertical stress difference 
and the horizontal stress difference (wj - V}) as well as the volumetric strain are plotted 
against the vertical strain. The value of ft = (02 - ff3)/(CTi - wj) increases from zero to a 
value at failure indicated on the figure. Although both stress differences decrease after 
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failure, their ratio, expressed in the b value, continues to increase indicating that the stress 
in the plane strain direction (0-2) does not fall off rapidly in the postpeak portion of the test. 

The strain to peak failure (or to maximum stress ratio) is very small in the plane strain 
tests (1.5 to 2.0%), and detection of visible shear bands was most difficult in these tests. In 
fact, it was necessary to compress the specimens to 3% to 4% vertical strain before the 
shear bands became recognizable in the specimens. The figures do not indicate when the 
shear bands became visible because they appeared to develop very gradually. However, the 
vertical stress difference was observed to suddenly drop off, whereas the decrease in rate 
of dilation occurred at a sUghtly later point in the tests. It is possible that the shear banding 
was similarly delayed (that is, the shear banding may be associated with the break in the 
volume change curve rather than the drop in the vertical stress difference). 

Note that the sudden drops in vertical stress differences occur at points on the stress-
strain curves where the specimens are apparently still being loaded (that is, the slopes of 
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the stress-strain curves are still positive). Thus, the stress state does not continue smoothly 
over the peak point on the curves, and the peak point appears to represent a point of 
instability located before a smooth peak failure point can be obtained. 

Following the drop-off, the vertical stress difference decreases to less than half of the 
maximum value before leveling off at 2.5 to 3.0% vertical strain. Thus, very little straining 
occurs under plane strain conditions before the residual strength is reached. 

Variation of Friction Angles" 

The friction angles observed in the triaxial compression tests and those obtained from 
compression of the extension specimens all correspond to confining pressures close to 51 
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kPa. Their average (of eight tests), 43.5°, and standard deviation, 0.3°, indicate very little 
scatter of the experimental results. Thus, the influence of extension before compression 
testing on the strength is negligible. Similarly, the strengths obtained in the extension tests 
do not appear to be influenced by previous compression testing. The average friction angle 
and standard deviation for all eight extension tests are, respectively, 45.2 and 1.9°. However, 
if one outlying friction angle (40.6°) is removed, the result is 45.9 and 0.5°. The results of 
the plane strain tests show an average friction angle of 50.0° and a standard deviation of 
0.6°. 

Critical Strain Hardening Parameter 

The hardening parameter H (Eq 13) and the theoretical critical hardening parameter H^ 
(Eq 8) were computed for each test at the point prior to observed shear banding as sum-
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marized in Table 6. In comparing experimental and theoretical values, observe that the 
necessary condition for shear banding isH < H^. The analysis involves four properties, two 
elastic constants, E and v, hardening modulus, H, and the constant volume stress ratio, K. 
The values for E were computed from empirical relationships for Santa Monica beach sand 
given by Lade and Nelson [12]. All computations are based on v = 0.15. The value of K 
was computed from Eq 12 using the rate of dilatancy measured prior to the point of obvious 
localization. These values were consistently lowest in triaxial compression (average of six 
values, 2.81), highest in extension (average of SK values, 4.18), and intermediate in plane 
strain (average of three values, 3.82). 

A difficulty with the measurements is distinguishing between homogeneous behavior and 
that caused by shear band formation. In particular, it is difficult to determine whether the 
reduction in stiffness prior to failure in the plane strain test is the result of localization or 
part of the homogeneous behavior. The values shown in Table 6 for the plane strain test 
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correspond to the rising portion of the stress-strain curve well before there is any evidence 
of instability. Even on the steeper portion of the curve the hardening modulus is less than 
the theoretical critical value indicating that localization is possible well before it actually 
occurs. 

The critical condition for triaxial extension was influenced by the loading history. For the 
tests loaded directly into extension, shear banding appears to occur just after peak stress 
on the softening portion of the curve whereas shear banding clearly occurs in the hardening 
portion of the curve for the samples that were first loaded into compression. One possible 
explanation for this is that the axisymmetric condition is destroyed by the low density zone 
created in the initial compressive loading. If so, the triaxial compression test was not similarly 
influenced because shear banding was observed within the strain softening part of the test 
for all triaxial compression tests. In all cases the rate of softening for the axisymmetric tests 
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TABLE 6—Summary of critical hardening modulus computation. 

Test" 

TCI 
Comp. 
Ext. 
TC2 
Comp. 
Ext. 
TC3 
Comp. 
Ext. 
TEl 
Ext. 
Comp. 
TE2 
Ext. 
Comp. 
TE3 
Ext. 
Comp. 
PSl 
PS2 
PS3 

R 

4.59 
5.62 

5.12 
5.88 

5.17 
6.17 

5.81 
5.06 

5.88 
5.12 

5.81 
5.01 
7.75 
7.28 
7.33 

di," 
df.a 

-0.283 
0.213 

-1.079 
0.213 

-1.018 
0.184 

0.404 
-0.737 

0.369 
-0.908 

0.341 
-0.870 
-0.845 
-0.883 
-1.143 

K' 

3.58 
4.42 

2.46 
4.63 

2.56 
5.04 

3.46 
2.91 

3.71 
2.68 

3.83 
2.68 
4.20 
3.87 
3.42 

dR 

\diJi 

-0.174 
0.123 

-0.081 
0.202 

-0.083 
0.639 

-0.136 
-0.068 

-0.032 
-0.060 

-0.396 
-0.138 

2.984 
2.783 
1,929 

(73, kPa 

50.7 
9.1 

50.7 
9.1 

50.7 
8.1 

50.2 
50.7 

52.2 
50.7 

51.9 
50.7 
50.7 
57.1 
61.1 

£", MPa 

272.3 
145.8 

272.3 
145.8 

272.3 
145.8 

327.6 
272.3 

327.6 
272.3 

327.6 
272.3 
340.8 
340.8 
340.8 

H' 
E 

-0.0004 
0.0001 

-0.0001 
0.0001 

-0.0001 
0.0003 

-0.0006 
-0.0001 

-0.0000 
-0.0001 

-0.0005 
-0.0002 

0.0020 
0.0029 
0.0020 

HJ 
E 

-0.279 
-0.013 

-0.380 
-0.011 

-0.374 
-0.009 

-0.014 
-0.350 

-0.011 
-0.370 

-0.013 
-0.363 

0.022 
0.020 
0.015 

' Comp. and Ext. denote values measured in compression and extension portions of test, respectively. 
* dt., is the axial strain in triaxial compression and extension test and the vertical strain in the plane 

strain test. 
' Computed using Eq 12. 
•* From values given in Ref 12. 
' Computed using Eq 13. 
' Computed from Eqs 8 and 10 using v = 0.15. 

was less than the critical condition (that is, H > H^), and localization was not theoretically 
possible. 

Concluding Remarks 

Comparison of the experiments with theoretical behavior clearly supports the theoretical 
conclusion that shear band formation is inffuenced by loading configuration. The triaxial 
compression test is the most resistant to shear banding whereas the plane strain test can 
display shear banding prior to reaching the peak of the stress-strain curve; the triaxial 
extension test appears to fall between these two extremes in terms of potential for shear 
banding. Comparison of behavior between different types of equipment should therefore 
include an assessment of the role that localization plays in each case. 

The lack of quantitative agreement between experiment and theory for the triaxial 
compression test suggests that the theoretical requirements for bifurcation based on isotropic 
hardening may be too severe. There is, of course, the possibility that stress state in the 
triaxial compression test, when shear banding finally occurred, was approaching that of the 
plane strain test as a resuh of constraint at the sample ends. The relatively low value of b 
measured in the plane strain test indicates that only a small deviation from ideal end con-
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ditions could create a stress state close to plane strain where shear banding could readily 
occur. Yet, the axisymmetric configuration is clearly more stable than the plane strain 
configuration even when the specimen has undergone shear banding during previous loading 
and axisymmetry most certainly has been destroyed. The low density shear zones created 
during initial loading were observed to serve as points of initiation for shear bands but in 
no case did they cause the cylindrical specimens to display the degree of instabiUty observed 
in the plane strain test. Thus, axisymmetry does not produce the degree of stabiUty suggested 
by the analysis, nor does the loss of axisymmetry produce the degree of instability that might 
be expected from a comparison to plane strain conditions. 
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ABSTRACT: Shear strength tests employing back pressure saturation, isotropic consolidation, 
and pore pressure measurements in the triaxial chamber are routinely used in the evaluation 
of landfill sites, deep excavations, earth dams, and highway embankments. Continuous soil 
sampling using a 1.5-m (5-ft) long split-barrel sampler and hoUow-stem augers has proved to 
be highly efficient in samphng predominantly cohesive soils and cohesive fills. Whereas sam
pling with thin-walled tubes, ASTM D 1587, has been recognized as providing essentially 
undisturbed samples, experience with the spHt-barrel continuous sampler system indicates that 
visually it will yield equally undisturbed samples and provide better recovery in cohesive fills 
and extremely hard soils. 

A comparative laboratory testing program was undertaken to investigate the differences in 
shear strength between samples of a glacial till obtained in accordance with the ASTM Method 
for Thin-Walled Tube SampUng of Soils (D 1587), samples carved from blocks, and samples 
obtained with the continuous split-banel sampler. These three sampling systems were used to 
obtain samples from the same strata of saturated glacial till. Zones of carefully monitored 
compacted clay fill were also sampled using the thin-walled tube sampler and the continuous 
split-barrel sampler. TTie factors affecting sample disturbance and the results of a limited testing 
program are discussed. 

KEY WORDS: sample disturbances, sampling, samplers, shear strength (soils), soil properties, 
triaxial tests 

Nomenclature 

Ar_ Area ratio 
B Terzaghi compression index for all-around triaxial pressure 
C Inside clearance ratio 
C Cohesive intercept in terms of effective stress 
CT Cohesive intercept in terms of total stress 
())' Friction angle in terms of effective stress 
^T Friction angle in terms of total stress 
i];' Slope of the Kp line on the p'-q' diagram 

Introduction 

Geotechnical investigations for landfills, flood control and highway projects, and structure 
foundations frequently require that "undisturbed" samples of cohesive soils be obtained to 
permit laboratory measurement of density, shear strength, compressibility, or hydrauhc 

' Principal, senior geotechnical engineer, and vice president, respectively, Patrick Engineering Inc., 
346 Taft Avenue, Glen Ellyn, IL 60137. 
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conductivity. Continuous sampling to check for lenses of granular soils in these deposits is 
desirable or mandated by regulatory agencies when designing landfill or flood control pro
jects. 

Continuous sampling by conventional methods (for example, split-spoon sampling or thin-
walled tube sampling) is relatively slow, and retrieval of thin sand lenses or very soft layers 
of cohesive soils can be difficult. Devices developed for the continuous sampling of cohesive 
soils more efficiently than the ASTM Method for Penetration Test and Split-Barrel Sampling 
of Soils (D 1586) or the ASTM Method for Thin-Walled Tube Sampling of Soils (D 1587) 
are commonly called continuous samplers. 

The continuous split-barrel sampler operation is similar to conventional hollow-stem auger 
drilling except that, in lieu of a plug and string of drill rod, a 1.5-m (5-ft) long spht-barrel 
sampler is fitted inside the lead auger and suspended on a string of hex rod with pinned 
joints. The hardened shoe for the split-barrel sampler can be adjusted from approximately 
15 cm (6 in.) in front of the auger head to approximately flush with the auger head. The 
sampler tube is held from rotating with the auger by the hex rods which are fixed at the 
connection to the drill. As the hollow stem augers are turned, the split-barrel sampler is 
pushed into the soil, similar to thin-walled tube sampUng techniques. An advantage to using 
the continuous sampler in hard cohesive soils is that the auger cuts away the soil around 
the sampler and reduces the side friction on the outside of the sampler barrel. The greater 
stiffness of the split-barrel and the reduction in side friction enables the sampling of hard 
cohesive soils which cannot be obtained with thin-walled tubes. Because the system does 
not require water, potential sample disturbance and moisture content changes as a result 
of washing are eliminated. 

Samples of naturally overconsolidated cohesive soils and cohesive fills obtained in this 
manner visually appear to be relatively undisturbed. The continuous sampler system seems 
to have advantages over conventional sampling procedures, including (1) improved effi
ciency, (2) the ability to obtain samples of hard cohesive soils which cannot be sampled with 
thin-walled tubes, (3) occasionally the ability to obtain essentially "undisturbed" samples 
of compacted fills possessing stratified density resulting from compaction in lifts, and (4) 
the ability to visually inspect a continuous 1.5-m (5-ft) long sample of soil in the field without 
the extrusion process. 

The two identified disadvantages of the continuous sampler also must be considered prior 
to using it instead of other conventional sampUng methods. The sample is removed from 
the spht-barrel sampler in the field where possible water content changes in the sample may 
occur due to uncontrolled climatic conditions. Also, field removal of the sample from the 
sample barrel allows for "unlimited" swell potential prior to testing unless the sample is 
immediately restrained. 

The testing rejjorted here was performed as an initial attempt to evaluate the difference, 
if any, in laboratory-measured properties of cohesive soils sampled with the continuous 
sampler and the same soils obtained in accordance with ASTM D 1587 and block samples 
carved from test excavations. It is recognized that the testing was limited and that the 
conclusions drawn from this comparative testing may not be applicable to all types of soils 
encountered. 

Geotechnical Conditions 

General 

The samples were obtained from a site located within northeastern Illinois and more 
specifically within the Wheaton Morainal Division of the Central Lowlands Physiographic 
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Province [i]. The topography in the area is characterized as level to gently rolling. The 
entire area has been glaciated and has been covered with a thick mantle of glacial outwash 
and silty clayey till. The thickness of soil cover in the general geographic area is on the 
order of 18 to 30 m (60 to 100 ft) [2]. The soils generally consist of fine-grained glacial till 
and morainal deposits. 

Soil Properties 

The natural soil sampled for this study was gray silty clay till belonging to the Yorkville 
Member of the Wedron Formation [1]. Classification tests performed in accordance with 
ASTM standard procedures yielded average values of 22 and 14 for the liquid and plastic 
limits, respectively. The soil consists of, on the average, 1% gravel, 19% sand, 51% silt, 
and 29% clay based on the ASTM Classification of Soils for Engineering Purposes (D 2487), 
and defining clay particles as those smaller than 0.002 mm. The specific gravity, determined 
in accordance with the ASTM Test for Specific Gravity of Soils (D 854), was 2.67. The soil 
is classified as a lean clay in accordance with the Unified Soil Classification System, ASTM 
D 2487. The soil is slightly overconsolidated with an estimated maximum past vertical 
effective stress (preconsolidation pressure) of 220 kPa (31.9 psi). 

The compacted fill sampled for this study was pinkish-brown silty clay till belonging to 
the Tiskilwa Member of the Wedron Formation [1]. The average liquid and plastic limits 
of the soil are 24 and 12, respectively. The particle size distribution analysis yielded average 
values of 2% gravel, 32% sand, 40% silt, and 26% clay. The soil is classified as a lean clay 
in accordance with the Unified Soil Classification System. The soil was placed and compacted 
in lifts using a Caterpillar® 825C sheepsfoot roller. The final compacted lift thickness was 
typically less than 8 in. (20 cm). Approximately three to four passes with the sheepsfoot 
roller were required to achieve a minimum compaction of 95% of maximum density as 
determined in accordance with ASTM Tests for Moisture-Density Relations of Soils and 
Soil-Aggregate Mixtures, Using 5.5-lb (2.49-kg) Rammer and 12-in. (304.8-mm) Drop (D 
698, Method A). Typically, the soil was compacted within two percentage points of the 
laboratory-determined optimum moisture content. 

Sampling Procedures 

Block Samples 

Block samples [3] of the gray silty clay till were obtained by excavating a 1.3-m (4-ft) 
deep trench adjacent to the proposed sample location. The sample was isolated roughly 
using shovels and then trimmed to the desired shape using soil knives. Before cutting the 
soil column free, the sample was wrapped with plastic wrap, then cheesecloth, and a circular 
rigid plastic tube was placed over the sample with approximately a 1.3-cm (0.5-in.) space 
between the sample and tube. The annular space between the sample and rigid plastic tube 
was then filled with beeswax to obtain a moistureproof seal. The sample was transported 
in a vertical position to the laboratory and was placed in a humidity-controlled environment. 

Thin-Walled Tube 

The thin-walled tubes were 7.6 cm (3 in.) in diameter with an inside clearance ratio [4] 
of 1% and an area ratio [4] of 12%. The tubes were butt welded and galvanized. The 
dimensions and construction of the tubes were in conformance with ASTM D 1587. 

The borehole was advanced to a depth of 0.3 m (1 ft) using hollow stem augers with a 
central plug. The central plug was removed, and the thin-walled tube with coupling head 
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having a suitable check valve and venting area was lowered to the bottom of the hole. The 
tube was then hydraulically pushed into the soil using a continuous and rapid motion. 

Upon removal of the sample from the hole, the tube ends were sealed in accordance with 
ASTM D 1587. The tubes were labeled and transported to the laboratory in a vertical 
position. Samples were stored in a humidity-controlled environment until they were extruded 
for logging and shear strength testing. 

Continuous Sampler 

The continuous sampling device, manufactured by the Central Mine Equipment Company, 
St. Louis, MO, is capable of obtaining a sample 1.5 m (5 ft) in length and 5.8 cm (2.3 in.) 
in diameter. The inside clearance ratio [4] of the cutting head is 14% and the area ratio [4\ 
is 89%. Continuous samples of both the natural soil and compacted fill, using the thin-
walled tube sampling technique and the continuous sampler, were obtained within a hori
zontal distance of 1 m (3 ft) of one another. The continuous sampler penetrated the soils 1 
m (3 ft). 

After removal of the continuous sampler from the soil deposit, the shoe and sampler head 
were removed and the split barrel was opened. The sample was expeditiously and carefully 
transferred to a rigid, flat surface and wrapped in plastic wrap. Cheesecloth was then placed 
around the sample, and the sample was wrapped with aluminum foil. Beeswax was placed 
along any exposed seams in the foil. The sample was wrapped with adhesive tape and placed 
into a rigid cardboard tube to facilitate transport to the laboratory for humid storage. 

Specimen Preparation 

Block samples were carefully exposed using soil knives to remove the rigid plastic tube, 
beeswax, cheesecloth, and plastic wrap. The block sample, which was approximately 0.3 m 
(12 in.) in diameter and 0.5 m (18 in.) long, was quartered to provide a sufficient number 
of specimens for initial testing. Specimens were trimmed using a manual soil lathe with the 
specimens oriented in the same direction as obtained from the field. The specimen was 
trimmed to a diameter of approximately 7.4 cm (2.9 in.). 

Thin-walled tube samples were extruded in a horizontal direction using a hydraulically 
operated extruder. Tubes were extruded in the same direction as they were filled. The 
average diameter of the thin-walled tube samples was 7.4 cm (2.9 in.). 

The samples obtained from the continuous sampler were carefully placed on a rigid surface, 
and the wrappings were removed. The samples were generally 5.8 cm (2.3 in.) in diameter. 

All soil samples were visually inspected for desiccation or possible disturbance during 
transport. The specimen used for testing was typically taken from within the middle third 
of the sample with care taken to avoid including gravel size particles. The specimen was 
then placed in a mitre box, and the ends were trimmed square. The height-to-diameter ratio 
used for testing was between two and three, in accordance with the ASTM Test for Un
consolidated, Undrained Strength of Cohesive Soils in Triaxial Compression (D 2850). The 
time between sampling and testing ranged from one week to two months. The influence of 
length of time between sampling and testing on shear strength was not determined as part 
of this initial study. 

Testing Equipment 

The triaxial cell, manufactured by Wykeham Farrance, Raleigh, NC, has bonded perspex 
chambers for working pressures up to 1725 kPa (250 psi). The cell has four valve ports for 
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cell pressure, bottom and top back pressure, and pore water pressure. An 0-ring is fitted 
inside the bushing bore to reduce the loss of fluid along, and friction on, the stainless steel 
ram. 

Triaxial test membranes, formulated from pure latex rubber, were seamless, pinhole free, 
uniform in elongation, and transparent. The wall thickness was 2 mm (0.08 in.). Filter paper 
disks and strips were made from Whatman's No. 54 filter paper. 

The load cell, pore pressure transducers, and digital indicators were manufactured by 
Sensotec, Inc., Columbus, OH. The load cell used was Model No. 53 with a capacity of 
4536 kg (10 000 lb) with an accuracy within 4% of the indicated load. The pore pressure 
transducer. Model A205/281-07, has a capacity of 1725 kPa (250 psi) and is accurate to 0.7 
kPa (0.1 psi), The digital readout, Model No. 450D, is a 4.5-digit instrument with fine zero 
adjust, fine gain adjust, and shunt cahbration controls. 

Testing Procedure 

The isotropically consolidated undrained triaxial tests with pore pressure measurements 
were performed on specimens saturated by back pressure. To reduce the time required for 
saturation and consolidation of the specimens, saturated strips of filter paper were placed 
beneath the rubber membrane in accordance with U.S. Army Corps of Engineers standard 
procedures [5]. Saturated filter paper disks were placed at the top and bottom of all specimens 
tested. Corundum stones with a porosity of approximately 50% were also placed on the 
base pedestal and below the top platen. Prior to back pressure saturation, a small confining 
pressure was placed on the specimen, generally 14 kPa (2 psi), and the specimen was allowed 
to equilibrate. Any change in volume, as measured by a calibrated manometer system [6], 
was recorded for future use in determining the change in specimen size due to confinement, 
After equiUbrium, the specimen was saturated using 69-kPa (10-psi) increments of cell and 
back pressure until B was measured to be about 1.0. Changes in pore water pressure were 
taken immediately after application of the increased confining pressure and were measured 
using a pore pressure transducer connected to the bottom platen. Upon verification of 100% 
saturation, the specimen was consolidated under the preselected confining pressure. Con
fining pressures were selected to encompass the preconsolidation pressure of 220 kPa (31.9 
psi) for the natural soil specimens and were selected based on experience for the compacted 
fill. Readings of change in volume of the specimen versus time were taken and plotted for 
both the top and bottom manometers to ensure 100% primary consolidation was reached 
prior to shearing. Upon verification of 100% primary consolidation, the change in specimen 
height was obtained by seating the piston and recording the distance moved. 

The piston was seated using the same rate of vertical movement as for the specimen 
loading. The load registered by the load cell was recorded and used as the zero "differential" 
load apphed to the soil specimen. This zero load takes into account bushing friction along 
the load rod. 

Pore pressure, axial load, and strain measurements were made prior to and during shear
ing. Generally, the specimens were loaded at a strain rate of 5% per hour and tested to 
20% strain. 

Results 

General 

Failure of the soil specimens is defined according to the maximum principal stress dif
ference, more commonly known as the deviator stress. In accordance with U.S. Army Corps 
of Engineers standards, failure was defined as the deviator stress at 15% axial strain when 
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the deviator stress continually increased during the test [5]. When the deviator stress de
creased after reaching a maximum value, the minimum deviator stress obtained after the 
maximum value but before 15% axial strain was considered the ultimate deviator stress [5]. 
Nearly all specimens tested reached their peak stress near 15% strain. 

Natural Soil 

The test results for the natural soil are presented in Figs. 1 and 2. The shear strength 
values for the block sample determined using the Mohr failure envelopes are ^^ = 
11.5°, CT = 76 kPa (11 psi), and ^' = 27.2°, C = 0 kPa (0 psi). The plot of effective stress 
paths indicates that the specimens were overconsolidated within the lower range of confining 
pressures; however, this change in strength was not indicated in the effective Mohr failure 
envelope. 

The total strength parameters for the 7.6-cm (3-in.) thin-walled tube samples were ^r = 
11°, CT = 90 kPa (13 psi) below a normal stress of 480 kPa (70 psi), and ^T = 21°, CT = 0 
kPa (0 psi) above a normal stress of 480 kPa (70 psi). The break in strength occurred at 
approximately twice the estimated preconsolidation pressure. The effective strength was 
<t>' = 28.7°, C = 0 kPa (0 psi) for all normal stresses. The Kp line plotted using the effective 
stress paths is linear suggesting that the specimens were not overconsolidated, even at low 
confining pressures. However, individual stress paths at low confining pressures are indicative 
of overconsolidated soil. 

The total strength parameters for the soil samples obtained using the continuous sampler 
were ^T = 10°, CT = 69 kPa (10 psi) below 275 kPa (40 psi) normal stress, and <t)r = 22°, 
CT = 0 kPa (0 psi) above 275 kPa (40 psi) normal stress. The effective strength of <|)' = 
29.3°, C = 0 kPa (0 psi) was obtained for all normal stresses. The plotted Kp line also 
suggests that the specimens were not overconsolidated, even under low confining pressures. 

The dry density and change in volume for the natural soil specimens after isotropic 
consolidation and prior to shear are presented in Table 1. The moisture contents were 
physically determined on the entire soil specimen after shearing in accordance with ASTM 
D 2216. The dry density values were calculated using the volume change during isotropic 
consolidation as measured on the calibrated manometer system. 

Compacted Fill 

Test results for the compacted fill are presented in Fig. 3. The results for the 7.6-cm (3-
in.) thin-walled tube samples yielded effective strength parameters of ^' = 29.1°, C = 0 
kPa (0 psi), and total strength parameters of ^T = 18.5°, CT = 34 kPa (5 psi). The effective 
stress Mohr failure envelope did indicate a change in strength due to overconsolidation 
by compaction. The effective stress paths indicate that the compacted fill is slightly over-
consolidated with the break in strength occurring below a normal stress of 275 kPa (40 psi). 

The effective strengths determined from soil samples obtained using the continuous sam
pler were ^' = 27.2°, C = 0 kPa (0 psi). Total strength parameters are <!I>T = 18°, CT = 
34 kPa (5 psi). The plotted effective stress paths also indicate that the material has been 
overconsohdated with a change in strength occurring below a normal stress of 275 kPa (40 
psi). 

The dry density and change in volume for the compacted fill specimens after isotropic 
consolidation and prior to shear are presented in Table 2. The moisture contents were 
physically determined on the entire soil specimen after shearing in accordance with the 
ASTM Method for Laboratory Determination of Water (Moisture) Content of Soil, Rock, 
and Soil-Aggregate Mixtures (D 2216). The dry density values were calculated using the 
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T A B L E 1—Physical characteristics o f natural soil samples before shearing. 

BLOCK SAMPLE 

Confining Pressure, kPa 

Density, Kfl / m ' 

Moisture Content, % 

Volume Change, % 

7 . 6 

Confining Pressure, KPo 

Density, K g / m * 

Moisture Content, % 

Volume Change, % 

100 

1980 

13.7 

- 0 . 6 

195 

1930 

13.7 

-1.6 

365 

2 0 0 0 

13.5 

- 2 . 0 

CM THIN-WALL TUBE SAMPLE 

110 

2 0 8 0 

12.6 

- 1 5 

2 0 0 

1940 

16.3 

-2.9 

4 0 0 

2 0 9 0 

11.7 

-3 .8 

5 5 0 

1920 

16.6 

- I . S 

5 9 0 

1 9 5 0 

15.4 

- 4 . 1 

CONTINUOUS SAMPLER 

Confining Pressure, kPa 

Density, K g / m ^ 

Moisture Content, K 

Volume Change, % 

100 

1930 

16.4 

- 1.9 

190 

1720 

21.9 

-3 .4 

3 2 0 

17 10 

20.2 

- 4 . 8 

5 2 0 

2 0 6 0 

10.2 

- 3 . 7 

volume change during isotropic consolidation as measured on the calibrated manometer 
system. 

Discussion 

Gerwral 

The process of soil sampling necessarily results in some sample disturbance. The degree 
of disturbance is dependent on the method and care during and subsequent to sampling. 
Sampling disturbance occurs as a result of compression of the soil and removal of in situ 
confining stresses during drilling and sampling, moisture content change due to uncontrolled 
climate conditions, jostling during transportation, compression during extrusion, and desic
cation while trimming and placing the specimen within the triaxial cell. The results of the 
initial testing program indicate that sample disturbance of various degrees has occurred for 
each type of sample obtained, thus affecting the laboratory measured strengths. 

Ladd and Foott have indicated that a major source of sample disturbance is caused by 
stress relief which allows negative pore pressures to develop in the sample {7\. Density and 
shear strength would be expected to vary in the range of confining stress up to the precon-
solidation stress depending on the sample type and the time and degree to which the sample 
has been allowed to rebound. In particular, the tendency for microfissures to develop in 
the soil after it is removed from its natural confinement may affect the measured hydraulic 
conductivity, density, and shear strength. 

Continuous samplers afford the only practical opportunity to obtain "undisturbed" deep 
samples in hard soil deposits without introducing wash water. Where block samples can be 
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638 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

TABLE 2—Physical characteristics of compacted fill samples before shearing. 

7.6 CM THIN-WALL TUBE SAMPLE 

Confining Prftssure, kPa 

Density, Kg / m ' 

Moisture Content, % 

Volume Change, % 

6 0 

16 90 

17.6 

- 1.2 

1 0 0 

20S0 

13.1 

- 2 . 9 

leo 

2 0 0 0 

12.7 

- 2 . 4 

4 1 0 

2000 

12,4 

-4.4 

CONTINUOUS SAMPLER 

Confining Pressure, kPa 

Density, Kg/m^ 

Moisture Content, % 

Volume Change, % 

55 

I 9 S 0 

13.8 

-0.3 

100 

I 9 6 0 

13.3 

- 0 . 5 

190 

2000 

12.4 

- 2 . 3 

3 8 0 

2040 

11.8 

- 4.6 

obtained, the amount of stress relief and sample expansion depends on the length of time 
the sample has been unloaded, the size of the block, and the time between laboratory 
specimen preparation and insertion into the confining cell. 

Thin-walled tube samples typically experience expansion related to the difference between 
the inside diameter of the tube cutting edge and the inside diameter in the body of the tube. 
The inside clearance ratio, C„ which is a function of these two dimensions, should not exceed 
1% for high quahty "undisturbed" samples [8\. The inside clearance ratio for thin-walled 
tubes must be between 0.5% and 3% by specification, ASTM D 1587. 

Limited expansion of thin-walled tube samples occurs through rebound while the samples 
are stored in the tube. Tubes having a higher inside clearance ratio will have greater capacity 
for sample expansion due to stress relief. A portion of the rebound is almost instantaneous. 
This enables thin-walled tube samples to be retrieved in stiff clay soils. Rebound is, however, 
time dependent and thus the time interval between sample extrusion and application of 
confinement stress by the cell pressure is important. By contrast, expansion of the samples 
obtained using the continuous sampler is, for practical purposes, unlimited because the 
inside clearance ratio for the continuous sampler used is on the order of 14%. The amount 
of stress relief may be reduced if the samples are held in a confining mechanism immediately 
after opening the split-barrel sampler. 

Disturbance during the sampling operation is dependent not only on the inside clearance 
ratio but also on the disturbance incurred while physically trimming the sample. This dis
turbance is directly related to the outside diameter of the sampler as it compares to the 
inside diameter of the cutting edge. The area ratio. A,, which is a function of these two 
values, reportedly should be below about 13 to 15% to obtain "undisturbed" samples [8\, 
The thin-walled tubes and the continuous sampler used for this investigation had area ratios 
of 12 and 89%, respectively. 

Natural Soil 

The results indicate that the shear strengths within the overconsolidated zone were similar 
for all three soil sample types considering the degree of accuracy inherent in triaxial tests 
routinely used for real projects having limited testing budgets. The effective strength failure 
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envelope had a cohesion intercept of 0 kPa (0 psi) for all three sampler types with the value 
of <|)' increasing from 27.2° for the block samples to 29.3° for the continuous samples. The 
total strength envelope for the block samples was independent of confining pressures having 
a friction angle of <t>r = 11.5° and a cohesion intercept of Cj = 76 kPa (11 psi). ITie total 
strength envelope for both the thin-walled tube samples and continuous samples was ^T — 
11°, CT = 90 kPa (13 psi), and (^T = 10°, Cj = 69 kPa (10 psi), respectively, for low confining 
pressures. For high confining pressures the total strengths for the thin-walled tube samples 
and continuous samples increased substantially to <^T = 21°, C^ = 0 kPa (0 psi), and <^r = 
22°, CT= 0 kPa (0 psi), respectively. 

A review of the consohdation data indicates that the block sample specimens yielded 
considerably smaller volume changes as a result of increased confining pressures than samples 
obtained from thin-walled tubes or the continuous sampler. The volume changes for both 
the thin-walled tube specimens and continuous sampler specimens were similar, with the 
continuous sampler specimens generally having a greater decrease in volume. This greater 
volume change for the continuous sampler specimens indicates that more rebound occurred 
during or subsequent to the samphng operations, and is most Ukely due to the greater inside 
clearance ratio. 

The lack of sufficient strength data and the minor inconsistencies in dry density and 
moisture content data suggest a statistical evaluation of the data should not be attempted. 
The results do indicate that the continuous sampler and thin-walled tubes provided soil 
samples which, when tested in the laboratory, provided effective shear strength values which 
appear accurate and consistent enough for feasibility studies, preliminary analyses, and for 
final design when the range of apphed stresses will be above the maximum past pressure. 
Total strength parameters as determined from this preliminary study suggest that sample 
disturbance produced by each of the three methods will affect the laboratory strength data. 

Compacted Fill 

The data obtained from samples of the compacted fill were similar for both sampling 
methods. The dry density values for the continuous sampler specimens increased with con
fining stress as the moisture contents decreased. The moisture contents for the thin-walled 
tube sample specimens also decreased as expected; however, there was not a definite increase 
in dry density. 

The change in specimen volume with increased confining pressure was considerably less 
for the continuous sampler specimens within the area of specimen reloading. When the 
confining pressures exceeded the estimated past pressure induced during compaction, both 
the continuous sampler specimens and the thin-walled tube specimens behaved similarly 
with a marked increase in volume change. These results were expected and indicate that at 
high pressures the specimens will behave as normally consolidated soils. 

The data, while limited, indicate that the continuous sampler can be used to obtain 
compacted clay fill samples that are equivalent, if not better, than those obtained using 7.6-
cm (3-in.) diameter thin-walled tubes. The relationship between laboratory measured strengths 
from block samples and those from continuous samples was not determined and therefore 
the quantitative effect of using the continuous sampler within fills cannot be determined 
from the limited testing. 

Additional Factors Affecting Strength 

The sample disturbance produced during drilling and sampling operations affects the shear 
strength by altering the soil structure through remolding and relaxation of in situ confining 
pressures. Additional factors will affect the measured shear strength of soil samples and 
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must be taken into account when selecting the sampler type and testing procedures used 
for geotechnical investigations. 

Results of this study and previous work by others suggest that selection of the sampler 
type should be based on the following considerations: 

1. Sample Diameter—Samples having large-diameter particles or secondary structure will 
be affected by sample size. TTie smaller sized samples may yield falsely higher strengths due 
to failure plane restrictions or exclusion of natural weak seams or layers. 

2. Thixotropic Regain—The increase in strength after sampling, during sample prepara
tion, sample saturation and consolidation, and the length of time between samphng and 
shearing will to some degree influence laboratory test results and should be considered when 
analyzing test data. 

3. Rate of Back Pressure Saturation—Increased rates and magnitudes of back pressure 
saturation may change the structure of the soils depending on the compressibihty of the soil 
skeleton. 

4. Confining Pressure—^The application of confining pressures and previous stress history 
of the soil will have a direct influence on measured shear strength. The use of normalized 
testing methods should be considered to reduce the effect of sample disturbance on measured 
shear parameters. 

5. Rate of Load Application—The measured strength of cohesive soil generally increases 
as the rate of shear is increased. 

6. Accuracy of Measuring Devices. 

Conclusions 

The effective shear strength of an overconsolidated clayey till soil in the range of confining 
stress above the preconsolidation stress appears to be unaffected by whether the sample 
was carved from a block sample, obtained with a thin-walled tube, or obtained using a 
continuous sampler. In the range of confining stresses above which the soils will behave as 
though normally consolidated, shear strength would be expected to be relatively unaffected 
by any of the three sampling techniques described above. Therefore, in those higher stress 
ranges, samples obtained using the continuous sampler would be considered to yield rep
resentative "undisturbed" samples. 

In the range of confining stress below the preconsohdation stress, constraint of the sample 
will to some degree affect the density and the shear strength even though the moisture 
content may not change. Similarly the laboratory-measured hydraulic conductivity of samples 
may be affected by the potential for rebound and the development of microfissures. Con
ventional thin-walled tube samples obtained in accordance with ASTM D 1587 allow for 
limited rebound and expansion and thus may have limited sample disturbance for recovery 
ratios of 100%. Samples obtained with the continuous sampler have the potential for un
limited rebound and expansion unless restrained by some type of mechanical device such 
as the walls of a thin-walled tube. 

The selection of which sampler to use for securing "undisturbed" samples should consider 
the confinement afforded to the soil in the prototype at the time the shear strength or other 
parameters are desired. 

The results of this initial comparative testing program indicate that: 

1. The continuous sampler may be used, under hmited conditions, to provide soil samples 
of cohesive fills which are equivalent to those obtained using thin-walled tubes. 
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2. Samples of the slightly overconsoUdated glacial till obtained with the continuous sam
pler visually appeared to be more disturbed than those obtained with the thin-walled 
tubes. 

3. Effective shear strength parameters determined using samples obtained by any of the 
three methods are considered accurate for use in feasibility or prehminary investiga
tions, especially where the future loading conditions and testing pressures exceed the 
maximum past confinement. 

4. The continuous sampler can be used to obtain samples of hard cohesive soils where 
thin-walled tubes may be impossible to push. This testing indicates the continuous 
sampler affords the opportunity to obtain a relatively undisturbed soil sample below 
the practical depth hmits for test pits without the introduction of wash water. 

Recommendations 

Additional work is required to determine the effectiveness of using the continuous sampler 
within various soil deposits having different depositional characteristics. This work should 
include: 

(1) effect of sampling rate, 
(2) effect of sample size, 
(3) effect of storage time, 
(4) effect of confining stresses placed on the sample during storage, 
(5) effect of hardened shoe dimensions and sample retainer shape on soil samples, and 
(6) effect of sample sensitivity. 
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ABSTRACT: Results are presented for four series of isotropically consolidated undrained 
triaxijil shear tests conducted on recompacted specimens of Banding Sand. Specimen prepa
ration procedures and the method of loading were varied to determine their effect on the 
undrained steady state strength of the sand and on the position of the steady state void ratio 
curve. Comparison of test results indicates that both sample preparation technique and method 
of loading affect the undrained steady-state strength. 

KEY WORDS: triaxial test, liquefaction, steady state strength, critical void ratio, compaction, 
specimen preparation 

The undrained steady state shear strength of sandy soils has been used for evaluating 
stability against flow slides or hquefaction failures for nearly 50 years, since Casagrande 
first proposed the concept of critical void ratio [1]. Within the past two decades considerable 
effort has been devoted to the study of liquefaction phenomena. Laboratory and in situ 
testing procedures have been improved, and theoretical models have been developed to aid 
the engineer in predicting the physical behavior of soil. Yet, many uncertainties remain in 
determining the effects of various laboratory testing procedures on measured properties and 
in the ability to correlate laboratory test results to field conditions. 

The procedures in use today for analyzing the safety of slopes and embankments against 
liquefaction failure may be broadly categorized into two general approaches. One approach 
focuses on the buildup of pore pressure which may trigger liquefaction. The susceptibility 
of soils to such buildups is inferred from in situ penetration tests and cychc load testing of 
undisturbed samples in the laboratory. The other approach focuses on the potential for a 
flow failure to occur through the determination of the in situ steady state strength of the 
soil by means of laboratory tests. Uncertainties exist in both procedures. The abiUty to 
predict pore pressure buildup accurately in the field from cyclic load tests has been ques
tioned, as has the ability to correlate the undrained steady state shear strength measured 
in the laboratory to in situ strength. 

Undrained steady state shear strength is known to be sensitive to minor changes in void 
ratio which occur during sampling and testing. This sensitivity requires that the strength, 
measured in the laboratory, be corrected to reflect the actual in situ void ratio of the soil. 
One procedure for accomplishing this correction first establishes the steady state void ratio 
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as a function of the minor principal_effective stress at failure (as/), using consolidated 
undrained triaxial compression tests (R-type) on a series of reconstituted test specimens [2]. 
The slope of the resulting steady state line is then used as a reference to adjust the value 
of (T,f, obtained from a test on an undisturbed specimen, to a new value at the in situ void 
ratio. The basis for this correction procedure is the presumption that the steady state void 
ratio (by extension, the slope of the steady state hne) is independent of sample preparation 
techniques and testing procedures. Presumably, at the large strains necessary to reach steady 
state the specimen becomes completely remolded. 

While the R-type triaxial test is used frequently in practice, only a limited number of 
studies have been conducted to determine the effects of testing procedures on the measured 
steady state strength [3-5]. In contrast, numerous studies have addressed procedural effects 
on cyclic triaxial testing and have established guidelines for the conduct of that test [6-12]. 
Some of the procedural aspects found to affect cyclic triaxial testing may also affect mono-
tonic triaxial testing. Hence, the purpose of this investigation was to isolate two readily 
controllable testing variables and determine their effects on undrained steady state strength, 
measured using the R-type triaxial compression test. 

Scope 

Four series of isotropically consoUdated undrained triaxial compression tests were per
formed with the test variants being the method of loading and the specimen preparation 
technique. The results of Castro were used as a reference for the comparison of the steady 
state Unes [3]. The principal objective was to determine if stress-controlled versus strain-
controlled loading and equal-energy versus equal-volume compaction produced significant 
differences in the slope of the associated steady state lines. A secondary objective was to 
determine if Castro's results could be reproduced with a different triaxial test device. 

Laboratory Procedures 

Specimen Material 

All test specimens were prepared from a uniform, clean, fine quartz sand, sold by the 
Ottawa Silica Company under the brand name of Banding Sand. The grain size and grain 
shape characteristics of this sand were nearly identical to those of the Banding Sand tested 
by Castro, which provided a basis for the direct comparison of the results of this investigation 
with those of Castro [3]. A summary of the physical characteristics of the sand used in this 
investigation and those reported by Castro [3] are illustrated in Fig. 1. 

Equipment 

The triaxial test chamber employed a 19-mm-diameter loading piston guided through the 
head plate by a linear ball bushing with an 0-ring seal. The loading piston was rigidly 
attached to the specimen top cap with a threaded connection. This arrangement facihtated 
vertical aUgnment and prevented tilting which would allow the specimen to slide out from 
under the loading platen at large strains. The specimen end platens were 73.6 mm (2.9 in.) 
in diameter with 71.2-mm (2.8-in.) diameter, recessed, porous stones. 

The use of nonlubricated end platens is a significant variation from the triaxial chamber 
used by Castro [3], although, it is similar to many used by commercial laboratories today. 
Even though the work of Johnson [4], Olsen and Campbell [13], and Bishop and Green 
[14] indicates that the use of nonlubricated end platens has a small effect on strength, when 
specimens have a length-to-diameter ratio greater than 2.0, it is conceded that the end platen 
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FIG. 1—Comparison of physical characteristics of the Banding Sand used in this study with 

the sand used by Castro [3]. 

arrangement probably results in higher measured strengths. However, the purpose of this 
investigation was to measure strength in comparative rather than absolute terms, so the 
potential for obtaining inferior quality data is less important. 

Electrical transducers were used to measure load, pore pressure, chamber pressure, and 
specimen deflection. Axial load and deflection were measured externally. For strain-con
trolled tests these parameters were recorded using a multichannel digital voltmeter with a 
pushbutton-initiated printer. For stress-controlled tests, a light-recording oscillograph, op
erating at speeds ranging from 2.5 to 40 cm/s, was used to provide a continuous record of 
the transducer output. 

Specimen Preparation 

Both specimen preparation procedures used in this investigation are moist tamping tech
niques. The only variation in the two procedures is the method of compaction. The initial 
dimensions of all test specimens were 71.2 mm in diameter and 155 mm in height. 

All test specimens consisted of ten layers, compacted in a rubber membrane confined by 
an airtight split mold securely positioned around the base pedestal of the triaxial cell. A 
predetermined weight of oven-dried sand, sutecient to obtain the prescribed density for one 
layer, was mixed with enough water to achieve a molding water content of 8% prior to 
placement in the mold. This water content produced the greatest bulking of the sand and 
allowed very loose test specimens to be prepared. 

The compaction procedure, referred to here as the equal-volume method, employed 
undercompaction to account for the densification of lower layers due to the placement of 
succeeding layers. While the height of each layer was maintained constant, the weight of 
the sand placed in the lowest layer was 2% less than the weight of the sand placed in the 
top layer. The tamping device, illustrated in Fig. 2, was adjusted to produce the correct 
layer height and then lowered repeatedly into the mold to compact the specimen. Tamping 
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FIG. 2—Schematic diagram of tamping device for equal-volume compaction. 

started in the center of the specimen and proceeded in a radial fashion to the perimeter of 
the mold until no further compactive effort could be imparted by the tamper. The surface 
of each compacted layer was scarified lightly, and the procedure was repeated until all ten 
layers were in place. Following compaction, the mold collar was removed, and the specimen 
top cap was placed. The rubber membrane was securely fastened to the top cap with an 
0-ring. 

The compaction procedure referred to as the equal-energy method was modeled after the 
technique reported by Castro [3]. Ten layers of equal weight were placed in the mold using 
a constant compactive effort of twelve static applications of a weighted tamping foot. A 
trial and error procedure was necessary to determine the correct tamper weight to use for 
a given target density. The target height for specimens prepared in this manner was sUghtly 
higher than 155 mm to allow for subsequent screeding of the top surface. Once the specimen 
surface was smooth and level, the top cap was placed as described earlier. The remainder 
of the testing procedure was the same for each specimen regardless of preparation technique. 

Saturation 

After a vacuum of 34.5 kPa was apphed to the top and bottom drainage lines, the split 
mold was removed. The specimen was then measured at five locations using a circumferential 
tape for the diameter and at three locations using a vernier caliper for the height. The 
average of the measurements, combined with the total dry weight of the material, was used 
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to calculate the initial void ratio of the test specimen. The triaxial cell was then assembled 
and filled to within 10 mm of the head plate with deaired water. 

To facilitate saturation, a differential vacuum was appUed to both the specimen drainage 
lines and the triaxial chamber. The two vacuum sources were controlled in such a manner 
that the specimen vacuum was increased to 96 kPa while the effective confining pressure 
was maintained at 34.5 kPa. Deaired water, held under a vacuum of 85 kPa, was slowly 
introduced through the bottom drainage hne and allowed to flow through the specimen 
under a small gradient of 11 kPa into a collection burette. Typically, 10 to 20 mL of water 
were collected in the burette before minute air bubbles ceased to appear. At this point the 
bottom drainage line was closed and vacuum was incrementally removed from both the 
chamber and the specimen until the chamber pressure was a positive 34.5 kPa and the 
specimen pore pressure was zero. Back pressure was applied in increments of 69 kPa until 
a B value exceeding 0.99 was obtained. Using this technique, the maximum back pressure 
required for saturation was only 207 kPa and there was no need for subsequent flushing of 
the specimen. Volume change during the saturation process was calculated based on move
ment of the loading piston and the assumption that the specimen deformed as a right cyhnder. 
Piston movements during this phase were less than 0.03 mm which suggests the volume 
change was small. 

Consolidation 

Test specimens were consolidated by increasing the chamber pressure and simultaneously 
applying a small axial load to maintain an isotropic state of stress. During this phase changes 
in both axial height and volume were measured. The measured change in volume was used 
to compute the final void ratio of the specimen after consolidation. The measured volume 
change was in close agreement with the volume change calculated using the change in axial 
height and the right cyhndrical deformation assumption. 

Loading 

Specimens tested in the strain-controlled mode were loaded by a gear-driven press op
erating at a constant velocity of 0.95 mm/min. The specimen was loaded until a strain in 
excess of 25% was attained, or until the specimen evidenced strong dilation and the applied 
force approached the safe limit of the load cell. 

Stress-controlled loading was accomplished using a pneumatic cyhnder with a 92-mm 
"Bellofram type" diaphragm capable of providing an axial force of 1500 N from a high-
volume air supply. Specimens were step loaded at 1-minute intervals by initially increasing 
the applied force in increments of 10% of the expected failure load. As the specimen 
approached failure, the loading increment was reduced to 2% of the expected faUure load. 
Specimens loaded in this fashion typically reached peak strength in 14 to 16 min with 
subsequent failure occurring in less than two tenths of a second. 

Results and Discussion 

With two exceptions, the test results reported here are for specimens that exhibited 
contractive behavior and approached what is beheved to be steady state conditions. The 
two exceptions were tested under strain-controlled loading and dilated early in the test. No 
clearly defined failure surfaces were observed for these tests before they were terminated 
at an axial load near the rated limit of the load cell. The failure mode for the remainder of 
the strain-controlled tests was by progressive bulging in the middle third of the specimen. 
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The bulging of specimens prepared using the equal-volume technique progressed toward 
the end caps at large strains. The bulging of specimens prepared with the equal-energy 
technique remained within the middle third of the sample. 

For stress-controlled tests the failure mode was less obvious because of the rapidity of 
the failure. The loading piston was fitted with a load stop to prevent travel beyond 35% 
strain so a true flow failure was interrupted at this point. At the point of peak strength, 
strains were small and there was no evidence of bulging in the sample. At the conclusion 
of the test the bulging appeared to be uniform throughout the entire height of the sample. 
In several tests the bulging was slightly more pronounced in the lower third of the sample. 
However, this was not related to the sample preparation technique, because samples pre
pared using both techniques failed in a similar manner. 

The stress-strain responses for all tests were similar in that peak strength was reached at 
strains of less than 1%, and ultimate strength was reached by 8% strain. Three general 
stress-strain responses were observed and are illustrated in Fig. 3. The stresses illustrated 
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FIG. 3—Stress-strain curves and stress paths for liquefaction, limited liquefaction, and 
dilative response. 
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in Fig. 3 have been normalized by dividing the shear stress and normal stress by the con
solidation pressure to allow all of the data to be presented on the same axes. 

Both the stress-strain curve and the stress path for test number 6 are representative of a 
liquefaction-type failure. With this type of failure the steady state strength of the specimen 
is achieved at a relatively small strain and remains constant to very large strains. This type 
of failure is also evidenced by a stress path that exhibits no reversal in curvature at the a-
line, which is analogous to the failure envelope, or strength envelope, at steady state. The 
parameter a is defined as 

a = tan (1) 
(CT,, + Vis) 

and 

where 

sin (}) = tan a (2) 

^u — 53s = Principal stress difference at steady state 
ô is + ô3s = Normal stress at steady state 

<|) = Steady state friction angle (in terms of effective stress) 

The stress-strain curve and stress path for test number 9 illustrates a limited liquefaction 
failure. The specimen initially exhibited contractive behavior, indicated by a decrease in 
strength and the stress path curving toward the origin. However, at larger strains the spec
imen began to dilate, which is indicated by the reversal in curvature of the stress path and 
by the increase in strength. While the stress-strain response for test number 9 is less desirable 
than that of test number 6 for this testing program, it is believed that the measured effective 
stress and strength at the point of stress path reversal were very close to steady state values. 

The stress-strain curve and the stress path for test nimiber 3 characterize a dilative 
response. Specimen strength continues to increase with increasing strain and the stress path 
moves up, rather than down, the a-line. Without a well-defined reversal in curvature of the 
stress path even estimation of steady state conditions is questionable. 

Steady State Strength 

A summary of all test results are presented in Table 1. Tests are grouped by compaction 
technique and method of loading and are ordered by decreasing void ratio within each 
category. The values for a, presented in the final column, are for a linear regression line 
which was forced through the origin. Thus, they are not actually average values for the 
series and the importance of the high values of a for samples with stress paths terminating 
near the origin is reduced. These values for a, in combination with the deviator stress at 
steady state, provide an indication of the specimen strength over a relatively narrow range 
in void ratios. The strain-controlled series both had very similar strength envelopes, as 
defined by the value for a, even including the two tests where dilation occurred. However, 
the strength envelopes for the stress-controlled series were significantly different. 

This difference in the strength envelopes, as well as the observed differences in the deviator 
stress for the stress-controlled series, indicates that the specimens prepared using the equal-
volume technique were stronger than those prepared using the equal-energy procedure. 
Although it has not been proven in this investigation, by extension of the work by Gilbert 
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[7], it may be inferred that the increase in strength is a result of a more uniform void ratio 
distribution within the test specimen at steady state. 

Another indication of specimen strength was the resistance to volume change when the 
compacted specimens were initially subjected to a small vacuum prior to removal of the 
mold. The equal-volume compaction series of tests was conducted first, and the target 
densities for the equal-energy compaction tests were based on the results of the first series. 
In every case, save one, the void ratios for the equal-energy compacted specimens were 
lower after application of the initial vacuum than those for the equal-volume compacted 
specimens. Numerous attempts were made, using the equal-energy procedure, to create 
specimens with a void ratio greater than eight, after consoUdation. The target densities for 
the equal-energy specimens were reduced well below those of the equal-volume specimens, 
but when the initial confining vacuum was applied the soil contracted to produce a void 
ratio at or below eight prior to consoUdation. Thus, the disparity of the void ratios for the 
strain-controlled series was not deliberate, but a result of an inability to create specimens 
of similar void ratios using the two different compaction procedures. 

The similarity in the strength envelopes for the strain-controlled tests is beheved to have 
resulted from a redistribution of void ratios within the test specimen during loading. Unlike 
the stress-controlled test, where the transition from peak strength to ultimate strength is 
virtually instantaneous (< 0.2 s) and is initiated at small strains, the strain-controlled test 
allows a sufficient period of time for internal readjustment of particles [75]. Thus, the zone 
of failure may be at a void ratio significantly different than that at which the specimen was 
prepared. Under stress-controlled loading conditions the measured test parameters are much 
more likely to reflect the strength of the localized zones of loose material within the specimen 
that were created during its preparation. Therefore, the preparation technique should ensure 
a uniform density distribution throughout the test specimen. 

Steady State Line 

The relative vertical and horizontal position of the steady state Une is not considered 
important when employing the procedure recommended by Poulos and coworkers [2] to 
correct the undrained steady state strength, measured in the laboratory, to its in situ value. 
Relatively minor differences in grain size distribution may greatly affect the vertical position 
of this line [76]. However, the slope of the steady state Une is critical to the correction 
procedure and should be affected only by the soil properties and not the testing procedures. 

The steady state line reported by Castro [3] was used initially as a guide to achieve a 
target void ratio, after consoUdation, which would result in a contractive specimen. After 
several unsuccessful attempts at creating a specimen with a contractive response in the range 
of void ratios used by Castro it was concluded that his results could not be reproduced 
precisely. All specimens tested in this investigation resulted in a steady state Une well above 
that reported by Castro [3]. This discrepancy may have been the result of minor differences 
in the grain size distribution between the two sands but is more likely a result of differences 
in the triaxial devices. The use of nonlubricated end platens in this investigation Ukely 
produced more resistance to a flow failure than the lubricated end platens used by Castro. 
Another probable cause for the discrepancy was the difference in tracking the specimen 
volume change from preparation through consoUdation. Volume changes reported by Castro 
[3] were calculated based on the one-dimensional consolidation characteristics of the sand, 
rather than physically measured, as in this investigation. 

Stress-Controlled Loading 

Figure 4 illustrates a comparison of the steady state lines obtained from this study and 
the line reported by Castro [3]. Two points may be inferred from the comparison. First, 
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the difference in slope of the steady state lines for the two series of tests conducted during 
this investigation indicates that sample preparation technique does affect the slope of the 
steady state line. Second, the slope of the steady state line for the equal-energy series is 
virtually parallel to the steady state line reported by Castro [J]. Because the sample prep
aration technique and method of loading for this series were the same as those used by 
Castro in his investigation, it would appear that differences in the triaxial apparatus are not 
important in the determination of the slope of the steady state line. 

The value of the effective confining stress at failure for test number 15 is reported in 
Table 1 as 0.34 kPa, and it was interpolated from the oscillograph recording as that value. 
However, the expanded scale of the recording allowed interpolation of stresses somewhat 
below the manufacturer's advertised repeatable accuracy for the pore pressure transducer 
of 0.625 kPa. In light of this fact, that value nught be more properly reported as the limiting 
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accuracy of the transducer, or 0.625 kPa. This change would alter the slope of the steady 
state line for the equal-volume series only slightly, and would not alter any conclusions 
drawn from Fig. 4. 

Strain-Controlled Loading 

The results of strain-controlled tests, illustrated in Fig. 5, indicate that differences in 
sample preparation technique had a very small influence, if any, on the slope of the steady 
state line. While the data could be interpreted to represent two steady state lines, as illus
trated in Fig. 5, a more reasonable interpretation would be one line which best fits all the 
data except tests 3 and 4. The resulting steady state hne would then agree favorably with 
that reported by Castro [5]. In addition, the average strength parameter a, determined in 
this investigation, is also in close agreement with that of Castro (25 and 26° versus 26.5°). 

Data for Tests 3 and 4 are included in Fig. 5 even though a dilative response was obtained 
in those tests. The data presented represent the point of maximum induced pore pressure 
and serve to illustrate that data from dilative tests may be useful in establishing the steady 
state line. Necessary conditions would be that the pore pressure response be a significant 
fraction of the applied confining pressure, and a reasonably well-defined reversal in curvature 
of the stress path at the a-line. 

Comparison of Testing Procedures 

The range of void ratios over which a liquefaction type failure will occur is very small for 
strain^controUed loading unless extremely high confining pressures are used (higher than 
those normally available in most laboratories) or extremely loose samples can be prepared. 
By contrast, liquefaction failures were induced through stress-controlled loading over a much 
broader range in void ratios, and at lower confining pressures. One major disadvantage of 
stress-controlled loading has been the need for more complicated data recording equipment. 
However, with the availability of relatively inexpensive high-speed data acquisition systems, 
this disadvantage is no longer as significant. Of the two compaction methods used in this 
investigation, the equal-volume technique was easier to employ. There was no need for trial 
and error determinations for the correct tamper weight, and the resulting specimens were 
more resistant to volume change when a confining vacuum was applied. For strain-controlled 
loading the equal-volume procedure would be the method of choice because looser specimens 
could be prepared. This, in turn, would reduce the required confining pressure necessary 
to produce a contractive response. 

Conclusions 

• Specimens prepared using the equal-volume technique were more resistant to volume 
change when subjected to a confining vacuum than those prepared using the equal-energy 
technique. 

• Specimen preparation technique affected the slope of the steady state line for stress-
controlled loading. 

• The effect of specimen preparation technique was insignificant for strain-controlled 
loading. 

• Liquefaction tj^e failures could be induced at much lower void ratios for stress-con
trolled loading than for strain-controlled loading when confining pressures were equal. 

• Specimens tested using strain control had significantly higher strengths at steady state 
than specimens tested using stress control when void ratios were similar. 
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ABSTRACT: Drained triaxial compressive and extension strengths of air-pluviated sand were 
evaluated by means of a conventional triaxial apparatus taking into account both strength 
anisotropy and the effects of sample slenderness, that is, height/width or diameter ratio {HI 
D). The initial values of HID employed were 2.0, 1.0, 0.5, and 0.25. The direction of the 
major principal stress o-,' was either normal to or parallel to the bedding plane. It was found 
that the triaxial extension strength is greatly influenced by HID. Strengths in the following 
four stress conditions were compared: (1) triaxial compression where the o-/ direction is normal 
to the bedding plane, (2) triaxial extension where one of two a,' directions is normal to the 
bedding plane while the other is parallel to the bedding plane, (3) triaxial compression where 
the tr,' direction is parallel to the bedding plane, and (4) triaxial extension where both a,' 
directions are parallel to the bedding plane. It was found that while the relative strength is a 
complicated function of HID, generally the strength is the largest for the second case, inter
mediate for the first and fourth cases, and the smallest for the third case. This result suggests 
that <|) is not a simple function of 6 = (a, — ai')l((Ti — CTS'), which represents the relative 
magnitude of crj' against a,' and CTJ', but the strength anisotropy and failure mode, especially 
in triaxial extension, should be taken into account in a combined manner. 

KEY WORDS: triaxial compression test, triaxial extension test, sandy soil, angle of internal 
friction, strength anisotropy, sample slenderness 

The angle of internal friction of <|) = arcsin {(a / - (Ti')/((T,' + ajOlmax of sand is a 
function of both b = {vi — a3')/(ai ' - CTJ') and strength anisotropy among other param
eters. The large strength anisotropy has been observed for water-pluviated or air-pluviated 
sands by many investigators [1-6]. However, Yamada and Ishihara [7] reported that no 
pronounced strength anisotropy appeared in loose samples. Ochiai and Lade [S\ also re
ported that this anisotropic behavior diminished at large strains in both loose and dense 
samples. 

On the other hand, many inconsistent results as to the effects of fe on <|> have been reported 
by Ladd et al. [9]. Note that in some previous studies the strength anisotropy was not 
accounted for in discussing the effect of fe on <|). 
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These inconsistencies as to the strength anisotropy and the effect of b on <j) may be due 
partly to differences in several test conditions among these previous studies, for example, 
sample slenderness, boundary condition (rigid or flexible), void ratio, sample size, and 
sample shape, among others. In particular, it has been suggested by Lade [4] and Harden 
et al. [10,11] that triaxial extension strength is strongly influenced by the failure mode of 
the sample, which is a function of some, if not all, of the above test conditions. 

In this study, to get better insight into ^ of sand as a function of b, the strength anisotropy 
and the failure mode, a series of drained triaxial compression and extension tests was 
performed with careful control of the above test conditions. However, the stress conditions 
employed are rather limited, that is, b = 0.0 and 1.0, and the angle of CT/ direction from 
the bedding plane 8 = 0 and 90°. The strength of air-pluviated Toyoura sand, which is the 
test material in this study, as a function ofb = 0.0 to 1.0 and 8 = 0 to 90° has been presented 
elsewhere [6,12]. 

Testing Method 

The test material was Toyoura sand, a uniform sand with a high content of feldspar, 
consisting of subangular particles. The mean diameter dso is 0.16 mm, the uniformity coef
ficient is 1.46, the specific gravity is 2.64, and the maximum and minimum void ratios are 
0.977 and 0.605, which have been determined by the method specified by the Japanese 
Society of Soil Mechanics and Foundation Engineering [13]. 

Prismatic samples having square cross sections and cylindrical samples listed in Table 1 
were used. These were prepared by pluviating air-dried sand through air from a nozzle 
having an inner cross section of 1.5 by 15.0 mm at a constant fall height for each specimen. 
The stress conditions for these samples are illustrated in Fig. 1. Four stress states of samples 
employed in this study are represented by four angles a defined on a ir-plane (constant 
mean principal stress plane, that is, ax + ^Y + <^z = constant) (Fig. la). Two kinds of 
triaxial compression test were performed; these are a = 0° tests for which the angle a is 
equal to 0° and the o-/ direction is normal to the bedding plane (see Fig. lb), and a = 120° 
tests for which the angle a is equal to 120° and the a / direction is parallel to the bedding 
plane. Two kinds of triaxial extension test were performed; these are a = 60° tests for which 
one of two a / directions is normal to the bedding plane while the other is parallel to the 
bedding plane, and a = 180° tests for which both CT/ directions are parallel to the bedding 
plane. In the triaxial compression tests, the a / planes were rigid and the aj' planes were 
flexible, whereas in the triaxial extension tests, the a / planes were flexible and the (TJ 
planes were rigid. 

The height, H, and width, D, for prismatic samples are the distances between the cap 
and the pedestal and between the lateral membranes, respectively, as shown in Fig. 16. The 
ratios H/D were selected as 2.0, 1.0, 0.5, and 0.25 to produce possible different failure 
modes. Only the cylindrical samples for a = 0° tests (that is, conventional triaxial compres
sion tests) were produced directly on the pedestal of the triaxial cell. The cylindrical samples 
for a = 180° tests (that is, conventional triaxial extension tests) and the other prismatic 
samples were frozen, either because the mold did not fit the pedestal or because the sample 
was subsequently rotated 90° in the testing equipment for a = 60° tests and 120° tests (see 
Fig. lb). The samples were frozen as follows: A sample was moistened by allowing water 
to seep through the 10-mm-diameter drainage hole at the bottom of the duralumin mold 
with the water level outside the sample maintained at 5 mm above the drainage hole. After 
having been well moistened, the specimen was left for 2 h in a humidity controlled (60% 
humidity) room to remove excess water from the sample. The top surface of the sample 
was then covered with eight pieces of filter paper for additional free water removal and a 
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I 

a=60° (TE) 

^a=180° (TE) 

^ -PLANE 

Oy VERTICAL STRESS IN TEST 

c' CONSTANT CONFINING 
" STRESS IN TEST 

R LUBRICATED RIGID 
BOUNDARY 

F FLEXIBLE BOUNDARY 

TC TRIAXIAL COMPRESSION 

TE TRIAXIAL EXTENSION 

•a —a lu — 

0=180" 

FIG. 1—(a) Stress states on it-plane (constant mean principal stress plane) in the principal 
stress space (o- '̂, a/, o-̂ '), and (b) boundary conditions and sample shapes. 

vertical stress of 0.1 kgf/cm^ (9.8 kN/m^) was then applied. This sample was frozen inside 
a refrigerator at -20°e (-4°F) for 6 h. It has been reported that the stress-strain rela
tionships between frozen-thawed and unfrozen samples of Toyoura sand in drained triaxial 
compression tests are almost the same [14,15]. 

After a frozen sample was set on the pedestal and sealed with latex membrane having a 
thickness of 0.3 mm, the sample was allowed to thaw under a suction of -0.3 kgf/cm^ 
(-29.4 kN/m^) for about 12 h at a controlled room temperature of 20°C (68°F). To saturate 
the sample well, carbon dioxide and deaired water were circulated through the sample and 
then a back pressure of either 2.0 kgf/cm^ (196 kN/m^) for a triaxial compression test or 
1.0 kgf/cm^ (98 kN/m^) for a triaxial extension test was appUed. Effective confining pressure 
aj was either aj' in triaxial compression or a/ in triaxial extension. In this study, Oc was 
either 1.0 kgf/cm^ in the triaxial compression tests or 4.0 kgf/cm^ in the triaxial extension 
tests. Thus in the triaxial extension tests, a^', which is equal to cr<.7(arj' Iv})^^ at the failure 
of sample, was around 1.0 kgf/cm^ as in the triaxial compression tests. 

For all the tests, enlarged, lubricated ends were used and a cap was guided against tilting. 
While the axial load was measured by means of an outer load cell for the triaxial compression 
tests, an internal load cell was used for the triaxial extension tests to measure precisely the 
axial stress (cr,'). This point is discussed in detail elsewhere [76]. The effective confining 
pressure a/ was measured by means of a high capacity differential pressure transducer [76]. 
The water level in a burette, which was connected to a saturated sample, was measured by 
means of a low capacity differential pressure transducer [76,77]. 

To minimize the shear stresses between the loading platens and samples, Dow grease 
(thickness of 50 (jim) was smeared between two 300-n,m-thick latex rubber disks, and these 
all together were placed at the end surface of cap and pedestal for the triaxial compression 
tests. This lubrication layer has been classified as type 4 by Tatsuoka et al. [78] and has 
shown minimum shear stresses developed at a high stress level. For the triaxial extension 
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tests, 50-(jitn-thick Dow grease was smeared between the loading platen and one 300-|j,m-
thick latex rubber disk at each sample end. This lubrication layer has been classified as type 
1 and has shown minimum shear stresses developed at a relatively low stress level [18]. 
These lubrication methods are fully described elsewhere [18]. 

Test Results 

Triaxial Compression 

Figure 2 shows the relationships between <j) and void ratio measured at a/ = 0.3 kgf/cm^ 
(29.4 kN/m^), Cos, by the triaxial compression tests on a = 0 and 120° samples. The following 
points may be seen. 

1. For a = 0° samples of HID = 2.1 or 2.0, no pronounced shape effect on <t> can be 
seen. A similar result has been reported by Green and Reades [19]. 

2. For both a = 0 and 120°, ^ for dense samples is similar for HID = 0.25 to 2.1, 
whereas for looser samples ^ increases with decreasing HID from 2.0. This tendency has 
also been observed for air-pluviated Toyoura sand by Goto and Tatsuoka [20], but at a 
lesser degree; for e = 0.63 to 0.85, ^ changed not more than 1° for a range of HID between 
0.3 and 2.1. The differences in test conditions between these two studies are as follows: in 
this study the samples of HID S 2.0 had square cross sections and the sample ends were 
lubricated by means of the type-4 method [18], whereas Goto and Tatsuoka [20] used 
cylindrical samples having ends lubricated by means of the type-1 method [18]. It is not 
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LU 
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2 40 
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_ i < z cr 

35 
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TRIAXIAL COMPRESSION 

O^ = O3=1.0kgf/cm^(98kN/m2) 

H/D 
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SHAPE 
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^ 1.0 
+ 0.5 

^ 0.25 
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FIG. 2—Results of triaxial compression tests (a = 0 and 12Cf'). 
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known yet which of the above two factors or both or others are reasons for the different 
tendency in the effects of HID on ^ of looser samples in these two studies. On the other 
hand, it has been shown by both studies that ^ for H/D = 2.0 and 2.1 is rather stable; <t) 
is rather independent of both possible slight end restraint and the shape of sample cross 
section. Therefore, only <t> for H/D = 2.0 to 2.1 will be used as <|) in triaxial compression 
in comparing with <}> by plane strain compression tests and triaxial extension tests as shown 
in the following part. 

3. For any HID, the strength anisotropy is very pronounced in dense samples, whereas 
this decreases with increasing void ratio. A lesser degree of strength anisotropy for looser 
samples obtained by this study is consistent with results obtained by Yamada and Ishihara 
[7]. It was considered that even the results for H/D = 0.25 reflect precisely the comparative 
variation which has been created in the a = 0 and 120° samples. In Fig. 3, the triaxial 
compressive strengths for H/D = 2.0 to 2.1 are compared with the plane strain compressive 
strengths obtained at a^ = 1.0 kgf/cm^ (98 kN/m^) by Tatsuoka et al. [6]. In these plane 
strain compression tests, samples were H = 10.5 cm, TV = 4 cm, and L (in CFI direc
tion) = 8 cm having lubricated ends, and the angles of CT/ direction from the bedding plane 
6 were 0, 11, 23, 34, 45, 67, or 90°. At a,' = 1.0 kgf/cm ,̂ the largest and smallest ^ were 
observed at 8 = 90 and 34°. In Fig. 3 only the data for 8 = 0, 34, and 90° are shown for 

PLANE STRAIN COMPRESSION 
BY TATSUOKA et a l . [6] 

O 6 = 9 0 ° 

[3 6 = 0 ° 

A 6 = 3 4 ° 

TRIAXIAL COMPRESSION. 
H/D=2.0.2.1(Flg.2) 

a'^ = a ' 3 = 1.0kgf/cm2(98kN/m ) 

0.6 0.7 
'0.3 

0.8 0.9 

FIG. 3—Comparison of triaxial compressive strength with plane strain compressive strength 
[6] for the same angle of (T/-direction from the bedding plane 6 = 0 and 90^. 
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brevity. On the other hand, it has been observed that in triaxial compression the largest 
and smallest <}> are obtained at S = 90 and 0° [1,2,3,12]. Note that 8 = 90° in the a = 0° 
samples and 8 = 0° in the a = 120° samples. Therefore, the values of ^ for both the triaxial 
and plane strain compression tests shown in Fig. 3 show the upper and lower bounds of <t> 
for 8 = 0 to 90° in each testing method. It may be seen that the range of <|) is much larger 
in the plane strain compression tests than in the triaxial compression tests. In particular, 
for loose samples the strength anisotropy in terms of the range in <|) as seen in Fig. 3 is still 
very large in the plane strain compression tests. 

Triaxial Extension 

Figure 4 shows the relationships between <|) and Co 3 for a = 60 and 120° samples in triaxial 
extension. All the results presented here have been corrected for the local area reduction 
as a result of the necking effect which is inevitable in the triaxial extension tests with flexible 
CTi' planes. The local cross-sectional area was carefully evaluated by means of the photo-

TRrAX(AL EXTENSION 
a ' = a ' =4.0kgf/cm^(392kN/tn^) 

0=60° -• 
• 
A 

• 

H/D 

2.0 

2.0 

1.0 

0.25 

MODE 

NO 

SINGLE 

SINGLE 

DOUBLE 

. DOUBLE 

/ SINGLE 

30 

NO 

-0-2.0 NO 

H3-2.0 NO 

i B 2.0 SINGLE 

A 1.0 SINGLE 

V 0 . 2 5 DOUBLE 

Cylindrical sample 
only for this case. 

_L. 

0.6 0.7 „ 0.8 0.9 
^0.3 

FIG. 4—Results of triaxial extension tests {a = 60 and 18CP). 
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grammetric method. The values of <(> were not corrected for different CT3' levels at the failure 
of specimen other than 1.0 kgf/cm^ (98 kN/m^). 

The following three patterns of shear band formation were observed. 

1. A shear band develops through two opposite flexible boundaries (CT/ planes) without 
intersecting with the rigid end boundaries ((TJ' planes); this first mode was defined as the 
"no intersection" failure mode. 

2. A shear band intersects with either the top or the bottom rigid loading platens (a^' 
plane); this second mode was defined as the "single intersection" failure mode. 

3. A shear band intersects simultaneously with the top and bottom rigid loading platens 
((T3' planes); this third mode was defined as the "double intersection" failure mode. 

For the prismatic a = 60 and 180° samples with H/D = 2.0, either the first "no inter
section" failure mode or the second "single intersection" failure mode appeared, while for 
the cylindrical a - 180° samples with WD = 2.0, only the first failure mode was observed. 
For the a = 180° samples with HID = 2.0 which exhibited the first failure mode, no clear 
shape effect was found. For HID = 1.0, only the second "single intersection" failure mode 
appeared, and for HID = 0.25, only the third "double intersection" failure mode appeared. 
As may be seen in Fig. 4, a clear relationship between <(> and Cos can be defined for each 
failure mode. Note that for both the a = 60 and 180° samples the strength for the second 
"single intersection" failure mode is similar for HID = 1.0 and 2.0. This means that if in 
triaxial extension is controlled by the failure mode, but not directly by HID. It also follows 
that large scatter in if by conventional triaxial extension tests with use of long cyhndrical 
samples as reported often in the literature is due largely to different failure modes. Such a 
strong dependency of ^ in triaxial extension on the failure mode as shown above has been 
observed already [4,10,11], but only in more limited test conditions. 

The lubrication layer employed in the triaxial extension tests was so-called type 1 [78]. 
The apparent angle of friction which develops at 1.0 kgf/cm^ (98 kN/m^) has been found 
to be around 0.2° [18]. It has been shown by Drescher and Vardoulakis [21] that the effects 
of the end friction of this order on the triaxial extension strength even for HID less than 
0.25 is neghgible. This point is supported by the results obtained by Takano [22] that for 
any HID ratio among 2.0, 1.0, 0.5, and 0.25 the triaxial extension strengths are virtually 
identical for lubricated and regular (nonlubricated) ends. Consequently, it can be considered 
that the increase in <t) with decreasing HID seen in Fig. 4 may not be due to the end friction. 

The stress-strain relationships for the data points denoted by the numbers 1 to 4 for 
a = 60° and 5 to 8 for a = 180° shown in Fig. 4 are compared in Fig. 5a and b. Obviously 
a sort of premature failure occurred for the a = 60° samples 2 to 4 and the a = 180° samples 
6 to 8. This tendency is most obvious for the first "no intersection" failure mode (samples 
4 and 8). Therefore, it seems that i> in triaxial extension for the first and second (no and 
single intersection) failure modes may not be comparable with <!> by the triaxial compression 
tests with use of rigid a,' planes in which such a premature failure as above does not occur. 

It may be seen by comparing <|) for a = 60 and 180° shown in Fig. 4 that for each failure 
mode i> is larger by about 4 to 6° for a = 60° than for a = 180°. Note that this difference 
in i> is still very large for loose samples; this tendency is similar to that in plane strain 
compression but is different fi'om that in triaxial compression (see Fig. 3). Further research 
work is required to clarify this point. 

Discussion 

Figure 6 shows the relationship between <[> and a for Co, = 0.7 and 0.8. Because the 
parameter 6 is a function of the angle a, this also shows the relationship between <\> and b. 
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FIG. 5—Stress-strain relations for three failure modes at (a) a = 60° and (b) a = 180° in 

triaxial extension (dense samples), a,'la, in this figure is not corrected for area reduction. 

In Fig. 6, the data points denoted as PSC were obtained from the plane strain compressive 
strengths at 8 = 0 and 90° [6] shown in Fig. 3. These are plotted against the a axis. Note 
that for the ranges a = 0 to 60° and a = 120 to 180°, 8 as defined in the figure inset in 
Fig. 3 is 90 and 0°, respectively. Because the other parameters including 8 are kept constant 
in each range of a = 0 to 60, 60 to 120, or 120 to 180°, the change in <t) by the change in 
a is due to the change in b together with the change in the failure mode, which is associated 
with the change in b in this study. 

The following points may be seen in Fig. 6: 

1. The largest change in <{> by the change in a is seen for the range a = 60 to 120°. 
2. In each range, greatly different conclusions as to the effect of 6 on (|) may be obtained 

depending on which of ^ in triaxial extension is employed. In particular, in both ranges 
a = 0 to 60° and a = 120 to 180°, ^ increases continuously with increasing b when ^ for 
the double intersection failure mode in triaxial extension is employed. 

On the other hand, all three principal stresses (that is, a,' and CT3') are interchanged 
between the conventional triaxial compression test (a = 0°) and the conventional triaxial 
extension test (a = 180°). In this case, ^ in the triaxial compression test is very similar to 
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FIG. 6—<1) ay a function of a. 

(J) for the second "single intersection" failure mode in the triaxial extension test. Therefore, 
it is misleading to conclude based on such results as above that generally <|) for fe = 0.0 and 
b = 1.0 are similar. 

It is not fully understood yet why <^ in triaxial extension is so different among these three 
failure modes as shown by this study. Furthermore, it is not well known whether such failure 
modes as the no and single intersection failure modes may also occur in triaxial compression 
and plane strain compression by employing flexible a,' planes and whether in this case <)) is 
also a strong function of different failure modes. 

In view of the above, it seems that inconsistencies as to the effects of b on ^, as seen in 
the literature, are due largely to the fact that the strength anisotropy together with the 
effects of failure mode on 4> were not fully taken into account in a combined manner. And 
it is also not well known how these results for different failure modes are used in the analyses 
of boundary value problems. Therefore, it is very desirable at present to examine and identify 
the failure mode in each laboratory test, as suggested by Lade [4]. 

Conclusions 

Within the limits of the results on air-pluviated sand obtained by this study, the following 
can be concluded: 

1. In the triaxial compression tests, strong strength anisotropy was observed in dense 
samples, whereas this was less significant in looser samples. This tendency was rather similar 
for a wide range of sample slenderness, HID = 0.25 to 2.0. 
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2. In the triaxial extension tests, the strength was a function of failure mode, which was 
controlled by the sample slenderness HID, boundary condition (rigid or flexible), and other 
unknown factors. For each of three failure modes observed in this study, a similar degree 
of strength anisotropy was observed, and this was rather independent of void ratio. 

3. When b increases from 0.0 to 1.0 by replacing one of two crs's in triaxial compression 
with CTi', a changes from 0 to 60°, from 120 to 60°, or from 120 to 180°. In this study, in 
each of these cases <|) did not decrease, but <j) increased in most cases, or in the other cases 
(]) at fo = 0.0 and 1.0 was similar. In this study, the manner in which if changed by the 
change in b depended on both the angles of principal stress directions from the bedding 
plane (5 = 0 or 90°) and the failure mode in triaxial extension. 

4. In summary, <(> is not a simple function otb, but the strength anisotropy and the effects 
of failure mode should be equally taken into account when the effects of fe on <)) are discussed. 
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The Influence of Filter Strip Shape on 
Consolidated Undrained Triaxial Extension 
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ABSTRACT: A series of consolidated undrained triaxial extension tests was performed to 
investigate the influence of shape of filter strips on the required time of consolidation and 
undrained shear behavior of clay. Remolded saturated specimens of clay with five different 
filter strip shapes were consolidated isotropicaUy in the triaxial apparatus and then sheared 
under undrained extension by decreasing axial stress, while lateral stress was maintained 
constant. Based on the test results, the filter strip with spiral slit is recommended for practical 
use in a consoUdated undrained extension test because of fast consolidation and low tensile 
strength. 

KEY WORDS: angle of shear resistance, clay, consoHdated undrained shear, pore pressure, 
shear strength, stress-strain curve, test procedure, triaxial test 

In consolidated undrained triaxial tests on cohesive soils, filter strips are usually used as 
side drains to accelerate consolidation. Filter strip spirals have been recommended [1,2] for 
triaxial extension tests. Some experimental results concerning the influence of the shape of 
the side drain on the triaxial test results have been reported [3-6] in which ordinary type 
and spiral type filter strips are used for compression and extension tests, respectively. These 
studies, however, scarcely discuss the influence of filter strip shape on the stress-strain-
strength behavior of clay in consolidated undrained extension tests. 

The purpose of this paper is to evaluate the effect of the shape of filter strips on the 
required time of consolidation and undrained stress-strain-strength behavior of clay, based 
on a series of isotropicaUy consoUdated undrained tricixial extension tests on a remolded 
saturated clay with five different shapes of filter strips. 

Sample Preparation 

A remolded natural clay sampled in the suburbs of Sapporo, Japan, was used. The sample 
was thoroughly mixed with distilled water, sieved through a 0.42-mm size sieve, and stored 
in the state of slurry. Liquid and plastic limits of this slurry sample were 63 and 33%, 
respectively, and particle size analyses indicated that 60% of the sample was smaller than 
0.005 mm. Before making the test specimen, the slurry was stirred again in a soil mixer for 
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about 2 h and then transferred under a vacuum to a preconsolidation cell, 200 mm in diameter 
and 400 mm in height. The slurry was initially consolidated one dimensionally under vertical 
consolidation pressure of 80 kPa. Variation in water content throughout the preconsolidated 
sample after two weeks consolidation was less than 1%. Cylindrical specimens for triaxial 
tests, 50 mm in diameter and 120 mm in height, were trimmed from the preconsolidated 
sample. The specimen was set up on the triaxial cell base under water to avoid air entraining. 
Drainage during consolidation was forced in the radial direction through the side drain paper 
(Toyo No. 2) wrapped in the following manner. A side drain (one of those shown in Fig. 
1) cut from a piece of filter paper was overlaid on a paper towel slightly larger than the side 
drain. The filter paper and the paper towel were then soaked together in water. After they 
were wrapped together around the specimen, the paper towel was stripped off. Then, the 
specimen and side drain were enclosed in a 0.2-mm-thick rubber membrane which was 
sealed against the cap and pedestal by 0-rings. Lubrication by Teflon® sheet with silicone 
grease was applied to top and bottom of the specimen. 

Testing Procedure 

A series of isotropically consolidated undrained triaxial extension tests with five different 
shapes of side drain papers as shown in Fig. 1 was performed. Parameter a in Fig. lb denotes 
the ratio of the surface area of the sample covered by the drain to the total side area of the 
sample, and it is called the area ratio in this paper. 

N-type drains have been used in the authors' laboratory for consolidated undrained triaxial 
compression tests for the acceleration of radial drainage. Side drains similar to the A type 
have been frequently used in triaxial extension tests [1,2,5] to reduce the effect of tensile 
strength of the drain paper itself when the specimen is loaded in extension, but the rate of 
pore water pressure dissipation during consolidation is also reduced. B- and C-type drains, 
which have similar area ratios, are designed to extend the part of the side area of the samples 
covered by the drains. The D-type drain combines the advantage of the N-type drain with 
those of A-, B-, and C-type drains. 

60 T 

•£50 
Of 
*.» 
c o a 
i . 
(b 
+^ 
O 

AO 

F?.'=500(kPa) 

J \ I I I I I 

- ^ 
§ I 

Type 
n N 
V A 
o B 
• C 

9 

20 50 100 
Consolidation Pressure, F (̂kPa) 

FIG. 2—Water content versus effective consolidation pressure. 
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Specimens with the five different side drains mentioned above were consolidated under 
isotropic stress of 200, 300, 400, and 500 kPa. Consolidation pressure was increased step by 
step with a time interval of 12 h between steps. Four, five, six, and seven days were required 
before undrained shear, respectively, for 200-, 300-, 400-, and 500-kPa consolidation pres
sure. Initial back pressure of 100 kPa was applied to all specimens. Pore pressure was 
measured at the bottom of the specimen by pressure transducer, and axial load was measured 
by load cell set up inside the triaxial cell. The undrained extension test was performed by 
decreasing axial stress at a constant rate of strain while lateral stress was maintained constant. 
The rate of axial strain in the undrained test was 0.04%/min for all specimens. The tem
perature of the laboratory during the test was controlled at 20 ± 0.5''C. 

In addition to the tests mentioned above, a series of consohdated undrained triaxial 
compression tests with a D-type drain was performed under entirely the same conditions. 

Test Results and Disoission 

Consolidation 

Figure 2 shows an example of the water content iv calculated from the volume change 
during consolidation versus effective consolidation pressure p / relationship for final effective 
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FIG. 4—Change in the coefficient of permeability of filter drains measured with a dummy 
specimen during consolidation. 

consolidation pressure of 500 kPa. Although there is some scattering in the initial part of 
the curves as a result of the variation of initial water content, the differences of ordinate 
among each w-log pj curves almost disappear with the increase in consoUdation pressure. 
Based on the test results shown above, it is concluded that the shape of side drain does not 
affect the water content versus effective consolidation pressure relationship after completion 
of consoHdation. 

Figure 3a and b show typical examples of the change in degree of consolidation U with 
time for N-, A-, and B-type side drains for low and high consohdation pressure, respectively, 
where f/is defined by the increment of consolidation pressure Ap', and that of excess pore 
water pressure AM as follows: 

U = \ - l^ul^p' 
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extension test. 
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Any difference in the rate of pore pressure dissipation as a result of the difference in the 
shape of side drain cannot be found in Fig. 3a. On the other hand, there is a significant 
difference among A-, B-, and N-type drains in Fig. 3b. Although the U-t curve of a D-type 
drain is not shown in Fig. 3, it is essentially the same as that of an N-type drain. As shown 
in Fig. 4, permeability of filter paper measured with a dummy specimen made of Plexiglas 
decreases with an increase in consolidation pressure. At low consolidation pressure, the 
permeability of filter paper is about a hundred times that of clay used in this study, and the 
difference in the area ratio does not influence the rate of pore pressure dissipation. On the 
other hand, the decreased permeabihty of filter paper under high consolidation pressure 
reduces the rate of pore pressure dissipation in the specimen with side drains of low area 
ratio. Therefore, an N- or D-type drain is best in terms of accelerating rate of consolidation. 
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Undrained Shear Behavior 

Pore pressure developed during shear AM normalized by effective cpnsoUdation pressure 
Pc' versus axial strain e relationships are shown in Fig. 5. As can be seen from these figures, 
the curves of the different type of drain almost coincide with each other, although the 
scattering after peak stress difference is relatively large. 

Principal stress difference q = (cr, — a,) normalized by effective consolidation pressure 
Pc' versus axial strain e relationships are illustrated in Fig. 6. Normalized stress-strain curves 
for A-, B-, and C-type drains are almost the same irrespective of the magnitude of consol
idation pressure, while the stress difference of an N-type drain is always greater than other 
types for the same cixial strain. The stress-strciin curve for a D-type drain locates midway 
among the N type and others. Almost all the curves coincide with each other for prepeak 
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FIG. 7—Undrained shear strength versus effective consolidation pressure. 
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behavior within 4% axial strain, but stress differences of N- and D-type drains increase for 
greater strains. It can be concluded that the peak stress difference for specimens completely 
covered by side drain is higher than those covered by spiral drains, and the peak stress 
difference of the D-type drain with spiral slit is lower than that of N-type drain in spite of 
the same area ratio. 

Undrained shear strength S„, defined by one half of maximum principal stress difference, 
versus consolidation stress p^' relationships are shown in Fig. 7. For comparison, the inter
cepts and slopes of 5„ versus p / curves are shown in the figure, including those of compression 
tests with a D-type drain. It is seen that the undrained strength of N type is about 15 kPa 
higher than those of A, B, and C type for the range of consolidation pressure up to 500 
kPa. Specimens with a D-type drain and failed in extension show intermediate strength 
between N type and the group of A to C type. 
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Tensile strength of the filter strips used in this study was obtained as follows. The filter 
strip put on a dummy specimen is bound by O-rings to the top cap and pedestal, damped 
by a sprayer, and then tested in the same way as in the extension test for clay specimens. 
Tensile strength of 2 kPa was obtained for A-, B-, and C-type drains, and 5 and 9 kPa were 
obtained for D- and N-type drains, respectively. Extension modulus of membrane was 
measured by the same method proposed by Henkel and Gilbert [6], and the tensile strengths 
of 1.5 and 3 kPa were calculated for 4 and 8% axial strain, respectively, because the peak 
extensive strength of the clay in the present study is obtained at 4 to 8% strain. It is seen 
that the intercepts in Fig. 7 almost coincide with the sum of the tensile strengths of filter 
strip and membrane. 

Figure 8 illustrates the relationship between (CT/ - Wa') and (CT/ + CT,') at failure defined 
by the maximum principal stress difference criterion. Effective strength parameters c' and 
<|)' are shown in the figure with those obtained from compression test with a D-type drain. 
The same trend as 5„ versus pj is seen. 

As shown above, it is concluded that the shape of the filter strip has appreciable influence 
on the stress-strain-strength behavior of clay in consolidated undrained extension test. 

Figure 9 shows the typical pattern of constriction that occurs after peak stress in the test 
specimen with each type of side drain. For A- to C-type test, constriction occurred in the 
part close to the midheight of the specimen. On the other hand, for N-type side drain, 
constriction was observed near the top end of the specimen. For D-type side drain, con
striction was observed at the top end in one test, midheight in two tests, and at the bottom 
in another test. As it is considered that constriction occurs around the weak point of the 
specimen resulting from the concentration of strain, occurrence of midheight constriction 
in A- to C-type specimens can be explained by the fact that the part not covered by filter 
paper is the weak point of those specimens. In contrast to this, the weak point of N-type 
specimens is inferred to be the top end because of the disturbance at the time of specimen 
set-up. In D-type specimens, it is inferred that the probability of occurrence of constriction 
at the top end is almost the same as that at midheight, because the top end is completely 
covered by filter paper and the confinement of the midheight of the specimen by the spiral 
type filter is weaker than that by an N-type drain. 

Based on the above discussion, a D-type side drain is recommended for practical use in 

i m W/A 
V//A 

(C) (D) 
FIG. 9—Location of occurrence of constriction in the triaxial test specimen for five types 

of side drain. 
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consolidated undrained extension tests, because the rate of consolidation is about two times 
faster than that with A-, B-, and C-type drains, principal stress difference at failure is only 
slightly higher than that obtained by correcting the effect of tensile strength of membrane, 
and the probability of occurrence of constriction is almost equal throughout the specimen. 

Conclusions 

1. Rate of pore pressure dissipation during consolidation depends on the area ratio of 
side drain papers and the magnitude of consolidation pressure, although unique relation 
between water content and consohdation pressure is found irrespective of shape of side 
drain. 

2. Pore pressure development during undrained extension tests is not affected by the 
shape of the side drain. 

3. The influence of the shape of side drain on the undrained stress-strain-strength be
havior is large. 

4. From the practical point of view, a D-type side drain is recommended to evaluate 
proper stress-strain-strength behavior of clay by consoUdated undrained extension test. 
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ABSTRACT: The distributions of volume change and particle breakage within specimens were 
compared for uniform sands in drained triaxial tests with and without lubricated end platens. 
The results showed that the volume change at failure, either dilation oi compression, of the 
sands was slightly higher tor lubricated specimens at a higher failure strain them for unlubricated 
specimens, and the difference was proportional to the total volume change at failure. The 
sands exhibited insignificant differences in uniformity of volume change for specimens with 
and without lubricated ends under loading before the peak strength. However, a distinctly 
larger volume change at the middle portion of unlubricated specimens was observed after the 
loading reached the peak strength. Similar results were obtained for the particle breakage 
within the specimens in triaxial tests. End lubrication induced more uniform particle breakage 
of sands after the peak strength was reached. Finally, Rowe's stress-dilatancy theory was 
evaluated with considerations of dilatancy factor and particle breakage. Particle breakage was 
found very important in considering strength and volume change of sands. 

KEY WORDS: triaxial testing, end restraint, volume change, particle breakage, dilatancy, 
shear strength, sands 

The effect of end restraint on triaxial test results has been investigated by many researchers. 
End restraint prevents the soil from moving outwards freely and induces a shear stress on 
the ends of the specimen. Thus, the stress conditions and deformations within the specimen 
are no longer uniform. This causes difficulty and errors in the interpretation of test results. 

Most studies emphasize the influence of end restraint on the shear strength of soils. The 
difference between the shear strength of a soil specimen with and without lubricated end 
platens generally is considered insignificant, provided that the specimen's height-to-diameter 
ratio {HID) is larger than 2 [1,2]. However, the volume change of a soil under loading is 
also essential for obtaining values of the parameters in the constitutive relation of soil. 
Therefore, the effect of end restraint on volume change of soils in triaxial tests deserves a 
close look to assure the representative test data for constitutive relations of soils. 

Some studies have indicated that the axial strains at failure are generally higher for 
specimens with lubricated ends than those without lubricated ends [1,3,4]. The difference 
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may be as high as 3% for dense sands, but for loose sands the difference is negligible. Norris 
[4], Lee [5], Lade [6], and Rowe and Barden [7] found that, for the samples with a height-
to-diameter ratio of 2 to 1, the volume change at failure for the samples with lubricated 
ends is higher than that without lubricated ends by about 1.0 to L5%, while Bishop and 
Green [1] indicated that the dilations of soils in both end conditions are practically the same. 
On the other hand, the test results obtained by Raju and coworkers [3] showed less volume 
change at failure for tests with lubricated ends. These discrepancies may be due to the 
differences of axial strains at failure. 

Controversial data were also found in previous studies for dilation rate, dejdei, at failure, 
where dci is the change of axial strain and d€„ is the change of volumetric strain. Some 
studies showed that the dilation rate is higher for the samples without end lubrication [7,7], 
while others found the contrary [4,5]. Raju and coworkers [3] gave the following plausible 
explanation for the discrepancy: For the specimens without end lubrication, most of the 
axial strain and volume change occur at the middle portion of the specimen, but the volume 
change and axial strain are computed based on the volume and deformation of the whole 
specimen, whose values are both lower than the actual ones at the middle part. Hence, the 
dilation rate, the ratio between the change of volumetric strain to that of axial strain, of 
specimens without lubrication may be similar to that with lubricated ends due to the com
pensating effect. 

Only a few studies have been conducted on particle breakage in triaxial tests [8-11]. Most 
have dealt with soils under very high confining pressure or rockfiU materials. Little attention 
has been given to the effect of end restraint on particle breakage, and there is very limited 
information available. Due to the importance of particle breakage to the strength and volume 
change of soils, a careful study of particle breakage and how it is affected by end restraint 
is needed. 

In this investigation the effect of the end restraint on the volume change and particle 
breakage within the specimen in triaxial testing was closely examined, and the role of particle 
breakage in the strength of sands was also studied. 

Lubrication of End Platens 

Lubrication of end platens by rubber (latex) membranes with silicone grease in between 
was one of the most commonly used methods of eliminating end restraint in previous studies 
[1,2,3,11]. Tatsuoka and his associates, in their excellent investigation on methods of lu
brication of end platens, found that latex membranes with silicone grease in between showed 
the best result widi a friction angle less than L0° [12,13]. Other lubrication methods, such 
as Teflon sheet, glass plate, polished stainless steel plate, exhibited rather unsatisfactory 
results. 

Additional tests and evaluation of lubrication methods were also performed by the authors 

Specimen -

0-Ring 

- Latex membrane(300 pm) 

^Porous stone 
"Silicone Grease 

FIG. 1—Lubrication of end platen. 
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in this investigation. The friction angles between Fulung sand and platens lubricated with 
various methods were obtained in direct shear tests. The results also confirmed that latex 
membranes with silicone grease is one of the best lubrication methods for the end platens. 
In this investigation, the end lubrication method was two 0.3-mm-thick latex membranes 
and one thin layer of Dow Corning high vacuum siUcone grease between the two membranes 
and another layer between the membranes and the platen. The apparent friction angle 
between Fulung sand and this kind of lubrication was 1.6° based on the results of the direct 
shear tests. For those platens without lubrication, the friction angle was about 28°. Before 
triaxial testing, both the top and bottom end platens lubricated with latex membranes and 
silicone grease were pressed together under a pressure of 400 kPa for about 2 h to remove 
the excessive grease and to make the lubricated ends more uniform and smooth. A porous 
stone about 12 mm in diameter was placed at the center of the membrane disks for drainage 
in drained tests. Figure 1 shows the lubrication of the end platen in this investigation. 

Testing Program 

Three types of sands were used: 

(1) Fulung sand—a fine beach sand composed mainly of subangular quartz grains 
(2) Ottawa sand—a commercially available sand of rounded hard quartz particles 
(3) Tamsui River sand—a black river sand composed of about 40 to 50% slate particles 

and about 30 to 40% quartz and a small amount of other minerals. The particles were mostly 
flaky and friable. This type of sand is one of the very common subsoils in the Taipei basin 
and other locations in Taiwan. 

These sands were sieved before testing that they passed the No. 40 (425-(Jtm) sieve and 
were retained on the No. 60 (250-(xm) sieve. The specimens of these sands were prepared 
by the moist tamping method [14,15]. The sands, with a water content of 8%, were placed 
in six layers, each compacted to a predetermined height to obtain the desired density. The 
specimen dimensions were 152 mm in height and 71 run in diameter. The relative density, 
Dr, ranged from 30 to 80%. All the specimens were saturated with a back pressure of 400 
kPa before shearing. 

Triaxial drained tests with and without lubricated ends were conducted for each sand of 
various relative densities under confining pressures from 50 to 400 kPa. The tests were 
stopped at various stages of loading, and the volume change and particle breakage of different 
portions within the specimens were compared for the specimens with and without the end 
lubrication. 

At the end of each loading stage the volume change of the specimen was measured and 
the volume of the specimen at every loading stage before unloading was obtained. For the 
measurement of volume in the different portions of the specimen, a small confining pressure 
was applied with a vacuum inside the specimen when the axial load and chamber pressure 
were released. The specimen, with its shape maintained by this confining pressure, was then 
put under a temperature of - 15°C for 8 h before it was cut into five sections along the axis. 
The volume of each frozen section was measured by submerging each section in a container 
of kerosene at - 15°C and measuring the volume of kerosene displaced by the frozen soil. 
The total volume of these five frozen sections was compared with the whole specimen volume 
at the end of the loading stage to consider the expansion of the water within the specimen 
as a result of freezing. The volume of each section was corrected by multiplying by the ratio 
of the total volume of the specimen before freezing to that after freezing. The soil of each 
section was dried and weighed. The dry density and void ratio of each portion within the 
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FIG. 2—Stress-strain-volume change relationships for Fulung sand, D, = 70%. 

specimen were then obtained. The volume change of each section was computed by com
paring the void ratio of each section with the initial void ratio of the specimen. 

Sieve analysis was also performed to get the grain sizes of the sands of each section. Great 
pains were taken in the sieve analysis to secure results as accurate as possible. The sieving 
time was 5 min, and the amount of sand in each sieving was approximately 200 g. The sand 
grains plugging the sieve openings were removed before every sieving. The particle breakage 
was defined as the percentage by weight of the particles passing the No. 60 sieve. 

Stress-Strain-Volume Change Relationship 

Figure 2 shows a typical relation between stress, strain, and volume change in a triaxial 
test for Fulung sand. The peak strength was higher at a lower failure strain for the sample 
without end lubrication than that with lubricated ends at a higher failure strain. The volume 
change of the sand under the same stress was higher for the lubricated specimen than the 
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FIG. 3—Stress-strain-volume change relationships for Fulung sand, D, = 30%. 
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FIG. 4—Stress-strain-volume change relationships for Ottawa sand. 

unlubricated one, but the dilation at the same axial strain was higher for the unlubricated 
specimen. Lee also indicated similar findings [5]. For the loose Fulung sand of a relative 
density of 30% under 200 kPa confining pressure, similar results of volume change were 
obtained as shown in Fig. 3, although the peak strength and total volume change at failure 
are approximately the same for the lubricated and unlubricated samples. 

Figures 4 and 5 show the typical stress-strain-volume change relationship for Ottawa 
sand and Tamsui River sand. The relationship was similar to that for Fulung sand, except 
the volume change of Tamsui River sand is niostly compression even under a relative low 
confining pressure (that is, 100 kPa). 

Density and confining pressure are two main factors affecting the effect of end restraint 
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FIG. 5—Stress-strain-volume change relationships for Tamsui River sand. 
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on the peak effective stress ratio, (a,7CT3')„„. High density and low confining pressure will 
induce a higher peak strength in terms of peak effective stress ratio for the specimens without 
lubricated ends by up to about 0.25, which is equivalent to a difference in friction angle of 
about 1.0°. The peak strength always occurred at a higher axial strain for the lubricated 
specimens. Similar findings were also obtained in other investigations [3-5]. It is interesting 
to note that regardless of dilation or compression during tests, the total volume change at 
failure of the sands is always higher for the specimens with lubricated end platens even 
though outward radial displacements were observed in the condition of volume compression. 
The differences of the volume change at failure between the specimens with and without 
lubrication were found approximately proportional to the total volume changes of the sands 
as depicted in Fig. 6. 

The dilation rate at the peak strength in the triaxial tests without lubricated end platens 
showed slightly higher values by about 0.03 to 0.05 than those with lubricated ends for dense 
sands under low confining pressures. No significant difference of dilation rate was found 
for loose sands under high confining pressures. This is similar to the findings of Bishop and 
Green [7], Raju and coworkers [3], and Rowe and Barden [7]. 

Volume changes were also measured for the triaxial tests of Ottawa sand (D, = 30%) 
under static cyclic loading with the same strain rate as in the compression drained tests (Fig. 
7). A comparison of the volume change of these specimens also showed a higher compressive 
volume change for specimens with lubricated ends than those without lubrication under the 
cyclic loading condition. 

Volume Change Distributions Witliin Specimens 

Regarding the triaxial tests of Fulung sand of a relative density of 50% under a 400-kPa 
confining pressure (Fig. 2), the distribution of the volume change of different portions within 
the specimen at various loading stages are shown in Fig. 8. It indicates that before the peak 
strength there is no significant difference in the uniformity of volume change within the 
specimen regardless of the end lubrication. When the loading reached and passed the peak 
strength, the middle portion of the specimen without lubricated end platens exhibited a 
distinctly higher volume change than that at both ends, while the specimen with lubricated 
ends still showed a rather uniform volume change within the specimen throughout the test. 
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FIG. 6—Relation of difference of volumetric strains at failure between specimens with and 
without lubricated ends. 
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It appears that the end lubrication did not give the perfect uniformity of volume change 
distribution within the specimen, although no bulging or slip surfaces were observed in most 
tests. The reasons may be that (1) the end lubrication was not absolutely frictionless, (2) 
the sample was not prepared perfectly uniform, and/or (3) unavoidable errors in testing 
and measurement existed. 
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FIG. 9—Volume change distributions for Fulung sand, D, = 30%, a,' = 200 kPa. 

Figures 8 to 11 show the distributions of volume change within the specimens for Fulung 
sand, Ottawa sand, and Tamsui River sand under various testing conditions. The lubricated 
ends in the triaxial tests clearly induced more uniform volume changes within the specimens 
at and past the peak strength. 

Particle Breakage Within Specimens 

The amount of particle breakage of sands depends on many factors including particle 
shape and hardness, void ratio, effective stress, stress path, and particle size distribution 
[16]. In this investigation, the percentage of particle breakage under deviator stresses ranged 
from 0.05% for the hard Fulung sand (D, = 70%) under a low confining pressure of 50 
kPa to 23.6% for the friable Tamsui River sand (£>, = 78%) under a high confining pressure 
of 400 kPa. Generally, the total amount of particle breakage was less for the specimens 
without than with the end lubrication. 
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The distributions of particle breakage within the specimens for Fulung sand and Tamsui 
River sand at different loading stages under various testing conditions are shown in Figs. 
12 to 14. For the tests without end lubrication, there was obviously much higher particle 
breakage at the midportion of the specimens when the loading approached the peak strength. 
The amount of particle breakage for specimens with lubricated end platens showed quite 
uniform distributions within the specimens even after the peak strength was reached. 

Particle Breakage and Strength 

Particle breakage will cause more volume compression or less dilation under shearing and 
result in a lower shear strength. However, according to Lee and Seed, the energy con
sumption for particle breakage will induce some shear strength increase for the sands [8]. 
Hence, the role of particle breakage in volume change and shear strength of sands was 
examined based on the test results in this investigation. 
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Rowe [17] proposed the following stress-dilatancy relationship: 

where 

= 1 + 
rfe. 
de.. 

tan̂  I 45° + Y 

CT/ = effective major principal stress 
CT3' = effective minor principal stress 
df.„ = change of volumetric strain, dilation positive 
rfci = change of axial strain, compression positive 
<t)̂  = friction angle between the sand grain 

In addition to the pure friction between soil grains and volume change, Rowe found that 
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FIG. 14—Particle breakage distributions for Tamsui River sand, D, = 78%, <ry' = 200 kPa. 
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particle rearrangement also contributed to the strength of sands. Later studies indicated 
that particle crushing and particle shape also affected the strength of sands [8,78,79]. There
fore, (j)̂  is usually replaced by ^f to include all these effects in addition to pure friction. 

Previous studies indicated a linear relationship between the peak stress ratio, (ffi7CTJ')„>,, 
and the dilatancy factor, (1 + df.Jde.i), at failure for a sand [17-19]. In this investigation, 
the peak stress ratio, i<Ti'/a,'),^, of each sand under various testing conditions was plotted 
against the dilatancy factor at failure in Fig. 15. Particle breakage during shearing was also 
indicated for each sample. The relations between the peak stress ratio and the dilatancy 
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FIG. 16—Relationship between 4>! and particle breakage for Tamsui River sand. 
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factor were not linear, especially for Tamsui River sand with a large amount of particle 
breakage. Straight lines representing various <t>/S were drawn on the same plot. Based on 
the available data, the relation between ((TI'/O-J')^^ and the dilatancy factor of a sand of 
the same density with the same amount of particle breakage was a straight line passing 
through the origin. This showed that Rowe's stress-dilatancy theory was applicable for the 
sands of the same amount of particle breakage at failure. The ^f values of Tamsui River 
sand seemed unaffected by the densities. Figure 16 shows the relationship between <^f and 
the amount of particle breakage for Tamsui River sand. 

Conclusions 

The lubrication method of silicone grease between two latex membranes was found quite 
satisfactory for eliminating end restraint in triaxial tests. The effects of end restraint in 
triaxial testing were investigated based on the results of triaxial tests on Fulung sand, Ottawa 
sand, and Tamsui River sand specimens 71 mm in diameter and 152 mm in height. Lower 
peak strengths at higher axial strains with slightly higher volume changes at failure were 
usually obtained for the specimens with lubricated end platens. The volume changes at 
failure of the sands, either dilation or compression, were higher for the specimens with 
lubricated ends. The specimens with and without end lubrication in triaxial testing showed 
insignificant differences in uniformity of volume changes within the specimens prior to the 
peak strength, while in the middle portion of the specimens without end lubrication the soils 
underwent a distinctly higher volume change at and past the peak strength. The particle 
breakage within the specimens with lubricated end platens was quite uniform throughout 
the tests, whereas that of the specimens without end lubrication was higher at the midportion 
of the specimen when the loading approached peak strength and afterwards. Particle break
age played an important role in the volume change and strength of sands. 

End lubrication in triaxial testing offers a more uniform and better loading condition on 
the specimen and should result in better testing data. Although some results in the triaxial 
tests on specimens with H/D ratios larger than two will not be significantly affected by end 
restraint, it is still recommended that lubricated end platens be used in triaxial testing for 
obtaining the values of parameters in constitutive relations, especially when the particle 
breakage is involved. 
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ABSTRACT: Drained triaxial compression tests of Toyoura sand were carried out with con
ventional triaxial apparatus to evaluate the effects of sample slendemess and end conditions 
on triaxial compression strength. It was found that the maximum difference in the angle of 
internal friction ^^ for different test conditions employed was about ±1°. At the same time, 
the effects of the sample slendemess and each end condition on the strength value could be 
clearly identified. 

KEY WORDS; triaxial compression test, sandy soil, angle of internal friction, boundary 
conditions 

It is one of the classic problems of laboratory soil testing to evaluate the effects of the 
slendemess and the end conditions of the sample on the deformation and strength char
acteristics of sand in triaxial compression. While it has been shown by many researchers 
that when well lubricated ends are used the triaxial compressive strength is similar for Hgi 
Do = 2.0 and 1.0 {Ho and D„ are initial height and diameter of sample), some contradicting 
results of the effects of end surface friction on the triaxial compression strength have been 
reported. Bishop and Green [1] showed that for HJDa = 2.0 the angle of internal friction 
<|)d for nonlubricated (regular) fixed ends is similar to that for well lubricated fixed ends. 
On the other hand, Rowe and Barden [2], Raju et al. [5], Lee [4], and Lade [5] have 
shown that ^d for a sample of HJDQ = 1.0 or 2.0 with lubricated ends is shghtly lower by 
1 to 3° than that for a sample of HJDa = 2.0 to 2.7 with regular ends, the difference being 
larger for denser samples. 

The importance of end lubrication in obtaining a homogeneous strain state within a sand 
sample in triaxial compression has been demonstrated by measuring the strain state by 
Kirkpatrick and Belshaw [6] and Kirkpatrick and Younger [7]. Thus, owing to the effects 
of end restraint of regular ends on measured average values of both stresses and strains, 
the relationship between average stress and average strain becomes different between regular 
and lubricated ends. 

Furthermore, note that for shorter samples the degree of kinematic restraint by lubricated 
rigid ends against the development of single or multiple shear band(s) is larger, resulting in 
a larger degree of deformation uiuformity. Thus, to obtain a larger degree of uniformity in 

' Formerly, graduate student. University of Tokyo; now research engineer. Technical Research In
stitute of Taisei Corp., 344-1, Nagemachi, Totsuka-ku, Yokohama, 245, Japan. 

^ Associate professor, Institute of Industrial Science, University of Tokyo, 22-1, Roppongi 7-chome, 
Minato-ku, Tokyo 106, Japan. 
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GOTO AND TATSUOKA ON EFFECTS OF END CONDITIONS 693 

strain distribution it would be preferable to perform triaxial compression tests on samples 
as short as possible. In fact, it will be shown later in this paper that for well lubricated ends 
even before the peak stress condition the relationship between average stress and average 
strain is a strong function of the sample slendemess HJDa. However, only a very limited 
number of triaxial compression tests on very short samples, say HJDQ = 0.3, with well 
lubricated ends have been reported [8,9]. 

Concerning the effects of the kinematic condition of the cap, Hettler and Vardoulakis [9] 
reported that (t)̂  of dense Karlsruhe sand by triaxial compression testing on large and short 
samples {HJDa ~ 28 cm/78 cm) with a lubricated guided cap was larger than that for small 
and short samples (HJD^ = 2.5 cm/10 cm) with a lubricated nonguided cap by as large as 
about 6°. Furthermore, Hettler and Gudehus [10] reported that <t)j by the conventional 
triaxial compression test (that is, HJDo = 21.1 cm/10 cm with a nonguided cap and with 
non lubricated ends) was about 5° less than that by the large triaxial compression test (that 
is, HJDo - 28 cm/78 cm). Because in each case they changed multiple test variables (that 
is, sample size, kinematic and surface conditions of cap) at the same time, the true reason 
for this difference is still not clear. 

It is apparent from the above that an overall picture of the effects of the end condition 
and the sample slenderness on the triaxial compression strength has not been obtained 
because so far no systematic study has been performed; one or only a limited number of 
test variables were changed arbitrarily. In some cases, results are even contradictory. 

In this study, a series of triaxial compression tests of saturated Toyoura sand as listed in 
Table 1 (see also Fig. 1) was performed at a confining pressure a^' = 98.1 kN/m^ (1.0 kgf/ 
cm^). This kind of research is also needed from a practical point of view because the sample 
slenderness and end conditions employed in different laboratories have a very large variety 
and the effects of these different test conditions, which are being actually used, on test 

TABLE 1—List of test conditions. 

Type 

A 

B 

C 

D 

Sample 

Diameter, 
Da (cm) 

7 

7.5 

7.5 

7 

Dimension 

HJD, 

2.6 
2.1 
1.0 
0.6 
0.3-
0.35 

2.7 
2.4 
2.0 

2.0 

2.4 

2.1 

End Surface 
Condition 

lubricated; 
one-layer, Dow 
(except for HQ/DO = 2.6) 

or 
two-layer, KS63G 
(only for Ho/£>o = 2.1 
and Ho/Do = 2.6) 

regular 
(nonlubricated) 

regular 

regular 

lubricated; 
two-layer, KS63G 

End Kinematic 
Condition 

fixed to rotation 
(fixed) 

fixed 

rotating, radius 
of rotating = 13, 
22, 38, or 58 mm 

rotating; radius of 
rotating = 13 mm 

free horizontal 
movement 
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H/DMS/T . 18/7 H/D=15/7.S . H/D=15/7.5.18/7.5 H/DM8/7 
(cm/cm) 

Fixed cap 

Lubricated end 

TYPE A 

18/7.5 .20/7.5 

Fixed cap 

Regular end 
Rotating cap 

Regular end 

Free horizontal 

movement of cap 

Lubricated end 

TYPE B TYPE C TYPE D 

FIG. 1—End conditions: types A, B, C, and D. 

1 Rod 

2 Cap 

3 Polistied platen 

4 Lubrication layer 

5 Specimen 

6 Latex membrane 

7 Pedestal 

8 Porous stone 

9 Thrust bearing 

10 Stainless steel plate 

results are still not well understood. In this paper, only test results concerning strength will 
be reported in detail. 

Test Program 

Fresh Toyoura sand (mean diameter rfjo = 0.16 mm, uniformity coefficient = 1.46, specific 
gravity = 2.64, and particle shape = subangular) was used throughout this study. The 
details of the triaxial apparatus and the testing method are described elsewhere [8,11-13]. 

In the type A tests (see Fig. 1 and Table 1), two types of lubrication methods were used 
(described in detail by Tatsuoka et al. [8]). The type B tests are rather conventional ones. 
In the type C tests, the rotating radius is defined as the distance between the center of 
rotation and the nearest point on the top surface of the sample. In the type D tests, ends 
were lubricated and a cap was allowed to move in the horizontal direction while being fixed 
against the rotation in a vertical plane. 

The samples were prepared by pluviating air-dry sand through air from a nozzle having 
an inner cross section of 1.5 by 15.0 mm. Then, samples were saturated at a confining 
pressure. Lubricated enlarged ends with a diameter of 7.5 cm were used, while regular ends 
had a diameter of 7.5 cm which equaled a sample's initial diameter Do of 7.5 cm. 

Effects of End Surface Conditions 

First of all, the angles of internal fiiction, <^^ = arcsin {(a/ - crj')/((Ti' + o-jOlmax? for 
lubricated fixed ends with HJDo ^ 2.1 to 2.6 (type A) were obtained as a function of initial 
density (Fig. 2). These values will be used as reference values for the other test conditions. 
The initial void ratio, Cos. is the one measured at CTJ' = 29.4 kN/m^ (0.3 kgf/cm^) where 
sample dimensions were measured. It may be seen from Fig. 2 that when the cap is fixed 
and lubricated (type A), the difference in ifd either between two kinds of lubrication methods 
or between HJDo = 15 cm/7 cm (2.1) and 18 cm/7 cm (2.6) is negligible. An average line 
for these data points A-A' was determined by visual observation. Figure 2 also shows the 
values of ^^ for fixed regular ends (type B) with HQIDO = 15 cm/7.5 cm (2.0), 18 cm/7.5 
cm (2.4), and 20.3 cm/17.5 cm (2.7). It may be clearly seen from this figure that when the 
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DRAINED TRIAXIAL COMPRESSION , TOYOURA SAND 

03 = 1.0 kgf/cm^(98.1kN/m^) 

0 
• 
X 
A 
A 
V 
-•-

TYPE 

A 

B 

D 

Ho/Do(cm/cm! 
15/7(2.1) 
18/7(2.6) 
15/7(2.1) 
15/7.5(2.0) 
18/7.5(2.4) 
20/7.5(2.7) 
18/7(2.6) 

GREASE 

KS63G(2) 

DOW(I) 

KS63G(2) 

A 
A-A Is the average line for all A-type tests. 
B-B' is the average line for B-type tests with Hg/Do = 2.0. 

JL ± 
0.6 0.7 0.8 0.9 1.0 

VOID RATIO, 6 0 3 at 0^ = 0.3 kgf/cm^ 

FIG. 2—Friction angle versus void ratio from test types A, B, and D. 

cap is fixed and HJDa ^ 2.0,4)^ of dense samples is larger for regular ends than for lubricated 
ends by about 1°, while i^^ for loose samples is similar in both regular and lubricated ends. 
An average line B-B' was also determined by visual observation for the data points of 
regular ends with HJDo = 2.0. It may be noted that for dense samples with regular ends, 
<|)rf decreases with increasing HJD^,ixom 2.0 to 2.7, and at HJDa = 2.7, ^d becomes 
essentially the same with that for lubricated ends (the line A-A'). 

Overall stress-strain behaviors between lubricated end (type A) and regular end (type 
B) are compared in Figs. 3 and 4. Note that the precise comparison of strength cannot be 
made in these figures because the void ratio values are slightly different in each figure. It 
may be seen that the overall behaviors of types A and B are different to some extent. 

For lubricated ends, measured boundary axial strain involves a so-called bedding error 
caused by the lateral squeezing out of grease, the lateral spreading of latex membrane sheets 
in lubrication layers, the indentation of sand particles in the lubrication layer, and the 
rearrangement in the looser surface particles [74]. The correction method for the bedding 
error will be reported in detail elsewhere by the authors. As shown later more in detail (see 
Fig. 12), differences in stress-strain behavior between regular and lubricated fixed ends seen 
in Figs. 3 and 4 do not disappear even after the axial strain is corrected for bedding error 
at lubricated ends. It seems that these differences are due to the effects of end restraint on 
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FIG. 3—Comparisons of stress-strain curves among different boundary conditions for dense 
samples. 

measured average values of both stresses and strains for regular ends. For regular ends, the 
axial stress is overestimated because of the end friction, and the axial strain is underestimated 
by the nonuniform deformation. 

In summary, when HJDf, is about 2.0 and a sample is dense, ^i for regular fixed ends 
is slightly larger than that for lubricated ends; for ^^ = 40 to 45°, the difference is about 
1°. It can be suggested to employ a large HO/DQ, say more than 2.5, for the purpose of 
obtaining 4)̂  of a dense sand which is free from the effects of end restraint; however, the 
overall stress-strain behaviors may still be affected by the restraint at end surfaces. 

Effects of End Kinematic Conditions 

Rotation of Cap 

The values of <t)d for rotating regular (nonlubricated) caps with HJD^ = 2.1 or 2.4 (type 
C) are plotted in Fig. 5 in comparison to the two average lines from Fig. 2. It may be seen 
that the data points for dense samples of Hoi Do - 2.0 with rotating regular ends are located 
well above the line A-A' and close to the line B-B'. Furthermore, it may be seen by 
comparing Fig. 2 and Fig. 5 that when HglDo - 2.4, the value of ^^ of dense samples for 
regular ends is similar with both fixed (type B) and rotating caps (type C) as well as when 
Hoi Do = 2.0. These results indicate that for dense samples with rotating regular ends ^^ 
increases as a result of the end restraint by end friction but does not decrease because of 
the rotation of cap. Because of the cap rotation, concentration of deformation occurs more 
easily, resulting in easier formation of single shear band. However, it seems that the effects 
of cap rotation on ^^ are negligible when a sample is dense. On the other hand, it may be 
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FIG. 4—Comparisons of stress-strain curves among different boundary conditions for loose 
samples. 

seen from Fig. 5 that the data points for loose samples of HolDo = 2.0 with rotating regular 
ends are located below both the lines of A-A' and B-B'. This suggests that because the 
effect of end friction on ^d is negligible for loose samples of HJDo ^2,^^ for loose samples 
decreases due to the cap rotation. The effect of the rotation radius r on ^^ is not clear within 
the range of r examined. 

To see why the effect of cap rotation on ^i is negUgible for dense samples whereas it is 
not the case for loose samples, the rotation of cap during triaxial compression test was 
measured by means of two small potentiometer-type incUnometers fixed on the cap. Because 
each inclinometer can measure only a rotation in one vertical plane, two inchnometers were 
used to measure the rotation in two perpendicular vertical planes. The angle of rotation 0 
is defined as arctan V(tana)^ + (tan3)^ where a and p are the angles of rotation measured 
by two inclinometers (Fig. 6b). Typical results for dense and loose samples are shown in 
Figs. 6fl and 7. It may be seen that the cap started rotating from the very beginning stage 
of test even though the top surface of sample was prepared very carefully to be perpendicular 
to the axis of both the loading ram and the sample. It may also be seen that the relationship 
between 6 and the measured average axial strain e„ is similar in both loose and dense samples. 
Hence the value of 9 at the maximum stress condition is very small for the dense sample 
and much larger for the loose sample. This phenomenon may explain why the effect of the 
cap rotation on 4)̂  is neghgible for dense samples, but not for loose samples. It may also 
be seen from Figs. 6« and 7 that the rate of the increase in 6 increases with increasing axial 
deformation up to e„ N 10 to 12%, then 6 increases at a constant rate thereafter. The authors 
cannot explain these phenomena in physical terms at present. 

In Figs. 3 and 4, the stress-strain relationships for the rotating regular cap (type C) are 
compared with those for fixed regular ends (type B) and those for fixed lubricated ends 
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FIG. 5—Friction angle versus void ratio from test type C. 

(type A). It may be seen that when samples are dense, the reduction in stress after peak 
for the rotating regular cap is larger than those for the other two cases. Furthermore, it 
may also be seen that for both loose and dense samples even before the peak stress condition 
the samples showed stiffer responses for type C than for type B. It is apparent that sample 
deformations become less uniform as a result of cap rotation. Therefore, the difference in 
the relationship between average stress and average strain between fixed and rotating caps 
as seen in Figs. 3 and 4 may be primarily due to a higher degree of nonuniform deformation 
caused by cap rotation. 

Free Horizontal Movement of Cap 

MTien a cap rotates at a certain rotating radius, this rotation can be separated into two 
components: a pure rotation without horizontal movement at the center of the top surface 
of sample and a horizontal movement without rotation. It is clear that both kinds of move
ment induce nonuniform deformation within a sample. To separate the effects of each 
movement component on the measured deformation and strength characteristics of sand, 
both kinds of tests should be performed: the one in which a cap is allowed to move hori
zontally without any rotation and the other one in which a cap is allowed to rotate at zero 
rotating radius. 
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In this study, the first kind of test (type D) was performed on dense samples as follows. 
Both ends were lubricated with two-layer-type lubrication with silicone grease KS63G 
(KS63G(2)). The cap was loaded through a thrust bearing placed horizontally as shown in 
Fig. 1. It may be seen from Fig. 8 that the average stress is reduced due to the free horizontal 
cap movement even before the peak stress condition. While the horizontal movement of 
cap was not measured in this test, it was confirmed by visual observation that the cap started 
to move horizontally long before the peak stress condition. It was also observed that the 
cap had moved 8 mm at the point designated by the letter X in Fig. 8 which is the horizontal 
stroke of cap movement. Thereafter, no further horizontal movement of the cap occurred, 
but the top and bottom surfaces of the sample started to move horizontally at lubrication 
layers. 

The values of <t>j from type D tests are compared to those for fixed cap tests (type A) in 
Fig. 2. It may be seen that the reduction caused by the firee horizontal movement at sample 
ends is about 1° for dense sand. This may be due partly to the fact that the horizontal 
movement of the sample end induces the nonuniform stress distribution because of the 
noncoaxiality between the piston and the sample. 

One of the practical meanings of the results shown above may be as follows: In most 
conventional triaxial tests, the cap is not lubricated and HJDf, is between 2.0 and 2.5 and 
either the cap is fixed or it can rotate at a certain rotating radius. On the other hand, the 
ends may be lubricated in tests for research purposes and the cap is usually fixed. The results 
show that when nonlubricated ends are used for a range of Hoi Do between 2.0 and 2.4, the 
combined effects of end friction and cap rotation on the measured values of <t><i may not be 
larger than around ± 1°. Note, however, that when the cap is allowed to rotate, the scattering 
in data will become larger when compared to that when the cap does not rotate. Conse
quently, for nonlubricated ends it can be suggested to employ a fixed cap together with a 
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sufficiently high HJDQ, say 2.5 to 2.7, to obtain the value of (f)̂  which is free from the 
effects of both the end surface friction and the cap rotation. On the other hand, for lubricated 
ends it can be suggested to use a fixed cap because a clear strength reduction as a result of 
the horizontal cap movement may be observed as seen in this study. 

Effects of Sample Slenderness for Lubricated Ends 

Figures 9 and 10 show the values of ^^ for lubricated fixed ends of dense and loose samples 
with HJDa being 2.1 to 2.5 cm/7 cm, 4 cm/7 cm, 7cm/7 cm, or 15 cm/7 cm. In most tests. 
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one-layer-type lubrication with Dow grease (Dow(l)) was used, while two-layer-type lu
brication with silicone grease KS63G (KS63G(2)) was also used for loose samples with HJ 
Da = 2.0. The sample dimensions were measured at CTJ' = 9.8 kN/m^ (0.1 kgf/cm^) to 
minimize the effects of bedding error and membrane penetration on measured sample 
density. In Fig. 10 additional data (KS63G(1) from Tatsuoka et al. [8]) are included. The 
angle of friction at end surfaces for the lubrication type Dow(l) was measured by the direct 
shear tests [8] and was found to be 0.14 to 0.16° at normal stresses =200 to 600 kN/m^ (=2 
to 6 kgf/cm^) for a wide range of void ratio (e = 0.65 to 0.85). The effect of this friction 
on ^j is not more than 0.2° even for a very short sample with a HQ/DO of 0.2 based on the 
correction method by Drescher and Vardoulakis [15]. Therefore, ^^ was not corrected for 
the data shown in Figs. 9 and 10. 

It may be seen from Fig. 9 that for dense samples, while the difference in ^^ between 
Ha = 15 cm and 7 cm is neghgible, 4)̂  decreases shghtly when //»decreases from 7 cm down 
to 2.1 to 2.5 cm; however, this reduction is not larger than 0.5°. On the other hand, it may 
be seen from Fig. 10 that for loose samples, the value of (|)j increases with decreasing HQ 
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FIG. 12—ai'/ffa' versus axial strain of dense samples at small strains for lubricated and 
regular fixed ends. 
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from 15 cm to 2.1 to 2.5 cm. Figure 11 shows the relationship between <^i and HJDo for 
Co 1 = 0.67 and 0.85 obtained from the data shown in Figs. 9 and 10. 

The reason for this change of <^i by the change in H^ID^ seen in Figs. 9, 10, and 11 is 
not known yet. In Fig. 12 the stress-strain relations at small strains of dense samples with 
lubricated and regular ends are compared. For lubricated ends, the curves after the bedding 
error correction are shown too. It may be seen that for the same HQ/DO = 2.0, the stress-
strain curves are different for lubricated and regular ends as may also be seen in Figs. 3 
and 4. Also note that for lubricated ends the stress-strain curves are very different among 
these different HJDo ratios. These results suggest that the degree of deformation uniformity 
increases when the Ho/Df, ratio decreases from 2.0 to 0.3. Therefore, for the purpose of 
achieving a very uniform strain condition, tests on very short samples with well lubricated 
ends may be needed as has been suggested by Hettler and Vardoulakis [9]. However, such 
a large difference as 4 to 6° in ^^ among different test conditions as reported by Hettler and 
Vardoulakis [9] and Hettler and Gudehus [10] was not obtained in this study. 

Conclnsions 

From the results of a series of triaxial compression tests on samples of saturated Toyoura 
sand at CTJ' = 98.1 kN/m^ (1.0 kgf/cm^), the following conclusions may be drawn. 

1. At Hg/Do = 2.0 with fixed caps, the value of ^j with regular (nonlubricated) ends was 
larger than that with lubricated ends by around 1° in dense samples, and the difference in 
(t)rf was negligible in loose samples. ^^ for dense samples of HJDo = 2.7 with fixed regular 
ends was very similar to the value for lubricated ends at HJD^ = 2.1 to 2.6. 

2. For HJD^ = 2.0 to 2.4 with regular ends, the effects of cap rotation on the value of 
<|)j were negligible in dense samples and ^^ decreased because of the cap rotation by about 
1° in loose samples. 

3. For lubricated ends, horizontal cap movement reduced ^^ for dense samples by about 
1°. 

4. For samples of a diameter of 7 cm with lubricated ends, with decreasing the sample 
height from 15 cm to 2.1 to 2.5 cm, (j)̂  decreased in dense samples, whereas <|)̂  increased 
in loose samples; however, the variation in <t)̂  was not more than ± 1°. 

5. Only for the purpose of evaluating (t)j, a fixed cap with a nonlubricated surface may 
be used if a sample has a large Ha/Do ratio, say 2.5 to 2.7 for dense samples and 2.0 to 2.5 
for loose samples. To obtain an overall stress-strain behavior for a homogeneous defor
mation, a short sample with well lubricated fixed ends should be used. 
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ABSTRACT: The drained stress-strain, volume change, and strength behaviors of sand with 
cross-anisotropic fabric were studied in triaxial compression tests. Dense specimens with square 
cross-sections, height-to-diameter (H/D) ratios of 1.0 and 2.5, and lubricated ends were em
ployed. Specimens consisting of relatively long, flat sand grains were prepared with cross-
anisotropic grain structure, whose axis of rotation was inclined at various orientations from 
vertical to horizontal. The specimen boundary conditions (flexible membrane and lubricated, 
rigid end plates) had different effects on the results for specimens with HID = 1.0 and 2.5. 
The specimens with H/D = 2.5 exhibited distinct, but temporary drops in their prefailure 
stress-strain curves, and the friction angles changed in a consistent pattern over a range of 
5.5°. In comparison, the specimens with H/D = 1.0 showed more smooth stress-strain be
havior, and their friction angles were essentially constant with very little effect of orientation. 

KEY WORDS: anisotropic, boundary condition, dilation, failure, laboratory test, mechanical 
properties, sands, shear strength, soil mechanics, stress-strain curve, triaxial test 

Virtually all natural in situ sand deposits display fabric anisotropy due to parallel alignment 
of particles [ i] . Several experimental studies have shown that fabric anisotropy may have 
considerable influence on the stress-strain and strength behaviors of sand obtained in triaxial 
compression, plane strain, and cubical triaxial tests \1-14\. Some of these investigations 
have been performed on specimens with cross-anisotropic grain structure, whose initial axis 
of rotation was inclined at various constant angles with the direction of the major principal 
stress \l-3,9-13\. The results of some of these studies have indicated that the maximum 
strength of homogeneous specimens was mobilized in the drained triaxial compression tests 
when the major principal stress, CT], was applied perpendicular to the bedding planes, and 
the minimum strength was obtained when CTI was applied parallel to the bedding planes. 
However, recent studies have indicated that the experimental conditions used in the previous 
studies may be particularly susceptible to development of localized plastic deformations, a 
condition which may lead to low strength of soils that dilate [75]. It is possible, therefore, 
that the low strength observed in tests with aj parallel to the bedding planes is a result of 
the experimental technique employed in the previous investigations. 

' Professor and former graduate student, respectively, Department of Civil Engineering, School of 
Engineering and Applied Science, University of California, Los Angeles, CA 90024. 
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Presented herein is an experimental study of the influence of boundary conditions in 
triaxial compression tests on the stress-strain and strength characteristics of sand with cross-
anisotropic fabric, whose initial axis of rotation was inclined at various constant angles with 
vertical. Each specimen consisted of sand grains deposited under water in a mold tilted at 
the desired angle, then frozen, removed from the mold, and placed upright (that is, with 
inclined bedding planes) in the triaxial apparatus, thawed, and tested in compression. 

Characterization of Sand, Specimen Preparation, and Fabric 

Sand Composition 

All tests in this study were performed on uniformly graded Cambria sand with particle 
sizes between No. 10 and No. 20 U.S. sieves (2.00 to 0.84 mm). The specific gravity of 
grains was 2.708, and the maximum and minimum void ratios were 0.80 and 0.51, respec
tively. 

The three principal dimensions of the sand particles (that is, length, width, and height) 
were studied using two microscopes. A grain was placed in its most stable position at the 
edge of a table and measured in vertical and horizontal directions through the two micro
scopes. Results based on the study of 250 particles are shown in Fig. la. As in Ref 16, the 
results are presented as length-to-height ratios (L/H) and length-to-width ratios (L/W) and 
they indicate that the sand grains are somewhat long and flat. According to previous studies 
of several natural sands [11,12], typical values of axial ratio, which may include both W/L 
and HJL (no distinction was made between the two ratios), range from 0.5 to 0.7 corre
sponding to L/W and/or L/H ratios from 2.0 to 1.4. The sand selected for the present study 
is representative, therefore, of common natural sands, possibly with axial ratios in the upper 
end of the range. (This sand was also used in a previous study of the three-dimensional 
behavior of sand with cross-anisotropic fabric under conditions of principal stress directions 
fixed and aligned with directions of material axes [8].) 
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FIG. 1—(a) Grain shape distribution and (b) Rose diagrams of particle long axis orientations 

for specimens of Cambria sand. 
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Specimen Preparation 

Dense specimens with square cross-sections and with height-to-diameter (H/D) ratios of 
1.0 and 2.5 were prepared in specially designed molds by pouring and shaking sand grains 
in several layers. The specimens were then frozen in molds designed to avoid expansion or 
disturbance of the sand structure during freezing. 

The four sides and the top of each mold were made of polyvinyl chloride (PVC), and the 
bottom plate was made of copper. So the sand could be poured vertically into an inclined 
mold, one side and the top were cut into sections (Fig. 2). These sections could then be 
added as the sand was deposited in the mold. Silicone grease was smeared on the faces of 
the PVC sections to seal the mold and to avoid adherence between the mold and the frozen 
specimen. The molds were held together by threaded rods attached to the copper base 
plates, and they could be completely disassembled to remove the frozen specimen. The side 
length of the square specimens were 76 mm, and their heights were 76 and 190 mm, re
spectively. 

To prepare a specimen, the mold was placed in a bucket with deaired water. A cradle 
was employed to hold the mold at the desired tilt angle. Sand was poured into the mold in 
10 to 25 evenly thick layers. The bucket was placed on a vibrator, and after deposition of 
each sand layer the bucket was shaken for 1 min by horizontal, gyrating movements. 

Following deposition of a specimen, the mold was placed upright in a freezer. Because 
copper has a much higher heat conductivity than PVC, freezing of the specimen proceeded 
upwards from the bottom plate, thereby pushing excess water out through holes in the top 
plates. To further enhance the process of freezing from the bottom, the mold was placed 
on a large, sohd piece of aluminum (which also has high heat conductivity) inside the freezer. 

Specimens prepared for this study had void ratios from 0.52 to 0.57. 

Fabric Characterization 

In order to examine the fabric of a specimen, photographs were taken of horizontal and 
vertical sections through central regions of the specimen. This could be accomplished by 
melting part of a frozen specimen. The central region (that is, the region within one to two 
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FIG. 2—Mold for preparation of specimens with inclined bedding planes. 
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grain diameters from the side walls) was used to avoid effects of the side walls which may 
locally have influenced the fabric. Measurements of orientation were made on photographic 
enlargements. The orientations of apparent long axes in one horizontal and two vertical 
sections of a specimen with horizontal bedding planes are shown on the rose diagram in 
Fig. lb. In this study the orientations of 280 particles were measured for each section, and 
the orientation of each particle was assigned to one of the 15° intervals between 0 and 180°. 
Figure lb shows that the particles in the specimens prepared by the method described above 
had strong preferred orientations in the vertical sections, but almost completely random 
orientations in the horizontal section. Results of similar analysis from a previous study [8] 
are shown in Fig. lb for comparison. 

To compare the intensity of fabric anisotropy with previously obtained intensities, the 
mean vector direction, a, and vector length, L, defined by Curry [17] and used in several 
previous studies [7,9,11,12], were calculated according to: 

« = - • arctan ^^ — (°) (1) 
2 2J WCOS 2a 

L = Y^- J c X n sin 2a)^ + ( ^ «-cos laf (%) (2) 

where a is the orientation of the apparent long axis relative to a reference axis, and n is 
the number of particles oriented at a. The value of L varies from 0 to 100%. L = 0% 
corresponds to completely random orientation of particle long axes, whereas L = 100% 
corresponds to all long axes having exactly the same direction. 

For the vertical sections of a specimen of Cambria sand with horizontal bedding planes, 
a = 2.1°. This means that the apparent long axes in the specimen were preferably parallel 
to horizontal, which was used as a reference axis. The vector length was calculated to be 
L = 55.5% for the vertical sections. Compared to values of L obtained in previous studies 
of natural sand deposits [11,12], this value of vector length corresponds to a high degree of 
preferred particle orientation. Corresponding values of a. and L for th^ horizontal section 
of the Cambria sand specimen were 7.8° and 5.8%, respectively. Thus, an almost completely 
random orientation of particles in the horizontal plane was obtained. The specimen fabric 
is therefore of the cross-anisotropic type with a vertical axis of rotational symmetry and 
horizontal planes of isotropy. 

Testing Equipment 

Triaxial Apparatus—Ihs drained tests were performed in a conventional triaxial appa
ratus. Enlarged, square end plates with central drainage were employed. A chp gauge was 
attached to the middle of the specimen, measuring one of the horizontal strains. The other 
horizontal strain was calculated from the measured volume change and the vertical defor
mation. 

Lubricated End Plates—To avoid development of significant shear stresses between the 
end plates and the specimen, and to reduce nonuniformities in strains, lubricated ends were 
provided on the cap and base. Each of the two lubricated ends consisted of two rubber 
sheets coated with silicone grease. Tests with regular end plates were not performed in this 
study. 
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Measurements and Corrections 

Corrections to measured loads and pressures were found to be negligible. All measured 
strains presented herein have been corrected as appropriate for sand grain penetration into 
the lubricating rubber sheets. 

Representation of Stress and Material Axes 

To present results of tests on anisotropic materials, it is important to indicate clearly the 
directions of stress relative to the principal axes of the material. For this purpose two 
Cartesian coordinate systems are employed, as indicated in Fig. 3. One coordinate system 
(123) indicates the principal stress directions (vertical and horizontal), and the other co
ordinate system (XYZ) is located such that the X-axis coincides with the axis of initial 
rotational symmetry of the cross-anisotropic specimens. The angle 3 between the vertical 
a,-direction and the X-axis indicates the inclination of the bedding planes. 

Testily Pro-am and Procedures 

Drained triaxial compression tests were performed with constant effective confining pres
sures of 1.00 kgf/cm^ (98 KN/m^) and with back pressures of 2.0 kgf/cm^ (196 KN/m^). 
Tests were performed with inclination angles p of 0, 45, 60, and 90°. 

Stress-Strain and Volume Change Characteristics 

Figure 4 shows stress-strain and volume change relations obtained from triaxial compres
sion tests with P = 0,45,60, and 90°. The results for specimens with HID = 2.5 are shown 
in Fig. 4a, and the results for specimens with HID = 1.0 are shovra in Fig. 4ft. 

The steepest stress-strain curve obtained for the tall specimens (Fig. 4a) corresponds to 
P = 0°, which represents a conventional specimen with horizontal bedding planes. The 
stress-strain relation is smoothly curved well beyond failure at which time the stress drops 
off abruptly. Additional straining results in increasing stresses, but the peak strength is not 
reached again. The abrupt drop-off is associated with development of a shear band, which 
is allowed by the flexible rubber membrane to progress through the specimen. The volume 
change curve for this specimen exhibits a temporary decrease in rate of dilation at the time 
of the shear band development. 

3, Z 
BEDDING PLANES 

1, 2, 3 : PRINCIPAL STRESS AXES 
X, V, Z : MATERIAL AXES 

FIG. 3—Coordinate systems for indication of initial bedding plane inclination of cross-
anisotropic specimens. 
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FIG. 4—Stress-strain and volume change characteristics obtained in triaxial compression 
tests on Cambria sand with cross-anisotropic fabric (1.00 kgflcm' = 98.1 KNIm'). 

All tests with inclined and vertical bedding planes shown in Fig. 4a indicate clear effects 
of the inherent cross-anisotropic fabric in the sand spedmens. In specimens with initially 
isotropic material, shear planes initiate in triaxial compression after the peak failure point 
has been exceeded [18]. Thus, the prefailure observations presented here are related to the 
anisotropic nature of the soil fabric. The possible lack of correct grain orientation near the 
cap and base caused by the side walls during specimen preparation is beheved to have had 
only small, if any, effect on the overall behavior of the anisotropic sand. The prefailure 
stress-strain and volume change behaviors appear to show that the grain structure tempo
rarily locks up. This is indicated by the stress-strain curves which begin to steepen about 
halfway up to failure. The corresponding volume change curves show zero rates of dilation 
until the stress-strain curves begin to flatten again. Then dilation begins and almost im
mediately reaches the maximum rate. As the tests progress, sudden drop-offs in stress occur 
before the peak strengths are obtained at larger strains. The drop-offs occur after dilation 
begins in the specimens with inchned bedding planes, whereas the stress drop-off is observed 
simultaneously with initiation of dilation in the specimen with vertical bedding planes 
(P = 90°). Shear bands were not visible at the time of the stress drop-offs, and the volume 
change curves do not indicate any temporary decrease in rates of dilation. The axial strains-
to-failure range from 5 to 7%. 

The tests performed on specimens vnth HID = 1.0 (Fig. 4ft) show similar trends, but 
not nearly as pronounced as obtained for specimens with HID = 2.5. Thus, the stress-
strain curves are more smooth, and the axial strains-to-fallure range from 9 to 10% (that 
is, larger values than obtained for the tall specimens). This strain-to-failure pattern often is 
observed when comparisons of results are made for specimens with HID = 1.0 and 2.5 
(see, for example, Ref 75). The prefailure stress-strain and volume change behaviors also 
indicate that the grain structure temporarily locks up for the short specimens with p = 45, 
60, and 90°. Only the stress-strain curve for p = 45° exhibits a small drop-off in stress, but 
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the curves for p = 60 and 90° show clear evidence of the cross-anisotropic sand fabric. As 
in the tall specimens, the volume change curves indicate zero rates of dilation over extended 
ranges of axial strains before dilation is initiated at almost constant rates. Thus, the lock
up phenomenon is also present in the short specimens with the most pronounced effect for 
the specimen with vertical bedding planes O = 90°). Although shear bands were not visible 
in the short specimens, the volume change curves do indicate several ranges of temporary 
diminished rates of dilation near and beyond peak failure. 

It should be noted that the shape of the stress-strain curve obtained in the present study 
for the specimen with p = 90° (Fig. 4b) is quite different from that obtained in a previous 
study [8] for a similar specimen. The previous study produced a smoothly curved stress-
strain relation, but the same strengths were obtained in the two studies. The reason for the 
different shapes of the stress-strain curves has not been identified. 

Strength Characteristics 

The results in Fig. 4 show that the strength of the tall specimens decreases with increasing 
bedding plane inclination p, whereas the short specimens exhibit very little variation in 
strength. 

The friction angles from all the triaxial compression tests are compared in Fig. 5. The 
friction angles from the tests on specimens with H/D = 2.5 decrease consistently over a 
range of 5.5° wdth increasing value of p. Thus, the highest friction angle is obtained when 
the major principal stress, ai, is applied perpendicular to the bedding planes, and the lowest 
friction angle is obtained when a, is appUed parallel to the bedding planes. Similar results 
have been obtained in previous studies [1-3,11-13] in which the boundary conditions were 
similar to those in the specimens with H/D = 2.5. 

The specimens with H/D = 1.0 show very httle effect of the bedding plane inclination 
on the measured friction angles, although a small decrease in friction angle with increasing 
value of p may be detected. The results of two triaxial compression tests performed on 
specimens with///D = l.Oandwithp = 0 and 90° from the previous study of dense Cambria 
sand [8] are also shown in Fig. 5. These two friction angles correspond very well with those 
obtained in the present study. Further, these two values are consistent with the three-
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FIG. 5—Variation of friction angles with bedding plane inclination in triaxial compression 

tests on Cambria sand with cross-anisotropic fabric. 
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dimensional strength pattern obtained from cubical triaxial tests [8]. However, they do not 
fit the pattern shown in Fig. 5 for specimens with H/D = 2.5. 

From these and previously published results of triaxial compression tests on cross-ani-
sotropic soil it appears that the specimen boundary conditions (flexible membrane and 
lubricated, rigid end plates) have different effects on the results for specimens with H/D 
ratios of 1.0 and 2.5. The flexible membrane allows development of nonuniform deformations 
in the tall specimens, whereas the rigid, lubricated end plates inhibit propagation of tem
porarily developing nonuniform deformations within the short specimens. Thus, macros-
copically uniform strains are obtained in the short specimens. Consequently, different 
conclusions can be reached regarding the behavior at cross-anisotropic soils depending on 
the boundary conditions or, nominally, the H/D ratio of the triaxial specimens. 

Summary and Conclusions 

The stress-strain, volume change, and strength characteristics of dense Cambria sand 
prepared with cross-anisotropic fabric in specimens with height-to-diameter ratios of 1.0 and 
2.5 were studied in drained triaxial compression tests. The bedding planes of the cross-
anisotropic specimens were inclined at different angles with the vertical, major principal 
stress to investigate the effects of boundary conditions in the two different specimen types. 

Specimens consisting of relatively long, flat sand grains were prepared with strong pre
ferred grain orientations in sections perpendicular to the bedding planes and almost com
pletely random orientations in sections parallel to the bedding planes. The specimen 
preparation technique is reviewed, and the resulting grain structure is characterized by 
appropriate parameters. 

The tests show that the specimen boundary conditions (flexible membrane and lubricated, 
rigid end plates) had different effects on the results for specimens with H/D ratios of 1.0 
and 2.5. The stress-strain, volume change, and strength relationships were quite different 
for comparable tests, although the only nominal difference was the H/D ratios of the 
specimens. Notably, the specimens with H/D = 2.5 and with inclined or vertical bedding 
planes exhibited distinct, but temporary drops in their prefailure stress-strain curves, and 
the friction angles decreased consistently over a range of 5.5° with increasing inclination of 
the bedding planes. In comparison, the specimens with H/D = 1.0 exhibited more smooth 
stress-strain behavior, although definite effects of the cross-anisotropic fabric were present. 
The friction angles were not affected much by the bedding plane inclination. 

In view of these results, different conclusions can be reached regarding the behavior of 
cross-anisotropic soils depending on the boundary conditions or nominally, the H/D ratio 
of the triaxial specimens. The most consistent results appear to be obtained from specimens 
with H/D = 1.0 in which macroscopically uniform deformations are obtained. 
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ABSTRACT: The corrections to account for the changes in the cross-sectional area and for 
the restraint of the membrane during a triaxial test may vary considerably depending on the 
actual behavior of the soil specimen. This paper shows how observations and measures can 
lead to a choice of corrections which are in good agreement with the true behavior of the soil-
membrane system both for bulging failures and for failures along a shear plane. The data 
obtained by compression tests on rubber and rigid dummies offer a valuable basis for quan
tifying the required area and membrane corrections. An example illustrates the merits of the 
proposed corrections and shows that different interpretations of the membrane correction may 
have an important implication on the effective stress cohesion intercept. 

KEY WORDS: triaxial test, membrane correction, cross-sectional area correction, bulging 
failure, shear plane failure, stress-strain curves, soft clays, cohesion intercept 

The standard triaxial equipment and test procedure involve many sources of errors which 
often are completely ignored. In a companion paper presented in this volume, Leroueil and 
coworkers deal with problems of leakage through fittings, diffusion through the membrane, 
and permeability and strength of filter drains [1]. 

In the present paper, the problems of membrane restraint and of change in the cross-
sectional area of the specimens in triaxial tests will be considered; they are two sources of 
error still not properly resolved. Although the currently used corrections are small or even 
negligible when applied to the failure stress of brittle specimens failing at small strains, they 
may become quite important at large strains, depending on the geometry of the failure. As 
geotechnical practice becomes more and more concerned with the strength measured at 
large strains in laboratory tests or at the critical state, more attention must be paid to the 
choice of adequate membrane and area corrections for the triaxial test. 

The corrections that are currently applied are based on some idealized geometries of 
failure assumed to occur in triaxial tests: the specimens are expected to fail either along 
multiple shear zones resulting in a bulging deformation, or along a well-defined shear plane 
with sharp edges cutting into the membrane. The corresponding suggested corrections, both 
for the membrane and the cross-sectional area, are greatly influenced by these geometries: 
in the plastic bulging failure, the membrane correction is moderate and the average cross-

' Professor, associate professor, former graduate students, and dean, respectively, Laval University, 
Department of Civil Engineering, Pavilion Pouliot, Quebec, GIK 7P4 Canada. 
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sectional area of the specimen increases with strain; in the brittle shear plane failure, the 
membrane correction can be quite high and the effective cross-sectional area of the specimen 
is assumed to decrease [2,3]. However, in most natural soil specimens, the actual geometry 
at failure and at large strains usually lies between these two extreme idealized shapes. As 
a result, the indiscriminate use of the existing corrections may lead to significant errors. 

The deformation of the specimen and the resulting interaction between the soil and the 
rubber membrane are so unpredictable and complex that they cannot be analyzed thoroughly. 
The empirical approach seems to offer the only practical means to arrive at realistic cor
rections. Previous studies, based on results of tests made on different types of specimens: 
on remolded clay samples [4], on rigid dummies [2,5,6], and on plasticine dummies with a 
precut lubricated shear plane [3], have generated a number of suggestions for the membrane 
and area corrections. However, to apply a realistic correction, the specimen must be observed 
during and after the test to judge the mechanism of membrane mobilization and of the 
changes in the cross-sectional area, and to adjust the correction to the observed behavior. 

After a reevaluation of test results on dummies, it will be shown how the observation of 
the specimen during and after the test can lead to a better assessment of the corrections. 
The two different geometries of failure commonly encountered, that is, bulging and shear 
plane failures, will be considered separately, both for the area and for the membrane 
corrections. 

Area Correction 

Bulging Failure 

When the specimen fails or deforms by bulging with no apparent shear plane, it is generally 
agreed that the corrected cross-sectional area Oc is given by 

a, = a„ — (1) 
1 - e 

where 

a„ = initial cross-sectional area at the beginning of the triaxial shear test (that is, 
after consolidation) 

AWy„ = unit change of volume during shear test 
e = axial strain 

This formula is based on the assumption that the specimen deforms as a cyhnder with a 
constant diameter through its height (Fig. la). Because this condition is seldom met in actual 
soil specimens, the formula is approximate. However, other expressions considered to be 
more accurate [7] give a difference of only 2 to 3% relative to Eq 1 and are not necessarily 
based on more realistic assumptions. Equation 1 can be considered satisfactory for the case 
in which the specimen deforms by bulging only. 

Shear Plane Failure 

Area correction when a shear plane is formed across the sample is much more problematic. 
In theory, for example in the case of a presheared rigid dummy, the decrease in the cross-
sectional area can be calculated by the expressions given in Fig. lb [6]; it is a function of 
the movement along the shear plane and of its angle of inclination. The idealized condition 
corresponding to Fig. lb may be met in very stiff clays and clay shales, but certainly not in 
softer clays. In such cases, bulging is also observed around the edge of the shear plane so 
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FIG. 1—Illustration of the correction for the cross-sectional areas: (a) bulging failure and 
(b) shear plane failure [6]. 

that there is a mixture of failure patterns which implies both a decrease of area due to the 
movement along the shear plane and an increase due to the localized bulging; the relative 
contribution of these two phenomena varies from one specimen to the other and cannot be 
evaluated without observing the specimen during or after the test. Figure 2a illustrates the 
typical shape of a specimen of an overconsohdated sensitive clay strained at 15% deformation 
in an isotropically consolidated undrained (CIU) triaxial test, viewed across the plane and 
at 90° rotation; the shear plane has appeared after the peak of the stress-strain curve, but 
the deformation at larger strain has developed both by bulging and by movement along the 
shear plane. In such cases, the variation of the cross-sectional area of the specimen can be 
estimated by the measurements given in Fig. 2b. To preserve the shape of the specimen 
when removing the top of the triaxial cell to measure, the piston should be kept fixed while 
the cell pressure is lowered and the cell emptied; this procedure prevents the relative 
movement of the two parts of the specimen following the removal of the axial load. Then 
the top of the cell can be removed without noticeable change in the geometry of the specimen. 

The corrected cross-sectional â  area corresponding to the contact area on the shear plane 
between the two parts of the specimen at the end of the test is given by the surface of the 
ellipse (Fig. 2fc). 

"c = 7 d,-db (2) 

This approach is thought to give a realistic value of the effective cross-sectional area when 
a shear plane is formed. For the specimen illustrated in Fig. 2a, the corrected area at 15% 
strain is 11.03 cm^ which represents a reduction of 4.0% relative to the initial cross-sectional 
area of 11.40 cm .̂ In some tests in which the bulging around the contour of the shear plane 
is important, the measurement may lead to an increase of area, which is not unreasonable. 
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FIG. 2—Correction of the cross-sectional area for a shear plane failure in a soil specimen. 

Hence, the authors recommend that in triaxial tests in which the specimen fails along a 
shear plane, the correction given by Eq 1 be apphed until the shear plane forms, which is 
usually at the peak of the stress-strain curve although it becomes visible at a slightly larger 
strain; for the remainder of the test, the reduction or increase of the cross-sectional area, 
as measured at the end of the test according to the rules given above, should be applied 
proportionally with strain from the peak to the end of the test as follows: 

flc + (a„ - «,) ( ^ J (3) 

where 

Of = cross-sectional area at peak strength 
«„ = cross-sectional area at end of test (Eq 2) 
€, = axial strain at end of test 
€; = axial strain at peak strength 

Membrane Corrections 

Properties of the Membranes 

The contribution of the membrane to the measured strength of the triaxial specimen 
depends not only on its elastic properties but also on its initial diameter; both these char
acteristics need to be measured to apply a realistic correction. 
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The modulus can be measured by a simple method described by Henkel and Gilbert [4] 
or Bishop and Henkel [8]; the extension of a circimiferential strip suspended between two 
glass rods covered with talc is measured for different loads. The thicker membranes used 
are commercially available latex rubber membranes. The measured values given in Fig. 3 
indicate that the modulus increases with the thickness of the membrane, and suggest also 
a variation with strain. Indeed it is observed that the modulus has a maximum value at low 
strain and decreases with increasing strain; this variation is more important for thicker 
membranes and negligible in the case of the thin Ramses prophylactic membranes which 
have a very low modulus. 

The secant modulus measured at 20% extension corresponds to the maximum strain the 
membrane undergoes during a test; consequently, an average modulus secant at 10% ex
tension should be used for calculating the corrections, except for calculating the initial 
confining pressure at the beginning of the compression test for which the secant 1% modulus 
should be used, because the strain in the membrane is very small. 

Initial Confining Pressure 

When the membrane is placed around the specimen, it applies a lateral confining pressure 
which is a function of the modulus and of the initial diameters of the membrane and of the 
specimen. Although negligible at high cell pressures, it may become quite significant at low 
cell pressures on soft soils. The initial confining pressure can easily be calculated as follows: 

Pom = 2M, 
dp - di„ 

d„-di„ (4) 

where 

da = diameter of specimen at the end of consoUdation 
di„ = initial diameter of the membrane 
Mi = initial tangent modulus (1% modulus) 
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FIG. 3—Extension moduli for membranes of different thicknesses. 
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The magnitude of the confining pressure calculated by Eq 4 has been checked experimentally 
in the authors' laboratory by mounting membranes on soUd dummies and measuring the air 
pressure required to infiltrate the contact between the membrane and the dummy (Fig. 4). 
For contact pressures larger than 1 kPa, the calculated and measured values were in fairly 
good agreement, but for pressures lower than 1 kPa, the measures were not meaningful. 

Although a certain contact pressure between the membrane and the specimen is required 
for mounting and saturating the specimen, this pressure should be kept to a minimum. 
Therefore, a membrane of appropriate diameter and thickness must be used. The ASTM 
Test for Unconsolidated, Undrained Strength of Cohesive Soils in Triaxial Compression 
(D2850) specifies that the unstretched diameter of the membrane should be between 75 and 
90% of that of the specimen and its thickness shall not exceed 1% of the diameter of the 
specimen. The implication of the most unfavorable conditions of this specification can be 
evaluated: for a specimen of 38.1 mm diameter, the thickness of the membrane could be 
up to 0.38 mm, which gives a secant 1% modulus of approximately 5.5 N/cm (Fig. 3). With 
a diameter of the membrane at 75% that of the specimen, the initial confining pressure 
would be p„„ = 9.6 kPa. This pressure, which has to be added to the cell pressure, is far 
from being negUgible for most tests on clay specimens. In terms of stress path, it has a direct 
influence on the cohesion intercept as will be discussed later. It is fortunate, however, that 
commercially available membranes are usually manufactured with diameters of 90 to 95% 
and with thicknesses of less than about 0.5% of the diameter of the specimen; in which 
case, the calculated initial confining pressure would be on the order of 1 kPa—the same 
value as measured on a specimen in the laboratory. When a prophylactic membrane with 
a modulus of 0.45 N/cm is used, the initial lateral pressure is 0.23 kPa on a 38.1-mm-
diameter specimen, which is very small indeed and truly negligible in most cases. 

For thicker membranes, the value of p<™ should then be calculated and taken into account 
in the determination of the cell pressure appUed during the test. In such a case, if no vertical 
load is applied by the piston on the specimen, the stress state is not isotropic. 

Bulging Failure 

The restraint of the membrane in a bulging type of failure was first studied by Henkel 
and Gilbert [4] who made a series of tests on remolded London clay with membranes of 
three different thicknesses. They observed that the strength contributed by the membrane 
is proportional to the stiffiiess of the membrane and is independent of the cell pressure. 
However, when they used only the membrane to confine the specimen (that is, with zero 
cell pressure) the load taken by the membrane was appreciably lower (Fig. 5). From these 
observations, they proposed two theories to determine the membrane correction. In the 
case in which the cell pressure is high enough to hold the membrane firmly against the 
specimen, no buckUng of the membrane is hkely to occur and the membrane is assumed to 
act as a reinforcing compression cell around the specimen; this correction, given in Eq 5 
and based on the "compression theory" (Fig. 5), should be applied on the major principal 
stress: 

TT d„ M e , , , 
<Ti„ = (5) 

If the rubber membrane is not held firmly against the specimen, as in the test with zero 
cell pressure, it will buckle and act as a rubber belt around the lateral faces of the cylinder 
restraining the circumferential strain of the specimen. As in the case of the initial confining 
effect of the membrane, this restraint influences directly the lateral confining stresses so 
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FIG. 4—Lateral restraint of membrane determined by air inflation tests. 

that this contribution of the membrane results in an increase of the minor principal stress 
and should be applied accordingly, although Henkel and Gilbert recommend that it be 
applied as a decrease of the major principal stress [4]. The ensuing correction can be 
estimated by Eq 6 based on the "hoop stress theory" (Fig. 5): 

2M Me 
CT3„ = - T (1 - V I - e) = — 

flo do 
(6) 

When comparing the values of correction given by Eq 5 and Eq 6 to the experimental 
values obtained by Henkel and Gilbert [4] (Fig. 5), it is seen that they underestimate the 

Henkel a Gilbert, 1952 

O Tests with cell pressure 

• Zero cell pressure 

0 1 2 3 4 5 6 7 
EKtension modulus M , N/cm 

FIG. 5—Experimental results obtained at 15% strain on specimens of remolded clay [4]. 
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required corrections by 17.5 and 49%, respectively. It is interesting to note, however, that 
if the initial confining stress of the membrane is taken into account, Eq 5 agrees fairly well 
with the experimental results; for example, the confining stress of a commercial membrane 
with an extension modulus of 4 N/cm would be on the order of 1 kPa. 

This problem of rubber membrane correction in bulging failure was also studied analyt
ically by Duncan and Seed [9] who took into account volumetric and axial strains, and 
proposed corrections to be applied both to the axial and lateral stresses. The value of these 
corrections was calculated for a membrane 0.3 mm thick (Fig. 3) having an extension modulus 
of 3.8 N/cm and was plotted on Fig. 5 giving Henkel and Gilbert's results. The calculated 
value agrees well with the experimental results of Henkel and Gilbert. The expression 
proposed by Duncan and Seed incorporates the influence of the confining stress of the 
membrane. When triaxial tests are made at low cell pressures with thin membranes, some 
buckling of the membrane will usually occur if the specimen fails by bulging, and the use 
of Eq 5, as recommended by ASTM Standard D2850, or the use of Duncan and Seed's 
correction [9] may grossly overestimate the correction at large strains. 

Tests on Dummies 

In view of the observed variation of the extension modulus with strain, the assumed 
linearity with strain of the corrections given by Eq 5 and Eq 6 can be questioned. To check 
this point, two series of tests were made on dummies. In the first series, membranes were 
mounted on a specimen and air pressure was used to inflate the membrcme; one test was 
carried out with a 0.33-mm-thick membrane, and one with a prophylactic membrane with 
a modulus of 0.7 N/cm. The deformation of the membranes was very similar to a bulging 
failure of a normally consoUdated or remolded clay sample. The variation of the maximum 
diameter of the membrane was measured at different air pressures, and the results are 
plotted in Fig. 4 in terms of axial strain. 

The results show clearly that there is an initial contact pressure followed by a rapid increase 
of pressure at small strain. As the "hoop stress theory" ignores the variation of the extension 
modulus of the membrane with strain, and possibly some other unknown factors, some 
adjustments had to be made to Eq 6 to obtain a working formula to calculate the required 
correction. Hence, the modified formula becomes 

MVI 
cr>, = Po™ + 0.75 —r- (7) 

This equation, which fits the results of the test on the thick membrane (Fig. 4), was used 
to calculate the restraint of a Ramses prophylactic membrane on which inflating pressures 
were measured. Except for a small difference in the initial contact pressure, the calculated 
curve is the same as the experimental one. With the experimental set up used to make this 
test, pressures lower than 1 kPa were hardly measurable. It should also be noted that the 
restraint pressure of the prophylactic membrane remains below 2 kPa at more than 20% 
strain. The corrections calculated with Eq 7 agree very well with the experimental values 
obtained at 15% strain with zero cell pressures on specimens of remolded London clay [4] 
given in Fig. 5. For example, disregarding the initial contact pressure, /?<,„, the calculated 
correction for a thick membrane having an extension modulus of 5.95 N/cm is 4.6 kPa, 
compared to 4.8 kPa measured. The piston of the cell, which is not supported at zero cell 
pressure, has an equivalent weight of over 1 kPa of axial pressure on the specimen. This 
compensates for the initial contact pressure of the membrane, and p„„ should not be taken 
into account. 
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To substantiate the process of rapid mobilization of the membrane strength at the begin
ning of the test as observed in the air-inflated membrane, a second series of tests on a rubber 
dummy was carried out. Unconfined tests were made on the dummy as a reference, followed 
by tests with membranes of different thicknesses and at cell pressures of 0 and 100 kPa. 
Due care was taken to repeat the tests in the same conditions. Some typical differences 
between the strength measured with and without membrane are plotted in Fig. 6. The 
following observations are made: 

• At zero cell pressure, some buckling of the membrane occurred (except for thick 
membranes which did not buckle). 

• With a cell pressure of 100 kPa, no buckUng was observed in any of the membranes. 

The corresponding calculated correction curves are plotted in Fig. 6 and compared with the 
measures on the dummy for a 0.30-mm-thick membrane. The correction corresponding to 
the zero cell pressure with buckling condition (Eq 7) fits very well the measured strength; 
however, the correction curve for the case of "no buckling" given by Eq 5 to which is added 
the influence of the initial restraint (Eq 4) is lower than the values measured on the dummies. 
Both of these calculated corrections are in good agreement with the experimental data 
obtained for 15% strain by Henkel and Gilbert [4], given in Fig. 5 and plotted in Fig. 6 for 
the membrane with a modulus of 4.8 N/cm. 

In the "no buckling" condition, the correction proposed by Duncan and Seed [9] and 
plotted in Fig. 6 for the membrane used in the test underestimates the contribution of the 
membrane relative to all experimental results. However, as Duncan and Seed's analysis [9] 
is the only one considered in this paper which takes into account the volumetric strain of 
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the soil specimen, their proposed correction should probably be preferred in the tests in 
which large volumetric strains occur during the shearing deformation. With thicker mem
branes, no buckling has been observed during the test even at zero cell pressure, and the 
strength taken by the membranes was also underestimated by the combined use of Eq 5 
and Eq 6. The prophylactic membranes gave no measurable restraint under zero cell pres
sure, and a maximum strength value of the order of 4.0 kPa was obtained at 20% strain 
under a cell pressure of 100 kPa. 

Discussion on Bulging Failure 

From the observations made during the study on dummies (which confirm and add to 
some conclusions of previous studies on bulging failures), it has become apparent that the 
mechanism of mobilization of the strength of the membrane is quite different depending on 
whether the membrane is buckling or not. In the absence of observable buckling, the 
membrane acts like a compression shell and its contribution to the strength of the specimen, 
which translates into an increase of the axial stress <TI is far from being negligible. Even 
when the initial confining stress of the membrane is taken into account, the correction 
formula (Eq 5), proposed by Henkel and Gilbert [4] and recommended in practice (ASTM 
D2850), underestimates the required correction for the results obtained with the rubber 
dummy, especially at small strains. To simulate the correction determined by the experi
mental results on London clay [4] (Fig. 6), the correction for the initial confining stress 
given by Eq 4 must be added to that of Eq 5. If buckling occurs, the membrane cannot 
support an axial load, and its circumferential stretching contributes to increasing the lateral 
stress on the specimen; the contribution of the membrane in this latter case, although less 
important than in the previous case, is not negligible at large strains especially on soft clays 
and can be estimated by Eq 7. In all cases the initial confining stress of the membrane should 
be taken into account when calculating the cell pressure to be applied. 

The important differences in the magnitude of the two corrections "with" and "without 
buckling" accentuate the need for careful observation of the specimen during and after the 
test to select the type of correction to be applied. The increased use of data acquisition and 
processing systems in the soils laboratories increases the danger that such important obser
vations will be neglected. 

Shear Plane Failure 

The failure along a shear plane of a soil specimen in a triaxial test is the most frequently 
encountered mode of failure in overconsolidated clays. The movement along the plane which 
usually appears at the peak strength or at a slightly larger strain mobilizes rapidly the strength 
of the membrane, and, at large strain, the load on the membrane becomes important. 

It might be worth mentioning that, at large strains, the lateral thrust on the ram during 
failure along an inclined shearing plane in the triaxial test can also be a source of error; it 
may be prevented by using either longitudinal cyUndrical ball bearings to support the ram, 
or load cells located inside the triaxial cell provided that these cells are proven to be 
independent of lateral thrust, which is not the case for most commercial models available. 
The mobilization of the membrane in such a case is complex because it is influenced by 
such factors as the stiffness of the membrane and of the soil, the friction between the soil 
and the membrane which itself depends on the normal effective stress at the soil-membrane 
contact, the angle of inclination, and the overall geometry of the shear plane. The complexity 
is such that most authors who have studied this problem have resorted to tests on dummies; 
indeed this approach seems to offer the most reUable way to evaluate the contribution of 
the many factors involved. 
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Dummies are usually made of Plexiglas or softer materials such as plasticine and are precut 
at a chosen angle. The two main problems with dummies are the elimination of the friction 
on the shear plane, and the difficulty in quantitatively comparing the deformations in the 
dummy and in the soil specimen to make the analogy valuable. Some tentative solutions to 
these problems are suggested below. 

Tests with Rigid Dummies 

The two Plexiglas dummies used in this study were cut at two different angles of inclination 
of the shear plane; they are refined versions of a dummy with a steel ball bearing plane 
developed by La Rochelle [2,6], and used later by Symons [10]; the principle of the dummy 
is illustrated in Fig. 7 together with the general testing arrangement. The dummies incor
porate a shear plane bearing on steel balls dropping into a cage as the movement progresses 
along the plane; this system allows a frictionless movement large enough to accommodate 
an equivalent axial strain of over 20%. Some steel balls are also placed on the top cap to 
allow free lateral movement of the upper part of the dummy. 

To evaluate the influence of the angle of inclination of the plane in the range of the angles 
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FIG. 7—Rigid dummy with testing arrangement. 
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usually observed in soil specimens, 45 and 60° angles were chosen. Tests were made with 
the two dummies using membranes of different thicknesses and at different cell pressures. 
The results of these tests are given in Figs. 8 and 9. From these experimental curves, the 
following observations can be made: 

• There is a rapid increase of the membrane load at low strain which cannot be attributed 
to the friction resistance on the plane because this effect is a function of the modulus 
and is far smaller in the case of prophylactic membrane of low moduh. 

• In all cases, the load taken by the membrane at large strain is important and needs to 
be taken into account. 

• The effect of lateral effective stress variation is similar to the variation of the modulus 
of the membrane (that is, doubling the effective stress is equivalent to doubling the 
membrane modulus). 

• The angle of inchnation of the plane has a negligible influence on the load taken by 
the membrane. 

• The load taken by the Ramses prophylactic membrane, although not negligible, is much 
smaller than with thicker triaxial membranes. 
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Correction Formula 

To transpose these experimental results to actual triaxial tests on soil specimens, it is 
useful to try and simulate the experiments by a simple formula taking into account the 
different factors involved. From La Rochelle [6], it can be shown that the buildup of load 
in a membrane as it deforms in a shear plane failure in a triaxial test can be represented by 
the following equation [10]: 

(CT, - a3)„ a, = 1.5 ir d„ VMfd„b (8) 

where 

(ai — (T^)„ = deviator stress taken by the membrane 
/ = unit friction between the membrane and the dummy 
8 = axial strain due to the movement along the plane 

As confirmed by the experimental results on the dummies, the angle of inclination a of the 
shear plane has a negligible effect on the membrane load. 

The unit friction/between the membrane and the dummy depends on the normal pressure 
at the interface given by the cell pressure. For the case of a rubber membrane on Plexiglas, 
the unit friction was measured in a shear box and found approximately equal to half the 
normal pressure, which is the cell pressure in the triaxial tests on dummies. 

The curves plotted on Figs. 8 and 9 show fairly good agreement between Eq 8 and the 
experimental results for the different testing conditions studied. Variations of cell pressure 
and of the extension modulus of the membrane are simulated with reasonable accuracy; 
hence, the above formula can be used as a tool to evaluate the correction to be applied in 
a triaxial test on a soil specimen. 
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Observation of Soil Specimens 

If the soil specimens behaved like a perfectly rigid dummy, the above correction should 
be applied from the strain at which the shear plane forms. Because the plane usually appears 
immediately after the peak strength, it probably forms at the failure strain ê  and the mem
brane correction calculated at strains 8 = e - ê  due to movement along the plane should 
then be applied starting from the strain €;. 

However, when comparing the rigid dummy deformed at 15% strain with specimens of 
overconsolidated soft clays at similar strains, it is obvious that the deformation of the 
membrane under the protruding edges of the dummy looks much more severe than in the 
case of the clay specimen. In soft clays, a certain amount of bulging accounts for part of 
the measured strain and the protruding edges of the failure plane are often partly crushed 
under the pressure of the membrane especially when the edge moves out near the top cap 
or the pedestal. 

The amount of movement which occurs on the shear plane in the soil specimen governs 
the membrane correction and can be evaluated by observing and measuring the geometry 
of the specimen after the test. In Fig. 2b, a schematic view of a failed specimen, the distance 
Ad by which the edge of the plane is protruding from the lateral surface is indicative of the 
magnitude of movement that has occurred along the plane. This value Ad corresponds to 
Ahp cotan a of Fig. lb. Hence the strain due to the movement along the plane as measured 
at the end of the test on the soil specimen is given by 

Mp Ad tan « 
ho ho 

where a and Ad are measured on the soil specimen at the end of the test. The values of 5̂  
measured on overconsoUdated soft clay specimens at 15% strain usually lie in the range of 
6 to 12%. 

The strain 8 to be introduced in Eq 8 to calculate the membrane correction for any strain 
e of the soil specimen larger than e/ is given by 

8 = 8,-^^^-^ (10) 
e. - 6/ 

The unit friction / between the soil and the membrane (Eq 8) was measured in a shear 
box on samples of different clays [6,10\, it was found to be proportional to the effective 
stress normal to surface of contact, and to be related to the angle of friction of the soil ^' 
as follows 

/ = a,' tan c|)' (11) 

where <|)' is usually determined at large strains in isotropically consolidated undrained CIU 
or drained (CID) triaxial tests; a first approximation value is sufficient for the purpose of 
E q l l . 

Discussion 

Taking into account the magnitude of the membrane loads given by the tests on dummies 
for shear plane failures (Figs. 8 and 9), the membrane correction may be anticipated to be 
excessive for soft clays. However, because the effective stress at large strain is usually small 
in tests on overconsolidated clays faihng along a shear plane, and the cross-sectional area 
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often decreases after peak, the combined effect of both corrections gives a final result that 
is quite reasonable. 

An example of the effect on the stress-strain curve of the corrections in the case of a 
shear plane failure is given in Fig. 10. This graph presents the results of a consolidated 
undrained triaxial test with pore pressure measurement carried out on a sample of soft clay 
from the well-known site of Saint-Alban located 50 km west of Quebec city in the Saint-
Laurent lowlands [11]. The failure occurred along a well-defined shear plane and, at 15% 
strain, the specimen looked similar to the specimen illustrated in Fig. 2a; the measured 
reduction of the cross-sectional area was 12.3% relative to peak condition, and the strain 
8, = 11%. The effects of the reduction in the cross-sectional area and of the membrane 
load partly cancel each other and the resulting combined correction at 14% strain is 10.1 
kPa (that is, 27% of the measured deviator stress at large strain). 

It is interesting to consider the implication of this correction on the effective stress path 
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FIG. 11—General procedure for area and membrane corrections. 

as given in Fig. 10b. Although the magnitude of the correction is important, when it is 
applied as a decrease of the major principal stress -ACTJ, the correction vector at 45° is 
more or less parallel to the strength envelope at an angle of 30° and has a limited influence 
on the cohesion intercept. However, if it were applied as an increase of the minor principal 
stress + Ao-j, it would resuh in an important reduction of the cohesion intercept (Fig. lOfe). 
The membrane correction has traditionally been applied as a decrease of a,; however, when 
looking at the orientation of the crinklings in the membrane, it is evident that part of the 
membrane load is due to a circumferential strain which in the dummy results in an increase 
of a,. It is thus probable that in triaxial tests on soil specimens, the correction should be 
divided in equal parts on both principal stresses; this would give a vertical correction vector 
as indicated on Fig. 10b, resulting in a moderate but significant reduction of the cohesion 
intercept. This question remains open and needs further research. 

The authors have no doubt that the corrections for the initial restraint of the membrane 
p„„ and for the bulging failure with buckling of the membrane (Eq 7) should be applied as 
an increase of 0-3. 

The calculation of the corrections suggested in this paper can be programmed according 
to the procedure given in Fig. 11 and requires only a minimum of observation and mea
surement of the soil specimen at the end of the test. 

Conclusion 

The observational approach presented in this paper allows the experimenter to apply a 
correction for the changes in the cross-sectional area of the soil specimen in the triaxial test 
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and for the contribution of the membrane to the appHed stress. Considering that both 
phenomena may result in major errors at large strains if they are not properly taken into 
account, it is worthwhile to invest a supplementary effort in the observation of the soil 
specimen to apply corrections which are in agreement with the true behavior. It is thought 
that the data and method given in this paper offer valuable guidelines leading to reahstic 
evaluation of the membrane and area corrections for triaxial tests. 
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ABSTRACT: The particular sequence of axial load and confining-stress change employed in 
a multistage triaxial test can dramatically influence the stress paths imposed on triaxial spec
imens, as can isotropic and anisotropic consohdation. The cumulative radial strain in isotrop-
ically consolidated specimens can be as much as three times greater than that in anisotropicaUy 
consolidated specimens at the end of the third stage of a test. Cumulative axial strain was 
about equal in isotropically and anisotropicaUy consolidated specimens, even though the is-
otropically consolidated specimens apparently experienced less total compressive strain by the 
end of a test. While increased strain did not appear to influence the results from multistage 
triaxial tests on relatively insensitive residual soils, the influence on tests results for more 
sensitive soils may be significant. 

KEY WORDS: soil test, triaxial test, isotropic consolidation, anisotropic consolidation, stress 
path, multistage triaxial test 

Multistage triaxial (MST) testing permits determination of a Mohr strength envelope by 
testing a single soil specimen in a series of consolidation and shearing stages. In appropriate 
soils, the technique allows the determination of strength parameters from many fewer spec
imens than does conventional triaxial (CT) testing, which requires three or more specimens 
to determine one Mohr envelope. Additionally, use of MST testing may allow a more 
accurate representation of the spatial variability of soil strength, because all between-sample 
variation can be fully reflected, rather than partially hidden by deducing strength envelopes 
from separate CT tests [1,2]. 

Although MST testing is approximately 35 years old, several MST procedures have not 
been standardized and, in fact, have not always been well documented. In particular, the 
sequence of events taking place between test stages is often poorly reported. Establishment 
of a rigidly standardized procedure for MST tests would probably be unwise, because one 
of the virtues of triaxial testing is the ease of adjusting the test procedure to match or 
simulate special conditions. However, certain portions of CT test procedure are rather 
standardized. For example, when elevated back pressures are used to saturate the specimen, 
the back pressure commonly is raised in increments no larger than the effective confining 
pressure under which the specimen is to be consolidated [3]; ample time is allowed between 
increments for equilibration. This procedure is followed to avoid producing an artificially 
overconsolidated specimen. 

' Doctoral candidate and associate professor, respectively. Department of Forest Engineering, College 
of Forestry, Oregon State University, Corvallis, OR 97331. 
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Certain MST testing procedures also may affect test results. Different researchers have 
employed a variety of techniques during MST tests, and no standard procedure exists for 
controlling stresses between shearing stages. The effects of test procedure on the states of 
stress imposed on the specimen have not been discussed fully in the literature. Of particular 
concern here is the effect on the test specimen of the handling of the deviator stress of a 
given stage before the consolidation phase of the next stage. For example, in their pioneering 
work, Taylor [4] and Fleming [5] conducted MST tests on partially saturated soils of low 
plasticity, carrying each specimen to failure three or four times under progressively larger 
confining pressures. In both works, the data suggest that each ending deviator stress was 
maintained during the subsequent consolidation phase, but the exact procedures were not 
stated. 

Kenney and Watson compared the results of MST tests with those of conventional single-
stage tests [6]. They removed the deviator stress and allowed specimen pore pressures to 
equalize before the beginning of the next consoUdation phase. 

In their MST testing of lightly overconsolidated clays, Parry and Nadarajah removed the 
deviator stress after the end of each shearing phase, before the consolidation phase of the 
next stage [7]. Most specimens were consolidated isotropically, but some were consolidated 
anisotropically, with a small aj'/aj' ratio of 1.08. Parry also removed the deviator stress 
between stages [8]. In Parry's earlier work, it appeared that the deviator stress at the end 
of each shearing stage was maintained through the subsequent consolidation stage, but the 
procedure followed was not given [9]. 

Stress States Imposed by Test Procedures 

During research to characterize the strength behavior of relatively undisturbed residual 
soils at low confining stresses, the authors have made several potentially valuable obser
vations [2]. 

An extensive series of MST tests was conducted on relatively undisturbed samples of 
residual/coUuvial soils developed from marine basalt. Samples were obtained by hand ad
vance of a thin-walled sampling tube aided by hand excavation and trimming just ahead of 
the cutting edge. Soil profiles sampled were shallow [<1.5 m (5 ft) to weathered bedrock]. 
Unified classifications (ASTM D2487) ranged from silty sand (SM) to silt of medium to high 
plasticity (MH), with most faUing into the MH class. Plasticity indexes ranged from 6 to 23. 
Consolidation specimens exhibited apparent preconsolidation stresses of 100 to 200 kPa. 
These values are quite reasonable, considering the desiccation to which the profiles are 
subjected during most summers. Because the overburden stresses in these shallow profiles 
are small, overconsolidation ratios computed for the specimens ranged from 15 to 30, 
abnormally high compared to the ratios encountered in typical engineering practice. 

All triaxial tests were consohdated undrained (CU) tests, with pore pressures measured 
by a Validyne DP15 electronic pressure transducer. This differential pressure transducer 
was arranged to measure the effective confining stress ((T,') directly. Test specimens were 
7.1 cm (2.8 in.) in diameter and at least 14.2 cm (5.6 in.) long. Confining stress was delivered 
by a special pressure-regulator network which allowed accurate testing at stresses as low as 
5.5 kPa (0.8 psi). All test specimens were saturated by back pressure [3]; pressures of 275 
to 450 kPa (40 to 65 psi) were required to obtain B values between 0.96 and 0.98 for the 
15 specimens tested. Axial strain rates were about 0.04% per minute. 

In general, maximum principal stress ratio and maximum principal stress difference yield 
inconsistent effective stress failure points in CU tests, depending on where the effective 
confining stress falls in relation to the apparent preconsolidation stress [6]. To determine 
consistent failure points in this study, failure was determined for each shearing phase by 
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the stress-path method [10]. Failure was most difficult to judge during first-stage shear, 
because a stress-path failure line {Kf line, or tangent) had not been estabUshed yet. First-
stage shear generally was stopped when the stress path appeared to have established a 
tangent. During subsequent shearing phases, shear was stopped when the stress path ap
peared to have reached an envelope consistent with the first-stage tangent. In general, these 
stress-paths either displayed a marked direction change at these points or terminated 
(Fig. 1). 

Axial load was measured by a special, "diaphragm-type" strain-gage load cell mounted 
on the lower end of the loading ram, inside the triaxial chamber. This equipment eliminated 
loading-ram friction effects from the load measurement, and load on the specimen could 
be determined at any time during a test. 

Initial testing followed the procedures given by Kenney and Watson [6]. At the end of 
first-stage shear, the deviator stress was removed entirely, while the total confining stress 
was maintained and the drainage line was kept closed. Time was allowed for the specimen 
pore pressures to equalize, although, in the soils tested, measured pore pressure response 
coincided with deviator stress removal and no further change was noted. The next consol
idation (total) stress was then imposed on the specimen and the drainage Hne was opened. 
Following consolidation, the sample was sheared undrained. This entire process was repeated 
until the specimen had been sheared three or four times. 

The complete stress paths observed during these tests (Fig. 1) caused some concern. At 
each stage, removal of the deviator stress generated a substantial positive excess pore 
pressure; the pressure drove the effective confining stress to values considerably smaller 
than those exerted on the specimen at any time during the preceding consohdation and 
shear. Such behavior was also strikingly evident in the data presented by Kenney and Watson 
[6]. During the removal of deviator stress, the specimens also experienced considerable 
axial rebound, such that each subsequent shear phase began at a strain 1 to 3% less than 
the ending strain of the previous stage (Fig. 2). Because of this, the total strain experienced 
by the specimen in all shearing stages was several percent more (absolute values) than that 
implied by the strain value at the end of the last stage. The extra work performed on the 
specimen during this additional strain may be significant when testing certain soils. 

40 

p', kPo 
FIG. 1—Typical stress paths for an ICU multiple-stage triaxial test. a„b„ denotes stress path 

during undrained shear; b„c„ denotes stress path on removal of deviator stress; c„a„+i denotes 
stress path during consolidation between stages, p' = (CT/ + ai')/2, q' = (cr/ - a,')!!, where 
a\ = effective major principal stress and a-^ = effective rrunor principal stress. 
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FIG. 2—Typical stress-strain behavior in an ICU test. Aa = ffi' - a-i'. 

Because deviator stress removal and axial rebound occurred while the specimen drainage 
line was closed, it follows that the rebound was accompanied by substantial radial compres
sion. The cyclic nature of the stresses imposed by the procedure is well illustrated by the 
example shown in Fig. 1. Over the course of a multistage test on a specimen, the stress 
paths typically describe broad loops. It was felt that eliminating axial rebound and "hidden" 
excess axial strain and reducing the size of the stress path loops described by an MST 
specimen would be desirable. These objectives could be accomplished by maintaining the 
axial stress at the conclusion of a shearing phase throughout the following consolidation 
phase. 

Because stress relaxation could cause significant decay of the axial stress in a stationary, 
strain-controlled loading frame, a stress-controlled frame was required during the consoh-
dation phase. With such a frame, anisotropic consolidation seemed a logical procedure for 
these tests (that is, anisotropically consohdated undrained—ACU). 

Modified Test Procedure 

Accordingly, the remaining specimens (ACU specimens) were tested using the following 
procedural modifications. 

1. All consoUdation was under anisotropic conditions. For most specimens, consolidation 
to an effective principal stress ratio (ai'/aj')^ of 3.0 approximated the presumed in situ stress 
field, and also yielded zero radial strain during consolidation. 

2. At the end of each consolidation phase, the loading ram was locked in place, and the 
triaxial assembly was removed from the consoUdation loading frame and placed in the shear 
loading frame. The loading platen was advanced by hand until soUd contact was achieved 
between loading ram and load frame. The loading ram was unlocked and strain-controlled 
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shearing began. Some stress relaxation occurred in all specimens during the short period 
(<5 min) when the loading ram was locked in place. 

3. At the end of any shearing phase that was to be followed by further consolidation, the 
loading ram was locked in place, and the triaxial assembly was removed from the shear 
loading frame and placed in the consolidation loading frame. Hanging weights were placed 
to deliver an axial load such that axial stress would equal the peak axial stress attained 
during the immediately preceding shearing phase, and the axial and radial stresses would 
be in the desired ratio. Chamber pressure was then increased to deliver the necessary radial 
stress. Consolidation began with the simultaneous opening of the drainage valve and un
locking of the loading ram. Some stress relaxation occurred in all specimens during the 
period (<15 min) when the loading ram was locked in place. 

These procedural modifications reduced the magnitude of the loops in the stress paths 
over the course of each test (Fig. 3). More importantly, axial extension was prevented, and 
total strain experienced by the specimen equaled the ending strain value. 

A more striking display of the differences in strain behavior of the two groups of specimens 
is provided by Figs. 4 and 5, which depict both the axial and the radial strain experienced 
by one typical specimen from each group. The stress-maintenance group (ACU) displayed 
a relatively uniform and constant trend of compressive axial strain and radial extension 
strain (Fig. 4). In contrast, the stress-removal specimens (that is, isotropically consolidated 
undrained—ICU) show a complicated pattern of strain behavior resulting from the various 
phases of the multistage test (Fig. 4). The ICU example displays a rather modest final axial 
strain value. However, when the absolute values of all strains are used, a more complete 
picture of this strain behavior emerges (Fig. 5). The rationale for this approach is that strain 
of any kind, either compressive or extensive, may cause structural changes affecting strength. 
Considerable axial strain is evident during the rebound of the ICU specimens, strain which 
is not reflected in the final strain value. The difference in cumulative radial strain experienced 
by the two groups of specimens is even more striking. The typical ICU specimen experienced 
three times the radial strain of the typical ACU specimen. 

40 

o a. 

20 30 40 60 

p', kPo 
FIG. 3—Typical stress paths for an ACU multiple-stage triaxial test. Consolidation stress 

ratio of 2:1 used for this specimen more clearly displays stress path patterns common to entire 
group of ACU specimens, most of which were consolidated at a 3:1 ratio. a„b„ denotes stress 
path during undrained shear; b„a„+i denotes stress path between end of stage n and beginning 
of shear for stage n + 1 including anisotropic consolidation, p' = (ui' + a^)l2, q' = (IT,' -
<!i')l2, where Ox = effective major principal stress cmd a, — effective minor principal stress. 
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FIG. 4—Idealized plot of axial strain versus radial strain for ICU and ACU multiple-stage 

triaxial tests. a„b„ denotes strain path during undrained shearing; b„a„+i denotes strain path 
between stages of ACU test; b„c„ denotes strain path on removal of the deviator stress in the 
ICU test; c„a„+i denotes strain path during consolidation between stages in the ICU test. 

Significance of Clianges in Test Procedure 

The average values of slope angle (a) and intercept (a) of the Kf lines from the stress-
removal (ICU) and the stress-maintenance (ACU) group of tests (Table 1) are not signifi
cantly different at the 90% confidence level. We thus conclude that, for these soils, the 
procedures provide equivalent results. 

s i RADIAL STRAIN] 

FIG. 5—Cumulative absolute axial strain versus cumulative absolute radial strain for ICU 
and ACU multiple-stage triaxial tests. a„b„ denotes strain path during undrained shearing; b„a„+1 
denotes strain path between stages of ACU tests; b„c„ (••••) denotes strain path on removal of 
the deviator stress in the ICU test; c„a„+, denotes strain path during consolidation between 
stages in the ICU test. 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



738 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

Test type 

ICU 
ACU 

TABLE 1—Average values of parameters from K, lines. 

n° a,* degrees 

3 28.6 
12 30.0 

fl,* kPa 

5.48 
4.70 

° n = number of specimens. 
' Transformation equations: sin CT' = tan a 

c 
cos CT 

We speculate, however, that this equivalence does not extend to all soils. Sensitive clay 
soils probably would be less tolerant of the stress-removal procedure, with its attendant 
stress path loops, shear-generated excess pore pressures during axial rebound, and wide 
cyclic fluctuations in stress ratio. Indeed, use of this procedure may be responsible for the 
reputed unsuitability of MST testing for many sensitive soils. Parry [9] and Taylor [4] 
indicated that MST testing may not be suitable for testing sensitive clays but offered no data 
or particulars. Strength parameters derived from consolidated undrained MST tests on soils 
with sensitivities of 10 and 20 agreed closely with the results of consolidated undrained CT 
tests [6]. In consolidated drained (CD) testing, however, the large volumetric and axial 
strains experienced by these soils precluded MST testing. Kenney and Watson [6] concluded 
that CU MST testing was appropriate on these sensitive soils; however, in CD testing, <^' 
and c' could not reliably be mobilized completely at axial strains small enough to permit 
MST testing within reasonable limits of total strain. 

Hard, brittle, desiccated soils may also be unsuitable for MST testing, although Parry's 
data indicate that many such soils may be candidates for MST testing [9]. However, his 
generally good results came from tests in which the deviator stress apparently was maintained 
between stages. Few other workers have commented on the suitability of such soils. Such 
soils probably would be more amenable to MST testing if they were not subjected to large 
cyclic variations in stress. 

The details of testing procedures reviewed here appear to have major effects on the stress 
states imposed on MST test specimens. Until the importance of these effects is demonstrated, 
these details should not be ignored during MST testing. 
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pp. 743-765. 

ABSTRACT: The main types of cubical shear devices are described and classified according 
to the applied boundary conditions. There is no attempt to include all or even a large selection 
of individual designs; examples are used to develop a critical review of the types used presently 
and the way in which these are evaluated. The need to consider the material and specimen 
to be tested when deciding on the appropriate shear device is emphasized. The chosen examples 
amply illustrate the wide range of uses of the devices; special attention is given to the application 
of controlled rotation of principal stress directions. TTie capability of cubical devices to accept 
undisturbed samples after straightforward trimming is seen as enough to ensure future de
velopments. A major theme is constraint unintentionally imposed through the boundaries; 
recognition, assessment, and reduction or elimination of boundary constraint are extensively 
considered. Classification of stress-strain data as true, comparative, or corrected is advocated 
as a means of ensuring proper data quality. An example is given from current work at the 
author's laboratory. 

KEY WORDS: apparatus, evaluation, boundary-material interactions, stress-strain, strength, 
principal stress rotation 

Testing cubical specimens in advanced shear apparatus became fashionable in the 1960s. 
General models of failure and stress-strain behavior required the independent variation of 
the principal stresses, and the cube was the obvious shape to use. The impetus came from 
research workers rather than geotechnical engineers and perhaps from theoreticians rather 
than experimentalists. 

The cubical shape is deceptively simple; the underlying difficulty is in eliminating or 
controlling unwanted sample-boundary interactions. If either of these aims can be achieved, 
the shape of the specimen has potential for practical geotechnical engineers because trimming 
undisturbed cores is straightforward. Versatility is another advantage: effectively uniform 
shear stresses as well as the expected normal stresses can be applied to the cube faces. 

The aim of this paper is to discuss and evaluate apparatus and experiment design choices. 
No attempt will be made to review existing apparatus, instead examples based on work 
done in the author's laboratory at University College London will illustrate this theme. Six 
largely different cubical apparatus have been in use in the author's laboratory over varying 
periods since 1969, all of which employed flexible boundaries. Devices wdth all rigid, and 
mixed rigid and flexible, boundaries will be evaluated to complete the picture. 

It may not be sufficiently appreciated that shear apparatus performance cannot be eval
uated without considering the material being tested. Stiff brittle materials, which reach an 

' Professor of soil mechanics. Department of Civil Engineering, University College, Gower Street, 
London, England WCIE 6BT. 
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744 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

unstable state in which bifurcation occurs after a strain-hardening phase, are by far the most 
sensitive to apparatus imperfections. Dense sand is a good example and will be the specimen 
material in most subsequent illustrations. 

The need to consider changes in stress level and principal stress directions will be given 
some prominence because these are topical issues for engineers. 

Boundary and Specimen Material Interaction 

The fixed geometry ensures that imperfections in the applied boundary conditions, as 
opposed to the intended ideal boundary conditions, will affect the behavior of the specimen 
and may easily produce misleading stress-strain and strength data. This may be a disad
vantage in comparison with the hollow cyHnder in which geometric proportions can and 
should be carefully chosen to minimize undersirable nonuniformities [1]. The designer of a 
cubical device must pay exceptional attention to the parts that impose the boundary con
ditions. A suitable extensive series of experiments must be done to prove the performance 
of the new device. Ways of proving performance will be outlined later. 

Early work by Rowe and Harden [2], Bishop and Green [3], and Kirkpatrick and Belshaw 
[4] clearly indicated the importance of eliminating surface fiiction at a boundary that was 
intended only to apply a normal stress to the specimen face. Lubricated end platens are 
widely employed in axisymmetric and cubical apparatus as a result of their work. 

Boundary and specimen material interaction is not limited to surface friction effects. 
Recent two-dimensional disk models and similar computer models have demonstrated that 
in granular materials contact forces are usually concentrated in strong force paths [5-7]. 
This indicates the probabihty of very irregular load distributions across boundary to specimen 
interfaces, and even poses questions about the limits of the concept of stress in granular 
materials. It is possible, but perhaps not productive, to question the relevance of the ap
plication of uniform boundary stress on these grounds. At a somewhat larger scale, engineers 
are well aware of the stress-arching effects that occur in soils. We must not suppose that 
these complex phenomena will be absent from cubical shear specimens which are usually 
thought of as behaving as homogeneous elements subjected to uniform stresses. 

Specimen Homogeneity 

In granular materials, the ideal of homogeneity cannot be achieved at the scale of individual 
particles. The uncertainty of the scale at which homogeneity can be achieved poses an 
interesting challenge for the experimenter, perhaps especially if he or she wishes to use a 
cubical apparatus. Geotechnical engineers have long been aware of the problems posed by 
inhomogeneity of undisturbed specimens of natural soils; for example, fissures in overcon-
solidated clays have received considerable attention [8]. Choice of specimen size is rarely 
discussed; in reality, evidence is needed to estabhsh that the chosen size is suitable. 

Uses of Cubical Shear Device Data 

Considering the uses to which cubical shear device data might be put will demonstrate 
the versatihty of these devices. All are related to understanding material behavior under 
generalized stresses. 

First, it must be possible to vary the principal stresses independently; the cubical shape 
is extremely practical for this. Varying the directions of the principal stresses is more difficult, 
but this has been achieved without restriction for the major and minor principal stresses, 
provided these remain in one plane. 
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Shear strength measurement is a common use which appears easy but may in fact be 
difficult because boundary constraints can seriously inflate the measurement. There are 
interests in both strain-hardening and strain-softening deformation; studying strain softening 
in which rupture layers have formed may be difficult although there are examples [9]. 
Frequently it may be better to use a ring shear apparatus in which the position and orientation 
of the rupture layer are set. Otherwise studying bifurcation and the formation of rupture 
layers requires x-rays for "whole specimen" data; photogrammetry using boundary plane 
strain measurements may be an attractive alternative [10] provided that boundary-surface 
interaction does not affect the observation of rupture layer formation. When geotechnical 
engineers test undrained, constant-volume specimens with no pore fluid flow in or out of 
the specimen, special treatment may be necessary if the boundary stresses are appUed through 
flexible boundaries [11,12]. There are no difficulties for the corresponding drained tests in 
which volume change is allowed. Extremes of stress level are of interest to geotechnical 
engineers and will require special consideration. In view of this great range of potential uses 
it is good that there are alternative methods for stressing the surfaces of cubical specimens. 

Alternative Perfect Surface Conditions 

Two idealized alternative boundary faces can be used for cubical specimens—rigid and 
flexible. The former can impose uniform boundary displacement and, simultaneously, sustain 
stress concentrations which may go undetected unless the surface is made up of pressure or 
stress cells. The imposition of boundary displacement is often called "strain control"—a 
misnomer because there must be perfectly applied stresses and a homogeneous strain-
hardening specimen before it is possible to assume uniformity and compute strain [13]. This 
error flawed the conventional triaxial cell measurements of modulus for many years and 
discredited the method with geotechnical engineers. Very sensitive sensors which avoid end 
platen effects have now been developed [14]. 

Perfectly flexible boundary surfaces (usually pressurized rubber membranes) apply uni
form boundary stresses to the specimen surfaces so that the claim of stress control is sus
tainable provided there is high flexibility in the membranes and the specimen is sufficiently 
homogeneous. Boundary stress concentrations are eliminated even if such concentrations 
are a normal aspect of granular soil behavior. 

Cubical specimens can be stressed, of course, through a mixture of rigid and flexible 
boundaries, and probably the majority of existing devices fall into this category (see, for 
example, Refs 15 and 16). There are certain design simplifications to be gained and there 
is a wealth of inventive ingenuity to be tapped in previous generations of work on conven
tional cell systems. 

Table 1 takes these three categories of apphed boundary conditions and examines the 
resulting capabilities of the devices together with appropriateness for specified specimen 
characteristics such as degree of homogeneity and intended study application. A similar 
classification was used by Mould and Sture in 1979 [17]. This table assumes that for certain 
study aims the determination of strain distributions by radiography will be standard practice; 
the symbol R in Table 1 denotes this assumption. Frequently, it will be difficult or impossible 
to use radiography for rigid boundary true triaxial apparatus because of the radiation ab
sorption of the boundary platens and mechanisms. This difficulty does not arise in apparatus 
with some flexible boundaries or those shearing in plane strain. 

Table 1 is a largely self-explanatory summary of points already made in the text, but some 
of the rows under the heading "Study Applications" need further explanation here. Principal 
stress rotation is the first of these. Two types of these rotations can be achieved in the true 
triaxial and plane strain devices—orthogonal jump and axisymmetric. In the first, a shear 
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TABLE 1—Capabilities of cubical sample apparatus. 

Cubical 
Sample 

Apparatus Boundary Surfaces Condition All Rigid All Flexible 
Mixed 

Surfaces 

Boundary 
control 
capabilities 

Stress 

Deformation 

Average normal stress 

Average shear stress 

Uniform normal stress 

Uniform shear stress 

Uniform boundary 
displacement 

Uniform sample strain 

Yes 

Yes 

Restricted 

No 

Yes 

Cannot be 
assumed 

Yes 

Yes 

Yes 

Yes 

Restricted 

Cannot be 
assiuned 

Yes 

Yes 

Yes/no 
according 

to 
surfaces 

concerned 

Cannot be 
assumed 

Material 
type 

Study 
applications Stress-

strain 
behavior 

Failure 

Homogeneous strain 
hardening 

Homogeneous strain 
hardening (-> softening) 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Inhomogeneous sample 
or material 

Drained or undrained shear 

Independent variation 
of principal stresses 

Principal stress direction 
rotation 

Post peak strain 
(after rupture layer formed) 

Exceptional High 
stress levels Low 

Shear strength 
measurement 

Rupture layer formation 
(bifurcation phenomena) 

Restriaed 
R" 

Either 

Yes 

Very 
restricted 

Restricted 
R 

Yes 
Difficult 

R 
Yes 

Restricted 
R 

Yes 
R 

Either 

Yes 

Planar 
restriction only 

Restricted 
R 

Yes 
Yes 
R 

Yes 

Yes 
R 

Restricted 
R 

Either 

Yes 

According 
to surface 

Restricted 
R 

Yes 
Difficult 

R 
Yes 

Yes 
R 

° R = Radiography needed. 

Stress is applied with fixed directions, CTJ > CTJ s V}, and then removed so that o-/ = a2' = 
a^' (or (Ti = as' in plane strain devices). Then shear stress is reimposed with different fixed 
directions (stage 1: a/ = a,', for example, and stage 2: a / = a,'). In the axisymmetric 
type, while shear is imposed with fixed directions, CTJ' is increased until a / = aj' and the 
subsequent stress increment makes the former intermediate principal stress the major. Rigid 
boundary devices are restricted to these rotations only. Flexible boundaries allow any type 
of controlled rotation in the plane of maximum shear stress; this restriction is similar to the 
one that apphes to hollow cylinder apparatus. The cubical devices designed for this purpose 
are called directional shear cells; there is, in fact, no requirement that the specimens in 
these devices be cubes. 
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Two rows in Table 1 deal with post-peak strain-softening behavior in which rupture layers 
will usually be present in the samples. In both cases radiography is essential for all apparatus 
to ensure that the inhomogeneities are clearly defined. 

Another row in Table 1 is concerned with exceptional stress levels. While there may be 
no unusual difficulties at high levels, there will be problems when the minor principal stress 
is low (0 to 25 kPa). Some careful evaluations of corrections for conventional triaxial data 
at these low levels have been provided by Fukushima and Tatsuoka [18]. Flexible boundary 
devices with direct and simple appUcation of uniform stress to the sample are more likely 
to succeed here, but special techniques and radiography are needed to confirm success. 

Representative Design Examples 

There will be no attempt at an overall review of the very wide range of designs developed 
over the last 25 years. Historical interest demands mentioning the pioneer designs of Hambly 
[79] for the rigid boundary type, Ko and Scott [20] and Lomize and Kryzhanovsky [21] for 
the flexible type, and Green [76] and Lade [75] for the mixed boundary type. Representative 
examples are briefly described in the following paragraphs. As wide a range of study ap
plication as possible has been covered. 

True Triaxial {All Rigid) 

Hambly's design concept for the all rigid device is outstanding and has been imitated (for 
example, Gudehus [22]). Pearce reported the development Of this design in 1971 [23], and 
Fig. 1 is his illustration of the concept. The great attraction is the unlimited boundary 
displacement available in any of the three axes. The complexity of the mechanism limits 
the practical stress range and implies inevitable high cost. 

Loading platen 

FIG. 1—Hambly's rigid boundary true triaxial concept as depicted by Pearce [23]. 
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Lateral membrane 

Horizontal membrane 

FIG. 2—Rigid boundary biaxial tester by Harder and Schwedes [24]. 

Plane Strain {All Rigid) 

Again Hatnbly's concept leads to an interesting design developed by Harder and Schwedes 
[24] with low stress levels in mind (Fig. 2). Stretched lateral and horizontal rubber mem
branes are used to reduce unwanted surface shear. The action of the lateral membranes is 
especially satisfactory because there is no movement between specimen face and membrane 
when the latter is straining uniformly. The top and bottom horizontal membranes do not 
achieve this ideal. Figure 3 shows how four boundary cells measuring normal and shear 
stresses were incorporated into one lateral platen to check on performance (a similar ap
proach was adopted by Pearce in 1971). Harder and Schwedes report normal stress variations 
of ±3% of the mean for the whole platen and friction coefficients of up to 0.05 at very low 
stress levels of 2 kPa. At higher stress levels the coefficient dropped to 0.01. The material 
sheared in these tests was crushed limestone with particle sizes less than 15 (jim. The device 
is aimed at the low-stress range suitable for material handling. 

FIG. 3—Rigid boundary biaxial tester by Harder and Schwedes, showing load cells [24]. 
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True Triaxial {Mixed Rigid and Flexible) 

These devices are the most direct developments from conventional triaxial cells; Green 
[16] presents a sophisticated version developed with Bishop at Imperial College which draws 
on immense conventional cell experience. Platen interference, a difficulty in these devices, 
was solved briUiantly for research purposes by Lade and Duncan [15]. One pair of platens, 
made of alternate strips of stainless steel and balsa wood, could be compressed by the other 
rigid pair when moving inwards (Fig. 4). The price of this solution is in the loss of ability 
to rotate principal stress directions in jumps of 90°. 

True Triaxial {All Flexible) 

High Stress Level—Meier, Ko, and Sture provide the example [25]. This is perhaps only 
a relatively flexible device because the stresses are transmitted through a vinyl membrane, 
and then through a substantial pad of polyurethane, followed by a thinner pad of a material 
dependent on the sample material. (For example, leather was used for rock and concrete 
samples.) Figure 5 illustrates this simple design which can apply stresses up to 138 MPa. 

Intermediate Stress Level—Yamada and Ishihara [26] have developed another simple 
design derived from the original Ko and Scott [20] design (Fig. 6). This apparatus has been 
used successfully to investigate the anisotropic stress-strain behavior of sand, that is in the 
comparative sense; the authors themselves have noted the possibility of restraint by the 
space frame on the same lines as that reported by Arthur and Menzies [27]. The likelihood 

Frame for compressing 
horizontal loading plates 

Load cell 

Alternate balsawood , 
and metal segments Horizontal loading system 

FIG. 4—Mixed boundary true triaxial by Lade and Duncan [15]. 
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CONNECTION BOLT- FLUID INLET PORT 

MEMBRANE 

POLYUIKTHANE RAD 

LEATHER RAD 

FIG.5—High stress flexible boundary true triaxial by Meier et al. {25]. 

of this restraint was established by comparing stress-strain curves measured in the new 
apparatus and a conventional axisymmetric triaxial cell applying nominally identical stress 
paths [26]. This is an important comparative technique for establishing the reliability of 
data from new apparatus; of course in applying it, due regard must be paid to the known 
shortcomings of the old device. 

Dunstan has suggested an arrangement that avoids contact between any rigid part of the 
apparatus and the specimen; Fig. 7 shows a cross-section of this approach as developed by 
Davoudzadeh [28]. A major principal strain of over 10% can be achieved provided the 
specimen is held centrally by controlhng the flow in and out of the pressure bags. 
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Guiding edge member 

Pressure bag 

FIG. 7—Flexible boundary true triaxial by Dunstan and Davoudzadeh [28]. 

Plane Strain {All Flexible) 

Arthur, Dunstan, and Enstad [29] are developing a cubic device especially for the low 
stresses applicable to materials handling. There are several novel features which should 
eUminate all boundary restraints while maintaining uniform boundary stresses when testing 
initially homogeneous specimens. The device makes use of the proposition that perfectly 
uniform boundary stresses applied to a homogeneous specimen must result in a uniform 
strain distribution through it. Figure 8 illustrates the operation for the plane of strain; any 
very small deviation of the stretched membranes from a true plane is detected and corrected 
by movements of the four corner pieces. These corner pieces also control stretched rubber 
membranes on the top and bottom faces so that these membranes strain exactly with the 
adjacent surfaces of the specimen; the forces to stretch all six rubber membranes are supphed 
through the corner pieces entirely independently of the specimen. 

Directional Shear Cell {DSC) {All Flexible in the Plane of Strain) 

The three designs of these essentially plane strain devices all aim to apply uniform normal 
and shear stresses to opposing sample faces normal to the plane of strain. Figure 9 shows 
the cross-section of the original device [30]. Varying a^, a ,̂ T„, and T* controls the directions 
of the principal stresses in the plane of strain. TTie soil sample in its rubber membrane is in 
direct contact with the shear sheets inner rubber membrane, and, when degreased, these 
membranes bond together completely as the normal stress is applied across the pair. Fifteen 
stretchable rubber pulling strips are attached to the outer surface of each face of this inner 
membrane. These strips stretch up to 300% their original length and distribute the shear 
stress evenly onto the specimen. A layer of sand glued onto the inner surface of the specimen 
membrane is used in the final shear stress transfer into the specimen. An alternative shear 
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Direction of available movement 

Position sensor for 
stretctied membrane 

Front faces of men*ranes 
attatched to retaining guides 
to follow sample face 

Retaining guide 

FIG. 8—Flexible boundary biaxial tester by Arthur et al. [29]. 

Pressure bag 

Reinforced rubber 
pulling sfieets n FVessure bag 

retaining vanes 

Stretch able rubber 
pulling strips 

FIG. 9—Directional shear cell by Arthur et al. [30]. 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



754 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

sheet design developed by Sture et al. uses molded silicon rubber as opposed to natural 
rubber [31]. Silicon rubber does not self-adhere under normal stress (or adhere to natural 
rubber), so shear transfer is affected by short silicon "rubber teeth." In this version only 
seven stretching strips are used on a larger cube side of 170 mm. The main advantage of 
this alternative is probably ease of manufacture, but there may be a penalty in the degree 
of uniformity of the apphed shear stress. Although hard to make, the original type of sheets 
usually last two years in normal use. Figure 10 shows a new daisy chain version of the shear 
sheets in use at University College London; the principle is the same as in the original, but 
the stress range can be increased enormously because each strip can incorporate a succession 

Single element 
showing 'Daisy Chain 

One of a series of 
stretching rublier sheets 
each increasing in thickness 
and bonded at end to fabric 

FIG. 10—DSC daisy chain shear sheets to increase range of applied shear stresses. 

Continuous rubberised 
Oacron fabric 
(non stretch) 
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of stretching elements of increasing stiffness which come into play one after the other as 
the stress level rises. When each element has stretched 25 mm, the strong sailcloth in series 
with it takes any further increase in load. A further advantage of the new design is the 
elimination of hysteresis in the shear sheets while imposing cyclic variations in shear stress. 

Proving Apparatus Performance 

As already stated, the decision to shear a cubical specimen implies that unintentional 
boundary restraints must be investigated. True material stress-strain data will only be gained 
if these restraints either can be held at acceptably low levels or estimated sufficiently well 
to apply appropriate corrections. The inhomogeneous contact force distributions common 
in particulate materials indicate the potential for serious problems. The effects of any con
sistent inhomogeneity in applied boundary conditions will be especially severe in materials 
initially strain hardening and subsequently strain softening. All densely packed granular 
materials fall into this category. 

All cubical devices are intended to be element testers which yield a single complete stress-
strain relationship with a measurement of shear strength achieved at some time in the test. 
This simple aim provides the initial criteria for proving and evaluating performance: 

1. The boundary stresses should be uniform over all faces of the sample with no unin
tentional shear components. 

2. The strain distribution must be uniform through the sample if the sample was in every 
sense homogeneous before shear commenced. 

3. If the sample was initially isotropic in the plane of strain, then when constant principal 
stress directions are applied at the boundaries, principal strain and strain increment directions 
must coincide with these directions. 

Both Pearce [23] and Harder and Schwedes [24] used boundary load cells to establish 
that the actual boundary stresses on the sample were nearly uniform and that unintentional 
shear components were small. These favorable results may be due at least in part to the 
small particle sizes used. 

Flexible boundary devices require measurements of uniform internal strain distribution 
to establish proper performance. Radiography provides these measurements using embedded 
shot as markers as shown in Fig. 9. Wong and Arthur [52,55] provide an example of this 
type of evaluation, which unfortunately omitted item 3 above. This omission is repaired in 
Fig. 11 which compares the applied boundary major principal stress direction with the local 
major principal strain direction within an initially isotropic sample and also provides a mean 
and standard deviation for the strain direction. 

Further criteria must be sought before accepting strength and stress-strain data as true. 
Uniformity of distribution will never be perfect; relative performance among apparatus can 
be checked objectively by comparing coefficients of variation (standard/mean) obtained for 
similar samples and stress paths. The possibility of uniform restraint ftiust be considered 
also, and a comparison made with a device in which the restraint is known to be absent is 
the ideal and final verification (an example will be given later). 

Actual Boundary Surface Conditions 

Previous sections and Table 1 make very hmited reference to the limitations and practical 
problems of achievable boundary surface conditions. Both will be considered in this section. 
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FIG. 11—DSC distribution of principal strain magnitudes and directions for an initally 
isotropic specimen monotonically stressed. 

Boundary Surface Friction 

Relative lateral movement at faces only intended to transmit normal stress causes surface 
shear which restrains the lateral strain of the specimen. Both rigid and flexible boundaries 
suffer; mitigation is usually provided by three layers of a silicon grease separated by two 
thin rubber sheets [34-36]. Most greases used are now filled with a small quantity of some 
powder such as polytetra fluorethylene. The aim is to achieve as low a coefficient of friction 
as possible and continued good performance through time and cyclic variations in stress. 
Both stress level and particle size must be taken into account in designing the lubrication. 

Rigid Boundaries 

Hambly's design concept leads to almost unlimited boundary displacement, but in the 
true triaxial form this is paid for in the expense of the mechanism. This mechanism also 
eliminates the possibihty of using radiography to check whether uniform strain is being 
imposed during a test. Postmortems cannot indicate when rupture layers are formed. Desrues 
and co-workers report complex rupture layer patterns formed in an all-rigid true triaxial 
apparatus while also reporting exceptionally detailed measurements using a plane strain 
device which showed rupture layers forming before peak shear resistance was attained [70]. 
These experiments were made on dense sand specimens. 

Boundary stress cells measuring shear as well as normal stress are needed over appreciable 
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areas of the boundaries to check that there are no stress concentrations and that unwanted 
shear stress is absent. These are not necessarily once-and-for-all checks because changes in 
particle size and initial sample homogeneity may affect the results. 

As already indicated, boundary shear must be controlled by lubrication with thin rubber 
membranes. Because the platens must slide closely, there is a risk of damaging the mem
branes or even jamming the mechanism. Nevertheless, very good results can be obtained 
as shown recently by Harder and Schwedes [24]. 

Mixed Rigid and Flexible Boundaries 

These devices do not use the Hambly platen configuration, and this leads to problems of 
platen interference which are difficult to overcome. (The best solution, offered by Lade and 
Duncan [15], has already been mentioned.) Other boundary effects are covered in the sec
tions on rigid and flexible types. 

Flexible Boundaries 

Normal Stresses Acting Alone—The ideal of uniformly applied normal stress through a 
perfectly flexible membrane comes up against the practical difficulty of maintaining this 
stress to the absolute edge of the sample. There are, of course, two possible conditions: 

1. Stresses too high along edge—This is the effect of the type that uses a fixed edge space 
frame such as that of Yamada and Ishihara [26] (Fig. 6) when the strain of the sample drives 
its edge into that of the frame. Although the area of contact will usually be small, the rigidity 
of the frame makes unlimited stress concentrations possible. Those that actually develop 
will depend on the stress path applied and specimen characteristics. Dense sand might be 
expected to produce a severe concentration in comparison with a loose sand. Departures 
from true material stress-strain relationships in the data obtained will vary accordingly. An 
apparent advantage of this condition is that the undrained constant volume condition can 
be maintained for a fully saturated sample even when there is a positive pore water pressure. 

2. Stresses too low along edge—This is the effect of a pressure membrane that does not 
exert the correct pressure to the sample edge, usually after some sample strain; the magnitude 
of the error is related to the pressure deficiency and the area over which it occurs. There 
will usually be no compensating contact with a fixed space frame and, however small this 

Shear sheet 

nunniurmj 
y/)\ 

Specimen 

^^ear sheet 

rrr^ 
Fabric reinforcement 

'̂ on sample membrane 

FIG. 12—New type of DSC specimen comer. 
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stress deficiency is, it will make it impossible to reliably maintain undrained constant volume 
conditions when there is a positive pore water pressure in the sample. Undrained tests can 
be carried out by controlling the total stresses so that the pore water pressure is held constant 
at zero. This requires a good pore pressure sensor and computer control. 

A successful design is one that minimizes these edge stress errors over as large a range 
of sample strain as possible. Change from condition 1 to condition 2 during a stress path 
may pose a problem for undrained testing. Radiography of this type of device is usually 
relatively easy; determination of strain distributions is essential to prove performance for 
each device. 

Shear Stresses Acting with Normal Stresses—Incorrect edge stresses, in addition to having 
the effects already described in relation to normal stresses, can easily induce progressive 
extensive failure at the corners where the shear sheets emerge in the DSC (Fig. 9); this 
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FIG. 13—Data from flexible boundary biaxial test on dense Leighton Buzzard sand. 
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FIG. 13—Continued. 

problem was solved by not attaching a shear strip within 5 mm of the edge and replacing 
the sample material within these comers with unfailable acrylic prisms. An improved solution 
has been used recently: the sample membrane is reinforced with fabric around the comer, 
and within the membrane two aluminum strips are glued to the orthogonal inside faces close 
to the corner (Fig. 12). The angle of these comers can now change with the distortion of 
the whole sample; the aluminum strips are needed to distribute the residual end restraint 
of the lubricated top and bottom surfaces uniformly through the sample. 

The DSC generally fails to apply the boundary stresses to the sample edge limits and 
accordingly undrained tests must be done at zero pore water pressure under computer 
control. To achieve virtually the correct normal stresses the concertina bags shown in Fig. 
9 must be kept within ±5 mm of optimum thickness [77]. For correct shear stresses, the 
shear puUing sheets must be aligned continually with the specimen faces. Lubrication is 
needed between the stretching strips, immediately in front of the pressure bags, and on the 
top and bottom specimen surfaces. 

Toward Trae Stress-Strain Data 

The original and perhaps naive aim of cubical testing was to obtain tme stress-strain data; 
time has revealed the difficulties. Verification of apparatus performance is essential and 
probably impossible without radiography. However, the essence of the problem of obtaining 
tme stress-strain data goes deeper; it is not enough to use radiography to show uniform 
strain response from a homogeneous specimen subjected to uniform boundary stresses. 
There must be no unintentional uniform restraint imposed through the specimen boundaries; 
the biaxial shear tester shown in Fig. 8 should fulfill this condition. Uniform stresses are 
applied to the full area of each specimen face throughout any stress path, and the deformation 
of the specimen dictates an exactly matching uniform boundary strain without imposing any 
restraint on the specimen. Radiographic determinations of the strain distribution have shown 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



760 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

coefficients of variation as low as any known to be obtained in any device shearing granular 
material. The strains used to define the stress-strain relationship are the mean values of 
these distributions. Ogunbekun is using the tester to define the stress-strain relationship 
for dense Leighton Buzzard sand. Data plotted in Fig. 13 indicate a 33% overestimate of 
the drained shearing resistance of the sand as measured in the DSC [33] and in the Cambridge 
simple shear apparatus [37]. This apparent error is large, and a very full investigation of 
the biaxial tester results is in progress, but for the purposes of illustration it is assumed that 
this error is established. 

Comparative Stress-Strain Data 

Must we throw away all our previous data? Fortunately the pain need not be so great 
even if the error is estabUshed. The data may remain valuable for comparative purposes 
provided we can satisfy ourselves that the unintentional restraint affecting the results did 
so equally while we changed the other variables we were interested in. Wong and Arthur 
describe tests in the DSC in which the same stress path was applied to identical isotropic 
specimens of dense sand with different proportions of normal and shear stress apphed to 
the boundaries [32,35]. The tests span the full range from zero boundary shear stress to 
maximum boundary shear stress (i|j = 0°, i|/ = 45°) and the satisfactory performance is 
presented in Fig. 14. This testing program established that directional effects could be 
investigated without bias. Thus the value of comparative tests in the DSC is vindicated. 
There are doubtless many data sets obtained from cubical devices which are valid for similar 
comparative purposes, but perhaps fewer providing true stress-strain data. 

Corrected Stress-Strain Data 

In the biaxial tester we changed the conditions on the top and bottom boundaries to 
correspond to those of the DSC; preliminary results indicate that the discrepancies between 
the results from the two apparatus are entirely due to the different restraints imposed through 
the plane strain boundaries of the DSC. This leads to a simple correction, namely, pro
portionally reducing all stress ratios greater than one measured in the DSC so that the stress 
ratio at failure equals that found in the biaxial tester. Figure 15a compares the DSC data 
corrected in this way with that from the biaxial tester for tests with identical specimens and 
stress paths. Of course, a reversal with corrected biaxial data fitted to as-measured DSC 
data is possible and may be appropriate. No correction is required for the comparisons in 
Figs. 156 and 15c; the close agreements on dilation rates and coefficients of variation are 
encouraging. For the moment, the results in Fig. 15 can be treated as an unverified example 
of true and corrected stress-strain data. 

Needed Developments 

The following developments are needed: 

In laboratory testing 

(a) Proper proving of apparatus using radiography and comparison of data from different 
devices 

(b) Classification of stress-strain data quality (true, comparative, or corrected) 
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FIG. 14—Directional verification of the DSC. 
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Material behavior studies in: 

(a) Low stress level effects 
(b) Low strain level response 
(c) Inhomogeneity 
(d) Rotation of principal axes 
(e) Cyclic stress paths embodying a, b, c, and d above 

Testing undisturbed field samples 

Conclusion 

Cubical devices are far too versatile to be discarded because of the unintentional con
straints that often occur. There are equivalent disadvantages in other types of shear appa-
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FIG. 15—DSC data compared with data in Fig. 13 for the same stress path applied to an 
exactly similar specimen, also the same DSC data corrected. 
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0 . 6 ^ 

FIG. 15—Continued. 

ratus. All apparatus must be thoroughly proved, and measuring internal strain distributions 
using radiography is an important part of the proving process. Much valuable research time 
can be saved by adopting this approach. Often comparative measurements of material 
properties are all that are needed and all we will get, but we must always evaluate the quality 
of data by adequately assessing the performance of the shear apparatus. 
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ABSTRACT: Hollow cylinder torsional devices have recently attracted the attention of both 
researchers and practitioners as tools of great promise to be used in the development of 
constitutive relations as well as in the determination of strength parameters of both isotropic 
and anisotropic soils. They are a natural extension of the standard triaxial devices and provide 
a much wider variety of stress paths to be investigated or to simulate. This state-of-the-art 
paper reviews the relevant literature, examines the advantages and limitations of these devices, 
and discusses some of the difficulties encountered in their use. Their versatility is pointed out, 
and the role they play in the development of constitutive relations is evaluated. Examples, 
drawn from both static and dynamic conditions, help illustrate the wide variety of stress paths 
these devices are capable of producing. 

KEY WORDS: hollow cylinders, torsional shear, stress paths, constitutive equations, aniso-
tropy 

The solution of complicated soil engineering and soil-structure interaction problems re
quires the use of realistic constitutive equations and failure criteria. Once such equations 
and criteria are established the finite elements as well as other numerical methods become 
valuable tools in guiding the engineer in his design. Laboratory investigations of the highest 
technical caliber are needed to establish the validity of mathematical models. Such models 
often emerge as an assumption based on observations made by researchers in the area of 
soils or other materials. In recent years emphasis has been placed on obtaining a wider 
variety of stress paths than that possible in the standard triaxial test. In addition, anisotropy 
has finally been acknowledged as an important reality to be reckoned with both in analysis 
and design. 

True triaxial apparatus using a cubic or a parallelepipedic sample configuration are used 
extensively to generate a wide variety of stress paths. Stresses can be applied with rigid 
platens, flexible membranes, or a mixture of both. The advantages and limitations of each 
type have been described in detail by Saada and Townsend [1] in their state-of-the-art paper 
on the strength testing of soils. While each of the faces of the cube can become a major, 
intermediate, or minor principal plane, the true triaxial apparatus does not allow for a 
continuous rotation of principal stresses. It is ideal for conducting plane strain tests and 
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varying independently three principal stresses along the axes of symmetry of the material. 
Thus, anisotropy cannot be fully investigated with this type of apparatus alone. 

Natural sand deposits are not isotropic. Nonspherical particles have a strong tendency to 
align themselves in a direction normal to the direction of deposition. This endows the material 
with anisotropic mechanical properties. Even spherical particles deposited in the gravity 
field exhibit a response that varies with the direction of the applied stresses. For clays, the 
process of sedimentation followed by one-dimensional consolidation results in a fabric that 
is strongly anisotropic. The material's response to stress is, of course, anisotropic too, 
reflecting the geometrical arrangement of the clay particles and their contacts. Structure 
anisotropy in clays may also arise due to anisotropic electro-chemical interparticle bonds, 
in addition to anisotropic fabric. 

The influence of anisotropy has largely been neglected in engineering practice, primarily 
because it was thought to be unimportant, but also because the tools to investigate it were 
lacking. In the last 15 years two approaches to study anisotropy emerged: A traditional one 
based on testing specimens inclined to the direction of deposition in classical triaxial or 
plane strain devices; and a second one based on inclining the principal stresses on the 
direction of deposition, through a combination of axial and shearing stresses applied to faces 
of test specimens. The first approach results in very undesirable end shears and bending 
moments [2]. The second approach can be achieved in the thin long hollow cylinder subjected 
to the same internal and external pressure and to combinations of axial and torsional stresses. 

In addition to the validation of constitutive equations and the study of anisotropy, there 
is a need to duplicate stress conditions that occur in the field. Combinations of normal and 
shear stresses are ever present under structures subjected to both static and dynamic effects. 
Whether dealing with a tall building under wind loads, a power plant, or an offshore structure, 
the designer often needs to have some numerical idea about the reaction of the soil within 
the range of stresses. 

Historical Background and Brief Review of Earlier Uses of the Hollow Cylinder 

The idea of combining axial and torsional stresses in thin long hollow cyhnders goes back 
many years. In 1931 Taylor and Quinney [3] used it to study the plastic yielding of metals, 
and in 1932 Schmidt [4] used it to vary the principal stresses and maintain a constant ratio 
between them. In 1936, Cooling and Smith [5] used a hollow cylinder laterally unconfined 
and subjected to torque to obtain the resistance of soils in pure shear. In 1952 Geuze and 
Tan [6] studied the rheology of clays on thin long hollow cylinders subjected to torque. 
Later, hollow cyhnders were placed in cells and pressurized in order to generate a wide 
variety of stress paths. Two approaches were used. In the first the inner and outer pressures 
are different, and in the second they are identical. Both approaches may or may not involve 
torsion. We are reviewing here only those devices where torsion was applied to the specimens 
during various investigations. The others are described in Ref 1 and listed in Ref 7. 

Even though their introduction goes back to 1936, it is only relatively recently that hollow 
cylinders have been used to simulate a wide variety of stress paths loading to failure. The 
aim was and often still is to study the validity of Coulomb's failure criterion when the testing 
conditions differ from those in the standard triaxial cell. For example, in 1965, Broms and 
Casbarian [8} and Haythornthwaite [9] used hollow cylinders under torsion to study the 
effects of (T2 and the rotation of the principal stresses on the strength. 

In 1965 the author received a grant to study the properties of anisotropic clays using 
hollow cylinders subjected to axial and torsional stresses. It was the first investigation in 
soil mechanics in which the inchnation of the principal stresses created by torsion was thought 
of as a means of studying the effects of anisotropy on the mechanical response of soils. 
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Driving systems that could keep the ratio of the torsional to the axial stress constant were 
devised and fixed the directions of the principal stresses while other parameters were varied. 
The results, published in 1967 [10], emphasized the influence of anisotropy on the behavior 
of clays. In 1969 Saada and Zamani [11] used results from hollow cylinder testing to validate 
one of the first constitutive models for anisotropic clays. This model was refined in 1973 
[12] and 1975 [13], and a failure criterion inspired by the work of Gol'denblat and Kopnov 
[13a] was shown to be acceptable. Lomize et al. [14] described a hollow cylinder device 
without indicating the kind of investigation they conducted with it. A special geometry was 
used by Yoshinu and Ohoka [75] and Sherif and Ishibashi [76] to obtain a uniform distri
bution of shearing strain under torque. While the uniformity of the torsional shearing strain 
was achieved by keeping the ratio of the height to the distance from the center constant, 
the resulting stress distribution was not [7]. In 1975, Lade [77] used a hollow cylinder with 
outer and inner diameters of 22 and 18 cm, respectively, and a height of 5 cm to study the 
properties of sand. Such dimensions were judged inadequate [7] and, in a later study [78], 
Lade increased the height and showed experimentally that beyond a certain dimension little 
would be gained in increasing accuracy. 

The advantages of a hollow cylinder configuration were realized in the early 1970s by 
workers in soil dynamics, in particular by Richart and his co-workers. Hollow cylinders were 
used in resonant column devices by Dmevich and Richart [19], Drnevich [20], and Hardin 
and Drnevich [21] to study shear moduli and damping ratios of sands, clays, and other 
materials. Researchers in Japan used hollow cylinders to study Uquefaction. Ishihara and 
Yasuda [22] applied irregular excitations to sand samples and compared the results to those 
obtained in dynamic triaxial compression. 

In 1977 the state-of-the-art paper presented at the International Conference on Soil Me
chanics and Foundation Engineering [23] drew attention to the fact that anisotropy should 
be taken into account during both analysis and design of earth structure. Anisotropy became 
fashionable overnight, and many felt the recognition of this important property would help 
explain much of the unexplainable in soil behavior. It is this recognition that brought hollow 
cylinder devices to the public's mind and gave them the important place they hold today in 
the arsenal of soil testing. 

With anisotropy, both inherent and induced, moving to the forefront of the profession's 
consciousness, hollow cylinder attracted the attention of more investigators. Iwasaki, Tat-
suoka, and Takagi [24] combined the resonant column and a slower cyclic torsional device 
to cover a broad range of shear strain amphtudes and study their effects on the moduli. 
Saada, et al. [25] conducted an extensive series of tests in the resonant column and deter
mined and compared the moduli of isotropic and K„ consolidated anisotropic kaolinite. In 
1980 Ishihara et al. [26] used hollow cylinders to study the effects of rotation of the principal 
stress axes on sand liquefaction. In 1981 Saada and Shook [27] showed through testing both 
laboratory-prepared samples and undisturbed samples from the Gulf of Mexico that the 
Ramberg-Osgood Masing Model was not satisfactory in representing the behavior of clays 
under cyclic loading. Bianchini and Saada [28] studied layered clay systems in the resonant 
column and demonstrated the existence of dynamic instability due to the nonhnearities of 
the material even at very small strains. In 1982 Bianchini [29] analyzed in great detail the 
behavior of hollow cylinders in fixed-free conditions in the resonant column and studied the 
nonUnear behavior of clays and clay-layered systems. Tatsuoka, Muramatsu, and Sasaki [30] 
studied the undrained behavior of sand with a hollow cylinder device and a driving system 
bearing very close resemblance to the one designed and perfected at Case Western Reserve 
University. They found that many of the variables that have only slight effect on the strength 
of loose sands become quite significant when dealing with dense Sands. Ray [37] used a 
computer-controlled resonant column type of device to study moduli and damping ratios of 
the order of 2 x 10"'. 
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In 1983 Hight et aL [7,32] developed a large hollow cylinder device and used it to study 
anisotropy and the influence of the principal stress rotation on the behavior of saturated 
sands. They used finite elements to determine the optimum dimensions to be given to the 
specimen. A wide variety of measuring devices aimed at ensuring proper data acquisition 
are described in their paper. Large diameter samples are needed to accommodate the proper 
instrumentation, thus limiting the use of the device to laboratory-prepared specimens. Saada 
and Macky [JJ,54] studied the dynamic behavior of both laboratory-prepared and natural 
clays. Resonant column tests as well as slow cyclic tests on hollow cylinders led to a coverage 
of moduli and damping over the complete range of strains possible, both axially and tor-
sionally. Ishibashi, Kawamura, and Bhatia [35] conducted a series of experiments to in
vestigate the effects of initial static shear applications on volumetric and liquefaction 
characteristics of loose and dense sand; such effects were found to be minimal. 

More recently, Miura, et al. [36] used ideas similar to those of Hight's et al. [7] to rotate 
principal stresses and change values of b. Tatsuoka et al. [37] stressed the importance of 
accurate measurements in hollow cylinder devices especially under low confining effective 
stresses where membrane effects seem to be quite noticeable. They observed shear bands 
which appear under torsion at values of shearing strains that vary with the confining stress. 

It was only a matter of time before a device was constructed that could serve both as a 
resonant column and a slow cyclic large strain testing apparatus. Such a device was used by 
Alarcon, Chameau, and Leonards [38] to study the moduli of sand on the same specimen 
for shearing strains varying between 10"" and 10%. 

While many institutions were conducting limited numbers of tests aimed at investigating 
a specific topic, it became clear that a broad database covering a large spectrum of stress 
paths was needed for generators and users of constitutive equations to calibrate and test 
their models. A database of results of tests conducted in cubical and hollow cylinder devices 
has been built at Case Western Reserve University with the cooperation of the University 
of Grenoble, France. Over 200 hollow cylinder test results on granular materials are already 
part of this data base. All tests were conducted by one small group of researchers with the 
same state-of-the-art equipment and the same methods of preparation. Test results are 
available to the scientific community in the proceedings of a workshop on constitutive 
equations for granular noncohesive soils [39]. 

The brief historical background given above relates only to research. There are limited 
published cases indicating the uses of the hollow cylinder device for engineering design 
purposes [40]. Such work is proprietary in nature. However, many large firms have had 
hollow cylinder tests conducted for specific projects. Their use will spread as more labo
ratories acquire the necessary hardware to conduct them. The design information they yield 
has proven to be extremely valuable to practicing engineers. 

The Cell and Its Measuring Devices 
Triaxial cells for the application of axial, torsional, internal, and external stresses vary in 

size and complexity. Most allow the control of the internal and external pressures inde
pendently; axial and torsional stresses can also be varied at will. Early cells such as Hay-
thomthwaite's [9] used short and relatively thick samples where the end effects were quite 
prominent. In others such effects were reduced to a minimum. In general a cell allowing 
relatively large outside diameter, thin walls, and sample height one and a half to two times 
this outside diameter will be satisfactory. More details on sample sizes will be given in the 
following sections. 

Practically all of the papers cited in the historical background give a schematic of the cell 
used by its author. Some are more elaborate than others, but all aim at measuring the 
variables inside the cell rather than outside. Figure 1 shows a schematic of the cell used at 
Case Western Reserve University. Most of the refinements in cell design have occurred in 
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FIG. 1—Cell for axial and torsional stresses. 

the design of the piston and the minimization of the friction between piston and bushing. 
The fact that the piston has to rotate relative to the cell introduces additional difficulties. 
Air bearings, ball and roller bearings with special greases, belloframs, and above all precise 
machining have improved cell quality. In Fig. 1 the piston assembly is also an actuator and 
can be used to apply extension to the sample using air pressure. It also rotates, which 
precludes the use of a bellofram in this part of the machine. 

The quantities that are usually measured are the axial force, the torque, the pressures 
inside and outside the hollow cyhnder, the pore water pressure for undrained tests and 
volume changes for drained tests, the axial deformation, the relative rotation of two sections 
along the length of the sample, and the changes in inner and outer radii. Here, too, each 
laboratory has its own set of refined gages. Forces and torques are measured with four arms 
transducers or load cells; displacements and rotations are measured with linear or rotational 
differential transformers. Proximity transducers are also being used in pressurized cells to 
measure displacements. Figure 2 shows an arrangement adopted by Hight et al. [7] to record 
changes in thickness of the cylinder's walls. Such transducers are not easy to use under the 
conditions present in a triaxial cell. The target's size, its material, and the curvature of the 
surface on which it is mounted all have an effect on the readings. Duplication of data from 
identically conducted tests are hard to achieve. Sometimes the errors involved in accuracy 
and linearity are of the same order as the deformations to be measured. Bedding errors are 
very difficult to avoid. 

Local axial and shearing strains can be measured on specific parts of the sample. Figure 
3 shows electrolevels being used to measure vertical and circumferential displacements [7]. 
Volume changes are measured by water expulsion in saturated samples and also by noting 
the height of the cell's fluid inside and outside the cylinder and calculating the changes in 
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FIG. 2—Proximity gages for thickness measurements [7]. 

the radii. But then the assumption of uniform deformation has to be made and the accuracies 
of 1 n,m claimed by many authors become meaningless. Tatsuoka [41] in his state-of-the-
art paper touches on some of these points in sHghtly more detail. Measuring gages and 
probes may have high resolution, but within the context of triaxial tests where membranes 
are being used, the pubUcation of such resolutions may lead to a false sense of accuracy. 

Practicality and convenience affect cell design. A large size allows one to install a wide 
variety of gages and sensors. A large internal diameter is needed to place proximity gages 
inside the cyUnder [7]. This in turn necessitates a tall sample to avoid undesirable end effects. 
Such sizes may be used for sand specimens but are impossible to use for disturbed or 
undisturbed clay specimens. The author has adopted in his laboratory a size of cell that can 
accommodate a standard Shelby tube. In this case the use of proximity gages inside the 
cyUnder is impossible, but an integrated approach in testing soils under static and dynamic 
conditions can be accomplished easily [34]. 

The soil specimen is usually fixed to the top and bottom caps by radial thin teeth about 
3 to 5 mm high, fixed to the porous stones. These stones are themselves fastened to the 

AXIAL STRAIN SHEAR STRAIN 

FIG. 3—Axial and shear strain measurements [7]. 
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heads. Experience of the author and many others has shown that under hydrostatic stress 
this system provides positive, no-shp contact. To avoid failure from being initiated at the 
teeth, some authors have enlarged their specimens at the ends [7]. Coarse sand particles 
have also been glued to the annular porous stones to improve frictional characteristics at 
the interface. 

The cells are placed in loading frames where mechanical or fluidic elements provide the 
driving forces and torques or the induced deformations and rotations. Each of the authors 
mentioned in the historical review describes his own set-up with its elaborate data acquisition 
system. In resonant columns electromagnets induce the necessary vibrations [1,25,34]. 

Sample Preparation 

Various techniques have been developed to prepare clay hollow cylinders from both 
disturbed and undisturbed materials. Hvorslev [42] shows schematically a simple mold he 
used to cut short hollow disks. The idea was extended by Saada [10]. Figure 4 shows the 
succession of steps used to prepare a hollow cylinder from a block of clay obtained by one-

FIG. A—Prepanilion of clay hollow cylindrical specimens [lOj. 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SAADA ON HOLLOW CYLINDER TORSIONAL DEVICES 773 

dimensional consolidation of a slurry. The same technique has been applied to undisturbed 
clay cylinders. It is valid for any material that one can cut with a piano wire. If the clay is 
sensitive, the templates at the ends of the split mold in Fig. 4d are made with an internal 
diameter smaller than the required one. Thus, after the core is pushed out (Fig. 4/), the 
local disturbed zone can be removed by having the piano wire follow a larger template. This 
larger template is made to the required size of the core to be cut out of the solid cylinder. 
This technique of successive coring has been quite successful with clayey silts. Samples can 
even be drilled initially with a bit half the size of the required hole—the final size being 
achieved by successive "peeling" with blades following larger and larger end templates. 

Sand specimens are prepared by pluviation or tamping. Pluviation is often followed by 
vertical or horizontal vibration to reach a certain density. Generally, pluviation will result 
in a material with cross anisotropic properties. Vertical vibration at less than 1 g will not 
change the density much; above 1 g the density will increase and the material will keep its 
cross anisotropic properties. Tamping will destroy most of the anisotropy produced during 
pluviation and result in a material that responds isotropically to a hydrostatic state of stress. 
Sample preparation has been studied by Mulilis et al. [4J], and their remarks apply to hollow 
cyUnders. However, there seems to be a difference resulting from pouring sands between 
two close walls and pouring them in a large open container like a solid cylinder or a cube. 
Recent experience in trying to duplicate samples in a cubical specimen and in a hollow 
cylinder showed that during pouring, the freedom in the third dimension resulted in spec
imens with more tendency to react isotropically. Figures 5fl and 5e show the successive steps 

:fir« 

;. j t f > -

c d e 
FIG. 5—Preparation of sand hollow cylindrical specimens [39]. 
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in preparing sand samples at Case Western Reserve University: The total weight of the sand 
entering in a specimen is divided in several parts to be poured and vibrated (or poured and 
tamped) in succession. Vacuum is used, first to hold the membranes against the inner and 
outer molds and then to keep the sample from collapsing during placement in the cell and 
saturation. 

Specimen Dimensions and Boundary Effects 

In the hollow cylinder, geometry affects the uniformity of the stress distribution. Radial 
frictional forces are developed at the ends of the specimen if it has a tendency to expand 
or contract. This tendency is always present when there is volume change or a change in 
length at constant volume. The radial frictional forces are self-equihbrating and their influ
ence vanishes as one moves away from the end platens. St. Venant's principle, which is 
often invoked to dismiss the effects of end platens, requires a certain minimum distance 
from the end platens to become operative. In the triaxial test on sohd circular cylinders, it 
is customary to consider that a length-to-diameter ratio of 2.5 to 1 is adequate for routine 
testing. For hollow cylinders, in addition to the thickness, the mean radius plays an extremely 
important part in the determination of the proper dimensions. The radial frictional forces 
imposed upon the specimen by the platens cause circumferential normal forces (hoop forces), 
shearing forces, and bending moments whose magnitude decreases rapidly as one moves 
away from the ends. Using the equations of the theory of thin elastic cylindrical shells, it 
is possible to gain insight concerning the relative magnitude of the stresses and their relation 
to the generating frictional force [44]. The author did just that in 1981 [1] and reached the 
conclusion that to have, in a sample, a reasonable central zone free from end effects the 
following criteria should be satisfied: 

D 

H & 5.44 V R „ - R, and n = ^ > 0.65 (1) 

where H is the height and 7?„ and /?, are the outer and inner radii of the test specimen, 
respectively. Lade [1S\ showed experimentally, however, that the above criterion is con
servative and that beyond a height equal to about 1.5 times the mean radius not much 
accuracy was gained. Similar results were found by Hight, Gens, and Symes [7] and Gens 
and Potts [45] who conducted finite elements analyses, using elastic as well as elastoplastic 
constitutive equations. In their case, however, they adopted a height nearly equal to the 
outside diameter of the sample. The author in his laboratory has chosen H to be close to 
or higher than 1.5 i?„ and a ratio n = 0.71. Table 1 gives the dimensions used by many of 
the investigators referred to in this paper. 

There are two ways in which the membranes affect test results. The first is related to the 
torsional resistance of the inner and outer membranes. This resistance is calculated using 
the theory of elasticity with a Poisson ratio for the membrane equal to 0.5. While Tatsuoka 
et al. [37] list the equations they used with their own notation, it is more appropriate to 
refer to any text on elasticity or strength of material [44] for such equations. The second is 
related to membrane penetration. This penetration is estimated with various equations and 
affects volume change measurements and pore water pressures in drained and undrained 
tests, respectively. This influence increases with the particles size for granular material, 
especially if the pressure in the cell rises during a test. Various equations to estimate those 
effects in terms of the grain size are available. Tatsuoka et al. [37] found the corrections 
suggested by Raju and Sadaswan [46] quite satisfactory, and Kiekbusch and Schuppener 
[47] confirmed the relation of Frydman et al. [48]. In the hollow cylinder the area exposed 
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TABLE 1—Summary of dimensions of hollow cylinders. 

Reference 

Broms and Casbarian [8] 
Saada and co-workers [10,13,25,34,40] 
Lomize et al. [14] 
Lade [17] 
Lade [18] 
Ishihara and Yasuda [22] 
Ishihara et al. [26] 
Tatsuoka, Muramatsu, and Sasaki [30] 
Hight, Gens, and Symes [7] 
Miura, Miura, and Toki [56] 
Tatsuoka et al. [37] 
Alarcon, Chameau, and Leonards [38] 

LD. 

76 
51 

250 
180 
180 
60 
60 
60 

203 
30 
30 
38 
71 

Dimensions, mm 

C D . 

127 
71 

310 
220 
220 
100 
100 
100 
254 
50 
50 
71 

100 

H 

254 
127 to 177 
180 
50 

100 to 400 
70 

106 
100 
254 
200 
200 
200 
200 

to the membrane is large, and some sort of correction is needed for coarse sands. There 
does not seem to be a general agreement on which equation is the most suitable; for some 
time this will depend on the mood of the researcher. 

Stress Distribution, Measured and Calculated Stresses and Strains 

The combination of axial and toisional stresses leads to principal stresses that are inclined 
on the axes of symmetry of the material (Fig. 6). The interpretation of test results is made 
in terms of averages. Average values of stresses and strains have generally been calculated 
with the assumption that the work done by the applied forces and torques is equal to the 
sum of the work done by the stresses and strains involved. They are as follows (see Fig. 7): 

Average axial stress â  + 
P„Rl - PM 

-niRl - FQ) Rl - Rf 

P,Ro + Pi^.l 
Average a, = — — \ = P for P̂  = P„ 

«„ + Hi ) 

(2) 

(3) 

023= Te, €23 = ^ 

j^^022 = Oe 3 

tTTtt 

Notation 

/ 
i MM 

-l-fk 
t tit t - " 3 

M 
FIG. 6—System of stresses and reference axes [1]. 
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P - ^ ^ — 

Average CTB = 

Average 7,̂  = 

PQRQ — PjRj 

Ro — Ri 

3M, 

liriRl - i?0 

Average ^z = -jr 

Average e, = — 

Average e, = -

Ro ~ Ri 

U„ + Uj 
Ro — Ri 

Average y„, = 
2d{Rl - Rn 

3H(Rl - R}) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

These values appear in many of the manuals on strength of materials. It must be noted 
that average values of <j, and CT, are based on equilibrium equations only, and average values 
of ê  and "ŷ  are based on strain compatibility only; all are therefore independent of the 
constitutive laws of the material being tested. The expression for the average value of <y, is 
based on a linear elastic stress distribution; the average a^ is based on a uniform stress 
distribution; the average e, and Ce are based on a linear variation of radial displacement 
across the wall. 

It must be noted that the equation of equilibrium in the radial direction yields 

dr r 
(10) 

and if the same pressure acts inside and outside the cylinder, that is P^ = P^ = P, then it 
is quite proper to assume that there is no variation in the value of the normal radial stress 
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CT, across the thickness. Thus dajdr = 0 and fj, - u, = P. Also the compatibUity equation 
in the [rfi] plane yields 

(11) 

and if one assumes that ê  is uniform across the thickness, then ê  = €,. This leads to a linear 
variation of the radial displacement across the wall. 

There are implications connected to c, = €« if one uses classical plasticity theory in 
expressing stress-strain relations. It places restrictions on the shape of the potential func
tions. A detailed study of those implications can be found in a discussion written by Lade 
and in the closure of the author at the end of this paper. 

The author is not in favor of using different inner and outer pressures P, and P„ because 
this necessarily leads to nonuniform normal stresses across the sample which result in dif
ferent axial strains due to Poisson's effects. Because the end platens are rigid, the result is 
nonuniform axial stresses. Unfortunately, these nonuniformities are to be added to those 
caused by the nonuniform torsional stresses which will induce nonuniform volume changes, 
and as such, nonuniform normal strains €„ €9, and ê . 

In their rebuttal to the author's discussion, Symes et al. [49] justify the use of different 
internal and external pressures through the need for separating the effects of CTJ from those 
of the inclination of the principal stresses. We believe that this is done at too high a price 
in accuracy. For anisotropic materials the effects of (T2 can be studied with cubical devices 
if one insists on keeping the mean stress constant. The coefficient b = (I2 - a^/ai ~ t̂ s = 
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FIG. 10—Mohr circles for synchronized proportional loading. 

sin^ P is often used to place the relative magnitude of CTJ with respect to a, and CTJ. In the 
hollow cylinder with the same P„ and P, it can only be changed by changing the inclination 
of the principal stresses. Figure 8 shows the relation between b and p with an eye on P„ 
and P, [50]. 

Stress Paths and Constitutive Equations 

The search for a set of constitutive equations that would be applicable to all soils has 
been going on for years. At the heart of the search are the calibration of the model through 
the use of some simple triaxial experiments, the prediction of results for comphcated stress 
paths, and the comparison of those predictions to the actual results obtained in controlled 
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FIG. 11—Amplitude decay in resonant column tests [51]. 
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FIG. 12—Frequency response of Atchafalaya clay showing potential instabilities in the be
havior [52]. 

laboratory environments. Whether the material studied is isotropic or anisotropic, the hollow 
cylinder can provide as complicated a path as necessary to test the validity of any model. 
Paths that often occur in the field involve combinations of vertical normal and horizontal 
shearing stresses; both stresses can be fixed or variable: The hollow cyhnder can duplicate 
those conditions very well. In dynamic behavior, the normal and shearing stresses can be 
in or out of phase, and the spectrum that occurs during earthquakes is unpredictable. With 
proper computer-regulated drives, measured intensities and modes can be applied easily to 
a specimen. 

One usually starts with a state of hydrostatic stress in hollow cylinder testing. At this 
stage (Jr ~ o-e = v,. The addition of axial and torsional stresses will cause a rotation of the 
major and minor principal stresses as shown in Fig. 6. If the ratio ATê /Aâ  remains constant, 
the inclination p remains constant, and one has a case of proportional stressing; if not, a, 
and ffj rotate. Wj = â  = CT^, the pressure in the cell. Changing the cell pressure will change 
aj. If the test is undrained the effective value of oj will not change when the cell pressure 
is changed. If one starts by consolidating a specimen anisotropically, such as under K„ 

FIG. 13—Shear modulus versus strain [52]. 
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FIG. 14—Damping ratio versus strain [52]. 

conditions, any additional torsion will cause changes in p. In research work it is often 
necessary to fix the directions of the principal stresses with respect to the axes of symmetry 
of the material and study the directions of the principal strains or their increments. This is 
achieved by keeping the ratio of axial to torsional stresses constant during a test. Indeed 
for a thin long hollow cylinder subjected to the same inner and outer pressure in the triaxial 
cell, as well as to additional axial and torsional stresses, the change in principal stresses and 
their directions are given by (see Fig. 6): 

ACTJ + A<Te 
A(Ti = + 

Aa, - Aae 
+ AT, ,2 (12) 

,., = ^-4^ _ jf^z..^y,,,, 
1 . „ ^ • ^ ' ^ 

- tan 2p = -— 
2 ACTJ - Aae 

(13) 

(14) 

ROTATION 
FIG. 15—Degradation of shear modulus during liquefaction test [40]. 
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The major and minor principal stresses are always in the vertical plane and equal to the 
values of Eq 12 and Eq 13 plus the cell pressure. The intermediate principal stress, CTJ = 
CT„ is always radial, never changes direction, and is equal to v^, both being equal to the 
pressure in the cell. If the pressure in the cell changes, so will aj, <J„ and a,, in addition, 
of course, to CT^. If the pressure in the cell remains constant and the axial and torsional 
stresses are changed so that their ratio remains constant, Eq 14 gives 

J tan 2p = - ^ = K (15) 

showing that p remains constant; the cell pressure acting equally in all directions has no 
effect on the direction. Equations 12 and 13 become 

Aai = —^(1 + V m ^ (16) 

Aa3 = ^ ( 1 - V l + 4K') (17) 

Aa2 = 0 (18) 

Under these conditions, the tests would not only proceed at a constant inclination of CTI, cr2> 
a,, but also at a constant ratio Aai: Aaj: ACTJ, all fixed by choice of K. 

If the pressure in the cell changes by an amount that is also proportional to the change 
in the axial stress, the properties stated earlier still hold. Consider, for example, a test in 
which the mean stress is to remain constant. In this case the cell pressure is decreased, say, 
and the axial pressure is increased in the ratio of 2 to 1. Equation 14 gives 

Aa, + — 5 4a, 

Equations 12 and 13 become 

ACT, / l 3 . 
ACT, =-^[2'^ ^VT+JK' ] (20) 

ACT3 = ^ ( i - | v m ] ^ ) (21) 

ACT, 
ACT3 = - ^ (22) 

Here again, the test will proceed at a constant inclination of CT,, CT2, CT3 and at a constant 
ratio ACT,: ACTJ; ACTJ, all fixed by the value of K. 

The possibilities offered by the use of a thin hollow cylinder subjected to combinations 
of axial, torsional, and spherical stresses are practically unlimited. For example, two identical 
tests with the same inclination of principal stresses on the axis of symmetry can be conducted, 
one at a constant CT2 and the other with a variable one, to study the effects of the intermediate 
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principal stress. An examination of Eqs 16 to 22 shows that the two tests would have the 
same b - (vi - cT3)/(ai — 0-3) in spite of the fact that in one vi is constant and in the other 
a2 varies continuously [13]. 

It is traditional in soil mechanics to represent the state of stress at a point by means of 
Mohr's construction. Ideally a test specimen is a point, if one assumes a uniform distribution 
of the state of stress in it and on its boundaries. Figure 9 shows Mohr circles for synchronized 
sinusoidal cyclic loading. During each half cycle the directions of the principal stresses remain 
constant. Figure 10 shows Mohr circles, first for an initial increase of axial stress, then for 
a superimposed cyclic torsional stress at points of maximum and minimum shearing stresses. 
The direction of aj fluctuates between + 3 and - ^. 

.0001 .001 .01 .1 

SHEAR STRAIN AMPLITUDE % 
FIG. 17—Damping ratios at large strain. 
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TOTAL STRESS PATHS 

FIG. 18—Total stress paths under proportional stressing in the hollow cylinder. 

It is worth mentioning that the material's anisotropy can be detected by subjecting the 
specimen to a change in hydrostatic stress and measuring the deformations. If the three 
principal strains are unequal (CT̂  ¥= O, = ffe), then the material is anisotropic. For a linearly 
elastic isotropic material the directions of the principal stresses and principal strains coincide. 
This, however, is not true for plastic materials where the directions of the principal strains 
do not necessarily coincide with the directions of the principal stresses. 

Some Examples of Stress Paths and Failure Patterns Obtained with Hollow Cylinders 

This section is included for the sake of completeness and was requested by the reviewers 
of this paper. Like the rest of this state-of-the-art paper, its contents can be found in papers 
previously referred to by the author. There is merit, however, in having typical graphs 
representing test results under various conditions, if only to give the reader an idea of what 
"in general" one should expect from a test. 

Resonant Column Tests 

Figures 11 to 14 show the form of the decay curves for low and high strain, the frequency 
response with the instability due to nonUnearity, the shearing modulus variation with strain, 
and the damping ratio variation with strain [51,52]. While these curves relate to clays, sands 
give similar shapes. 

Slow Cyclic Loading 

These tests are used to study moduli and damping under large strains as well as to simulate 
conditions during earthquakes or under offshore structures. Figure 15 shows the degradation 
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e,-€. 
FIG. 19—Normalized stress-strain relations for anisotropic sand [49]. 

of the shear modulus during the undrained torsional cyclic testing of a loose Latin American 
sand under controlled strained conditions; the pore water pressure generated reached the 
cell pressure after 20 cycles. Figure 16 shows the degradation of the shear modulus with 
strain for three tests on a Beaufort Sea (in Alaska) clay [40]. For the test marked #10 in 
Fig. 16 the frequency of the pure torsional stresses was 1 cpm; for test #11, the frequency 
was 0.2 cpm; for test #12 the cyclic torsion was coupled synchronously with a cycUc axial 
load at 1 cpm. Figure 17 shows damping versus strain for two undisturbed and one disturbed 
clay. 

FIG. 20—Deformation and failure patterns ofkaolinite hollow cylinder for (3 = 31.75° and 
p. = 45\ 
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FIG. 21—Failure patterns of sand hollow cylinder for p = 31.75° and B ~ 4^ 

Static Tests 

As mentioned previously, the number of stress paths that one can get through combinations 
of axial and torsional stress is practically unlimited. Figures 18 and 19 show the effective 
stress paths and the stress-strain curves of a sand subjected to fixed ratios of torsional to 
normal stress differences [49]. Each ratio corresponds to a fixed inclination of the principal 
stresses on the vertical axis of symmetry. The angles p are shown at the end of the lettered 
denominations. 

To get a good picture of the patterns of deformation and failure, grids have often been 
drawn either on the membranes surrounding samples or on the filter paper under the 
membranes. Figure 20 shows a succession of photographs for tests on clays. The first set 
corresponds to a combination of equal compression and torsional stresses (p = 31.75°) and 
the second set corresponds to pure torsion (p = 45°). Notice the inclination of the failure 

n 
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3 
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JS 

FIG. 22—Hollow cylinder instability in tension. 
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FIG. 23—Crack and damage propagation in mode II. 

surfaces in both cases. Figure 21 shows the failure surfaces for sand for the same previous 
inclinations. A comparison of the inclinations of the failure surfaces between sand and clay 
is worth pointing out especially for p = 45°. 

Finally, as is the case in the traditional triaxial cell, instabiUties occur during tests where 
extension is the main mode of failure. Up to an inclination of p = 58° where the magnitude 
of the shearing stress is equal to that of the tensile stress, the torsional mode is often 
dominant. Beyond that, and of course for the pure extension test corresponding to p = 
90°, necking takes place. The tensile strength as measured by this test is noticeably decreased. 
Tests conducted in cubical devices with solid faces have shown that the strengths obtained 
in the cube are generally higher; however, they have their own instabilities which occur 
under the form of bifurcations. Figure 22 shows the instability in an extension mode. 

While it is not suggested that the hollow cylinder device be used for routine testing, it 
can become an invaluable tool in studying the behavior of special materials under delicate 
conditions. Recently, undisturbed samples from the Beaufort Sea [40] were subjected to a 
variety of stress systems expected to take place under an offshore platform. The results 
showed that the shear strength from pure torsion (simple shear) was twice as high as that 
obtained from conventional triaxial compression, and the degradation of the shear modulus 
was found to be very highly influenced by a small cyclic axial load. Both those results have 
a profound influence on the recommended design values. 

It is not easy to cut hollow cylinders from blocks of very stiff clays, but it is not impossible 
either. By using the proper tools and appropriate care the author and his co-workers have 
even cut "undisturbed" samples of cemented silt. 

Finally it must be mentioned that some new areas in soil mechanics are presently being 
investigated using the hollow cylinder. Crack and damage zone propagation in stiff clays is 
being studied at Case Western Reserve University [53] and the rules of thermodynamics of 
irreversible processes are being appUed. Because of the possibility of applying hydrostatic 
stresses, pure mode II fracture has been obtained using pure torsion. This is rather unique 
because it is practically impossible to obtain such a mode by itself in other engineering 
materials. Figure 23 shows photographs of damage propagation in front of a crack in a 
hollow cylinder under mode II condition. 
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Conclusions 

This state-of-the-art paper has focused on the advantages and limitations of the long 
hollow cylinder device. Its potential for both research and industry apphcations is enormous. 
It is in the same position the conventional triaxial test was 25 years ago. Then, only uni
versities were supposed to be able to conduct this test. Many reasons were put forth to 
perpetuate the use of the shear box: Engineering practice, the need for a ball-park value, 
the lack of education of laboratory technicians, and so forth, all causing only a slight delay 
in the triaxial test replacing the shear box. Today we hear the same reasons for not using 
the hollow cylinder device from many of the present users of triaxial and simple shear tests. 
In the end, researchers and engineers slowly but surely adapt to new devices which invariably 
find their proper place in our design arsenal. 
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DISCUSSION 

p. V. Lade^ (written discussion)—The author has presented a comprehensive review of 
torsion shear testing of soils. Experimental observations discussed by the author suggest 
that the two horizontal, normal strains in a hollow cylinder exposed to torsional shear stresses 
may be equal in magnitude. It may, however, be inappropriate to set these strains equal a 
priori. This is demonstrated by the following theoretical derivations. 

The stresses acting in the hollow cylinder specimen employed in torsion shear tests are 
shown in Fig. A. Equilibrium in the radial direction expressed in polar coordinates for an 
element of the specimen requires: 

dr r (1) 

in which r = radial distance to a point in the hollow cylinder, a, = radial normal stress, 
and CTe = tangential normal stress. The horizontal strain-displacement equations are: 

Cr = 
dUr 

dr 
(2) 

(3) 

in which M, = radial displacement. 

Elastic Behavior 

For isotropic elastic behavior of soils, Hooke's law provides the following expressions for 
the horizontal normal stresses: 

a, = ( \ + 2G) • e, + \ • te + ^ • e, (4) 

(Te = X • €r + (X + 2G) • e, + \ • €, (5) 

in which X = Lame's constant and G = shear modulus. Since ê  is not a function of the 

IN TORSION SHEAR TEST: 

FIG. A—Stresses acting in liollow cylinder specimen employed in torsion shear tests. 

' Professor, Department of Civil Engineering, School of Engineering and Applied Science, University 
of California, Los Angeles, CA 90024. 

Copyright 1988 by AS I M International w\vw.astm.ora 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



DISCUSSION 791 

radius in a torsion shear tests, Eq 4 yields: 

d<T, df., 3€e 

— = (X + 2G) • — + \ • — (6) 

Substitution of Eqs 2 to 6 into Eq 1 produces 

f^'^l .^'_«^ = 0 (7) 

in which substitution of Eqs 2 and 3 yields: 

_ ^ ^ _ ! - ± ' . 0 (8) 

dr r 
This equation is fulfilled by an elastic hollow cylinder exposed to inside and outside 

pressures as well as torsional shear stresses. For a thin-walled hollow cylinder the variation 
in radial strain over the wall thickness is negligible. Equation 8 shows that in this case of 
elastic behavior the two horizontal normal strains are equal. 

Plastic Behavior 

Since the relative magnitudes of the horizontal, normal strains are being considered, only 
the plastic potential function and its derivatives need be considered. For an isotropic material 
the plastic potential function may be expressed in terms of stress invariants: 

g = g{Iuh,h) (9) 

in which h, h, and I^ are the invariants of the stress tensor: 

/ , = CT, + We + (T, (10) 

h = T,9 • Te, + Te, • T̂ e + T„ • T„ - (ff, • ffe + <̂ e ' w, + a , • a , ) (11) 

h = (T, • ae • (7̂  + T,e • T,̂  • 1,, + Te, • T,e • T„ 

(12) 
~ (Cr • Tej • T j , + (Te • T^r • T„ + (Tj • T,e • Te, 

Other stress invariants which encompass similar effects as those in Eqs 10-12 may also be 
employed. 

According to St. Venant's observations the plastic strain increments in the horizontal 
directions may be written as: 

eJ = X-f^ (13) 

€« = X • 7 ^ (14) 
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in which X is a scalar and 

^ = ^ . £ ^ + ^ . £^ + ^ . ^ (15) 
d<T, dli dcr, dli da, dl^ dfj, 

ii. = ^ . ^ + ^ . ^ + ^ . i^ (16) 

The derivatives of the three stress invariants with regard to the normal stresses a, and We 
are: 

da, 

da. 

= 1 (17) 

= 1 (18) 

a/, 
- ^ = - ( a e + a,) = a, - /, (19) 

"5 / 

- ^ = -((T, + a,) = a, - /, (20) 
do-. 

acr, 

da. 

= a^- a, - Te, • T,e (21) 

= a, • CT, - T„ • T„ ' (22) 

The coefficients dg/dli, dg/dh, and ag/a/3 are the same in Eqs 15 and 16. The coefficients 
a/j/aa, and dl^/da^ in these two equations are also the same (Eqs 17 and 18). For a test on 
a thin-walled hollow cylinder in which the inside and outside pressures are equal, equilibrium 
requires that a, = a^. For this case the coefficients dljda, and dlzlda^ also have equal 
values (Eqs 19 and 20). Thus, if the plastic potential function g (Eq 9) is a function of A 
and I2 only, then the two strain increments kf and e / would be equal for the isotropic plastic 
material. Since the elastic and plastic strains are usually considered to be additive, an isotropic 
elasto-platic material for which g = g (IiJi) would always produce equal horizontal normal 
strains, e, = €9. For such a material it would not be necessary to measure the horizontal 
strains, since they could be calculated fi-om the vertical and the volumetric strains, as in the 
triaxial test: e, = Ce = V2 • (e„ - ej). 

In the general case the plastic potential function may depend on all three stress invariants. 
If torsional shear stress were not applied to the hollow cylinder, the coefficients dl^lda, and 
dl,/das would also be the same, as long as the inside and outside pressures were equal, 
resulting in a, = a^. This is the case for isotropic compression and triaxial compression (that 
is, vertical loading) of the hollow cylinder specimen in which e, = e,. However, Eqs 21 and 
22 show that if torsion shear stress, TJ^ = r̂ e (see Fig. A), are applied to the hollow cylinder 
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specimen in which a, = a^, then dydu, and dh/da^ would be different, because Tê  = 
Tje 5̂  0 and T„ = T„ = 0. Consequently, the values of € / and i%'' would be different 
for a material whose description requires the presence of the third stress invariant /j (or 
similar) in the plastic potential function. 

In general, and from an objective experimental point of view, it would not be reasonable 
for deny the occurrence of I, in the plastic potential function. In particular, experimental 
evidence for frictional materials has clearly shown that I^ (or similar) plays a key role in the 
description of these types of materials. The presence of Ij in failure criteria, yield criteria, 
and plastic potential functions accounts for the smooth triangular cross sections in octahedral 
planes which are so characteristic of frictional materials such as sand, clay, concrete, rock, 
and ceramic. 

In conclusion, it does not appear to be appropriate to set e, = ee a priori for torsion shear 
tests on soil. These two horizontal normal strains should clearly be different for any frictional 
material tested in a hollow cylinder specimen under usual torsion shear conditions, especially 
near failure where the plastic behavior dominates the elastic behavior. 

A. S. Saada {author's closure)—Professor Lade is quite correct in trying to put an emphasis 
on the fact that assuming e, = e, results in restrictions being placed on the potential function 
of classical plasticity theory, when such a theory is used. Indeed the author himself makes 
such a statement in his presentation. In the elastic stage, Eqs 1 to 8 of the discussion are 
quite appropriate. However, for the case of a Unearly elastic hollow cylinder subjected to 
the same inner and outer pressure, with or without torsion, ê  = ee- The cyhnder does not 
have to be thin walled, and no assumption has to be made on whether the variation of e, 
across the thickness is negligible or not. This can be directly seen from the expression of M, 
which can be found in any elasticity book (see Ref 1 for example). Indeed, e, is simply a 
constant! So is ee. Let us not forget however that TĴ  and -yez vary linearly across the thickness, 
and that there is an approximation involved in assuming their uniform distribution. This 
assumption decreases in importance as one proceeds into the plastic stage. 

In the plastic stage, the author would like to write the equations in a way slightly more 
general than that of the discusser. Using classical plasticity. 

If we assume that the potential g is an isotropic function of the state of stress, this function 
must depend only on the invariants, so that 

g=g (A, /„ /3) 

and 

'v dh d(Ji 

where 

a/i a/2 3/3 
~— - 8,;, •;;— = 2CT,y, -— = 3o-i, a,, 
ddif dcTii dcTjj 
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The flow rule is of the form, 

i'' = \(Ab + B<T + Cq^) (1) 

where A, B, and C are constants. 
If on the other hand dg/dl, = 0, g = g {U, h) and 

e" = \ (>1 8 + B ff) (2) 

It is the derivative of the third invariant that brings in the square of the stress tensor g .̂ If 

a, = ffe = P, the pressure in cell, Eq 2 gives 

kf = e/ = K (>l + Bp) (3) 

This equality only takes place if dgidh = 0, that is, if the cross section of the yield function 
by the TT plane is circular (similar to Von Mises or Prager-Drucker). On the other hand, Eq 
1 gives 

6/ = i{A + Bp + Cp') (4) 

i/ = i[A + Bp + C(p' + Te/)] (5) 

As one can see €/ t i./ when the torsional stresses are applied to the sample, and g is also 
a function of the third invariant. 

There also is another equation that does not depend on the law of behavior of the material 
and that is the compatibility equation: 

^ + ^ ^ ^ ' = 0 (6) 

If one assumes that ee does not vary with the radius then e, = e,. Is that assumption better 
or worse than assuming that Tê  is uniform and does not vary with the radius? After all, in 
both cases we chose some uniform value which is obtained, at least in theory, by an averaging 
procedure and assume that it is constant across the thickness. 

Experiments seem to show that at "failure" the trace of the failure surface on the TT plane 
is not exactly circular and is closer to the shape of the coulomb criterion, but with curved 
segments. In fitting the data by plotting increments of strain, how accurate can one be in 
distinguishing between a perfectly circular segment of the yield surface or just a curved one? 
To simplify their calculation some modellers keep two invariants only; are they farther from 
reaUty than those who use the three invariants? Moreover, let us not forget that the as
sumption that g can be expressed in terms of the invariants implies an isotropic material 
which, more often than not, is far from being the case. 

Finally, the above discussion is aimed at the situation where classical plasticity is used. 
There are other theories that do not use plastic potentials and where the assumption that 
€, = €e does not create particular hardships: elasto-plastic rules are not the only ones in use 
today. 
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When it comes to comparing predicted and measured strains, one may accept as a tem
porary compromise to compare the measured and predicted values of (e, + Ce) which can 
be obtained without difficulty and quite accurately in most tests. 
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ABSTRACT: In true triaxial apparatus, samples of soil are subjected to three independent 
principal stresses and strains. Such apparatus can readily be used for controlled exploration 
of principal stress or principal strain space to provide information concerning the anisotropic 
response of the soil to aid the development of constitutive relations. 

The Cambridge true triaxial apparatus has recently been reconstructed and is described in 
its new form. Some experimental data from a stress controlled test on kaolin are presented 
as an illustration of the c^abilities of the apparatus and as an illustration of alternative ways 
in which such data may be presented while maintaining meiximum objectivity. 

KEY WORDS: soil mechanics, research, shear testing, true triaxial, stress path, strain path, 
clay, anisotropy 

True triaxial apparatus provide the capability of applying three independent principal 
stresses or strains to cuboidal samples of soil and, thus, provide one more degree of freedom 
than the conventional triaxial apparatus. Principal axes remain fixed in true triaxial appa
ratus, so that they cannot attempt to apply the continuous rotations of principal stress that 
are possible in hollow cylinder apparatus and directional shear cells. Nevertheless, the 
freedom that is provided to explore three-dimensional principal stress space and principal 
strain space represents a significant advance. Rotations of the directions of the major prin
cipal stress are confined to 90° jumps. These 90° jumps can occur at any combination of 
principal stresses, and they are not necessarily associated with passage through a purely 
hydrostatic stress state, as is the case with a triaxial test path passing from compression to 
extension. 

There have been many approaches to the development of true triaxial apparatus, using 
a variety of different devices to provide the three degrees of freedom. Apparatus have been 
built with rigid, deformation controlled boundaries [1]; flexible, stress controlled boundaries 
[2]; and combinations of rigid and flexible boundaries [3,4]. It is evident that use of a rigid 
boundary cannot guarantee uniformity of apphed stress, and use of a flexible boundary 
cannot guarantee uniformity of applied deformation. There is some advantage to be gained 
from maintaining an "isotropy" of boundary conditions. Where true triaxial apparatus have 
been constructed with a mixture of rigid and flexible boundaries and the soil wishes to form 
a failure plane, the flexible boundary provides no restraint against such a plane forming and 
deformations may tend to occur preferentially toward the flexible boundary [5]. Where the 
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boundaries are either all rigid or all flexible, the isotropy of the boundary conditions gives 
no preferred direction of failure. It may also be noted that most of the true triaxial apparatus 
that use mixtures of rigid and flexible boundaries have been constructed as modifications 
of conventional triaxial apparatus. In such apparatus the cell pressure in the triaxial cell 
provides the minor principal stress, and the direction of this minor principal stress cannot 
be varied, thus limiting the possibilities for exploration of principal stress space. 

The most suitable true triaxial apparatus to be used for research purposes are thus those 
in which the sample is contained between six flexible boundaries or between six rigid bound
aries. The Cambridge true triaxial apparatus falls into this latter category. 

Description of tiie Apparatus 

The central part of the Cambridge true triaxial apparatus is formed of six blocks or platens 
which are nested together (Fig. 1) in such a way that any dimension of the cuboidal space 
that they enclose can be varied independently between 70 and 130 mm, giving a nominal 
strain capability of ±30% from the mean sample size of 100 mm. Four of the blocks are 
fitted with arrays of four contact stress transducers (Fig. 2) which can measure the distribution 
of stresses on the boundaries of the sample—on each face two of these transducers measure 
only the normal stress while the other two measure normal stress, shear stress, and gradient 
of normal stress so that nonuniformities of the stress distribution which develop in spite of 
the imposed uniform deformations can be detected. The stress transducers have a normal 
stress capacity of about 1000 kPa, and the resolution of stress measurement provided by 
the data logging equipment is ±1 kPa. 

Each platen surrounding the sample in the true triaxial apparatus is loaded through a ram 
which bears on it through roller bearings; deformations of the sample are produced by 
movements of these rams. As originally designed and constructed by Pearce [1] and operated 
by Wood [6], movements of pairs of opposite rams were produced by chains (Fig. 3) running 
over a number of pulleys, and pulled by a small DC motor driving through a series of gears. 
With this arrangement, the ability of the apparatus to turn sharp comers accurately in strain 
space was restricted because of the flexibility of the chains and because the maximum motor 
speed was limited. Recently the whole drive system of the apparatus has been redesigned 
and rebuilt to make it much stiffer. Now movements of the rams are produced by stepper 

FIG. 1—Arrangement of platens in Cambridge true triaxial apparatus. 
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798 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

FIG. 2—Typical platen of true triaxial apparatus—A: porous stone I drainage plug; B: array 
of contact stress transducers; C: slider for connection to adjacent platen; D: connection to 
adjacent platen. 

motors driving each ram directly (Fig. 4) through a "no backlash" gear box and worm gear 
"jactuator" which has been modified to take a hnear ballscrew, thus reducing friction in 
the drive and allowing preloading to be introduced so that slack in the drive can be almost 
eliminated. The stepper motors on each axis are controlled together so that opposite rams 
always move by equal and opposite amounts and the center of the sample does not move 

Driving 
chain 

Driving direction 

Driving 
chain 

FIG. 3—Schematic section through true triaxial apparatus showing chains formerly used to 
control movement of pair of platens. 
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Bearings 

Worm gear JactuQtor 

I Flexible Coupling 

Gearbox 

FIG. 4—Schematic section through true triaxial apparatus showing stepper motors now used 
to provide direct control of movements of rams. 

but remains at the point defined by the intersection of the axes of the six rams. The maximum 
rate of change of sample dimensions with these motors is about 100 mm/h, which corresponds 
to a nominal strain rate of 100%/h for a sample dimension of 100 mm. 

Relative movements of the pairs of opposite platens are measured by means of three 
linear variable differential transducers (LVDTs) which have essentially infinite resolution— 
the actual resolution is governed by the data logging equipment, and at present is 0.01 mm. 
Although, of course, part of the face of each platen may disappear behind the adjacent 
platens as the dimensions of the cuboidal sample change, there is one corner of each platen 
that is never covered. At these points in the four faces forming the vertical sides of the 
cuboid, a porous stone is placed to provide drainage (Fig. 2), and at this point in the bottom 
platen a pore pressure transducer is placed. A further pressure transducer measures the 
back pressure applied to the drainage system. 

Data from all the transducers are received by a Solartron Orion data logger, which also 
provides a constant voltage source to energize each stress transducer circuit as it is selected 
and read. This data logger and the drive units for the six stepper motors (connected in three 
pairs) are controlled by an ACT Sirius microcomputer through an IEEE 488 parallel inter
face. This microcomputer is able to monitor the stress transducers and linear transducers 
and control the stepper motors in such a way as to cause the sample to follow any specified 
stress path or strain path in three-dimensional principal stress space or strain space, with 
fixed directions of principal axes. Hybrid paths are also possible, such as plane strain tests 
with controlled stress paths. Of course the paths that are specified must lie within the 
mechanical capabilities of the apparatus—^it is not difficult to conceive of strain paths that 
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would cause the stress capacity of the stress transducers to be exceeded. The rate at which 
changes of total or effective stress can be imposed will be limited by the maximum rate at 
which the sample may be deformed, and effective stress paths will only be accurately apphed 
if the rates of deformation of the sample are sufficiently low that it is able to be fully drained, 
with no significant internal gradients of pore pressure. 

The rigid platens enclose a sample space which is always cuboidal; principal directions of 
imposed boundary deformations cannot rotate. The contact stress transducers record normal 
stresses, gradients of normal stresses, and shear stresses on the platens. There are two 
reasons why shear stresses and gradients of normal stresses may be observed. As the size 
of the cuboidal sample changes so the platens must slide relative to the soil—frictional shear 
stresses can be generated as a result of this sliding. To minimize friction, the sample is 
contained in two membranes, with silicon grease between the membranes and between the 
outer membrane and the rigid platens. The platens are sprayed with polytetrafluoroethylene 
(PTFE) in a further attempt to keep friction to a minimum. In practice, measured shear 
stresses have typically not exceeded about 5% of the normal stresses, eccentricities of normal 
stress over any individual contact stress transducer have tjrpically not exceeded 1 or 2 mm, 
and variations of normal stress over the surface of a platen have typically not exceeded 
about 5% of the corresponding average measured normal stress. 

If the soil sample has been taken from the ground, rather than being compressed from a 
slurry in the true triaxial apparatus itself, then it may not want to respond to a cuboidal 
deformation by developing only uniform normal stresses on the six faces of the cuboid. The 
lubrication may prevent shear stresses from developing, but gradients of normal stresses 
can be interpreted as an indication that the principal axes of the average stress tensor that 
the soil is generating are not aligned with the principal axes of the imposed deformations. 
The contact stress transducer information could be used to quantify the anisotropy of the 
soil in small excursions of deformation. This would be analogous to the subsectioning tech
nique used by Mould [7] (but complementary to his procedure because he was using a 
flexible boundary true triaxial device and applying uniform normal stresses and measuring 
the possibly nonuniform boundary deformations). 

Sample Preparation 

The Cambridge true triaxial apparatus has been used so far exclusively for testing clay 
samples. There are two methods by which the clay sample can be prepared and placed in 
the apparatus. All the tests reported by Pearce [1] and by Wood [6] were performed on 
samples of kaolin which had been consolidated from a slurry in the apparatus itself, making 
use of part of the large deformation range of the apparatus for this consolidation process. 
The clay was mixed as a slurry at twice its hquid limit (at a water content of 160%) and 
then pumped into a membrane in the apparatus. The membrane, restrained at the drainage 
points mentioned before, had a natural size of about 95 by 95 by 95 mm, but it was expanded 
to 125 by 125 by 125 mm by the slurry. Isotropic compression to a mean stress level of about 
150 kPa brought the sample size down to about 95 by 95 by 95 mm, and shearing could 
continue from there without interruption. 

A similarly reasonable stress level could not be reached in one-dimensional compression 
from a slurry. The alternative procedure typically adopted then was to start as before with 
a sample of slurry of size 125 by 125 by 125 mm and to compress this sample initially two-
dimensionally to a size 125 by 100 by 100 mm which expelled a large amount of water 
without raising the stress level significantly, but which retained the symmetry of the sub
sequent one-dimensional compression to a size of, say 95 by 100 by 100 mm. The strain 
path followed during such a two-stage consolidation procedure is shown in Fig. 5 in two 
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£263 
FIG. 5—Strain path used to prepare one-dimensionally compressed samples, shown in two 

orthogonal views of principal strain space. 

orthogonal views of principal strain space—one, Fig. 5b, being a deviatoric view, and the 
other. Fig. 5a, being an orthogonal view in which the principal axis 1 appears at its true 
length, whereas the other two principal axes 2 and 3 appear foreshortened. The two views 
are shown in relationship to each other according to the rule of third-angle projection, so 
that the two diagrams of Fig. 5 provide a proper pair of two-dimensional views of a three-
dimensional object—a path in principal strain space. 

Provision is now also made for inserting precut samples into the true triaxial apparatus. 
With the top platen removed, a latex membrane is held back against the side platens while 
the sample is extruded from a special 100- by 100-mm-square sampling tube. A square piece 
of latex is then fixed to the top of the membrane by painting both it and lateral flaps with 
latex solution, so that the sample is sealed, the top platen can then be replaced, and testing 
can proceed. 

Presentation of Test Results 

Test results presented by Wood [6] were discussed in relation to the predictive capabilities 
of simple models such as Cam clay [8\ based on isotropic elasticity and plasticity. Now it is 
more fashionable to interpret results of true triaxial and other sophisticated tests in terms 
of the clues they present concerning the anisotropic properties of soils, and many constitutive 
models, more elaborate than the Cam clay models, are now available for comparison and 
evaluation. 

One set of results will be presented here, but first it is important to understand that with 
complex testing apparatus such as the true triaxial apparatus, and even more so with the 

- / - ^ ^ ^ °2 

y^^^x^^ 

-^°i 

h 

time 
FIG. 6—Variations with time of three principal stresses and three principal strains. 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



8 0 2 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

hollow cylinder apparatus and directional shear cell, it is difficult to present test results in 
an entirely objective way without interposing some subjective interpretation between the 
data and the unfamiliar reader. The most objective way of presenting test data is in terms 
of plots of variation with time of individual stress and strain variables (Fig. 6). However, 
although this is objective it is not particularly helpful because it gives the unfamihar reader 
no information as to the nature of the stress or strain path that was followed. At least, 
because the true triaxial apparatus provides only three degrees of freedom, it is possible to 
represent stress and strain paths in orthogonal two-dimensional views of three-dimensional 
stress or strain space—engineers are familiar with looking at views of three-dimensional 
objects. The choice of these views involves a small element of subjectivity: to choose a 
deviatoric view and the orthogonal view (Fig. 7) (which, as in Fig. 5, are displayed in third-
angle relation to each other) already suggests some assumption concerning the division of 
response into volumetric and distortional or deviatoric parts. (Where an apparatus provides 
four degrees of freedom, the paths followed must be displayed in two-dimensional views of 
three-dimensional views of a four-dimensional stress or strain space—and this idea is less 
famiUar to most engineers.) 

Figures 8, 9, and 10 show data from an actual true triaxial test. (Figures 6 and 7 relate 
to a schematic test.) In this test a sample of spestone kaolin was prepared by consolidation 
from a slurry in the true triaxial apparatus. The clay was isotropically compressed to a mean 
effective stress of 150 kPa and then sheared at constant mean effective stress. Figure 8fl 
shows the imposed deviatoric stress path ABC containing a comer at B. On section AB the 
stress CT, is increased, while the stress aj is decreased by an equal amount and the stress as 
is held constant. On section BC the stress 0-2 is increased, while the stresses aj and 0-3 are 
both decreased by half this amount, so that the mean stress remains constant. This test was 
one of a series of tests performed to study the response of the clay to stress paths involving 
corners of different sharpness in principal stress space. 

One way in which data of stresses and strains can be conveniently shown in a single 
diagram is illustrated in Fig. 8. Whereas the imposed deviatoric stress path ABC is shown 
in Fig. Bfl, the corresponding deviatoric strain path for the section BC is shown in Fig. 8b. 
In this figure, at each point of the strain path a line has been drawn proportional in length 

FIG. 7—Stress and strain paths shown in two orthogonal pairs of views of principal stress 
space and principal strain space. 
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FIG. 8—(a) Deviatoric stress path ABC containing a corner, and (b) corresponding devia-
toric strain path. 

to and parallel to the current deviatoric stress vector. Thus, at B in Fig. Sb the line drawn 
is equivalent to the line AB in Fig. 8a, and at C in Fig. Sb the hne drawn is equivalent to 
the line AC in Fig. 8a. Apart from the selection of the deviatoric response as one part of 
the response of the soil, this plot is entirely objective and proposes no specific relationship 
between stresses and strains, but shows all the deviatoric data in a single figure. There is 
no reason why such combined plots should not be used for displaying two-dimensional views 
of data from other tests with three or four degrees of freedom, provided that the stress and 
strain quantities are correctly linked. 

When graphs are drawn to show stress-strain response, objectivity begins to be lost. The 
response of the soil to the stress path ABC of Fig. 8a could be shown in terms of the variation 
of volumetric strain 

i; = ei + €2 + €3 

and a deviatoric strain 

e = {2[(e2 - €3)̂  + (£3 - e,)̂  + (e, - e^fW"'^ 

with the length of deviatoric stress path 

s„ = 2{[(8ff2 - 8a3)̂  + (8a3 - ^if + (Sffi - 8CT2)']/2}'" 
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FIG. 9—Variations of (a) deviatoric and (b) volumetric strain with length of stress path, for 
stage BC of path ABC shown in Fig. 8. 

for the section BC (Figs. 9a,b). (The meaning of s„ is the distance from B along the stress 
path in Fig. 8a.) But this involves a loss of information about part of the deviatoric response 
because the deviatoric strain path is not actually straight. A more complete picture of the 
deviatoric response is shown in Figs. lOo.fc where the deviatoric strain increment 8e is divided 
into components along and orthogonal to the straight deviatoric stress path BC, and these 
increments are summed to give strains e, and e„, respectively. This might not be the particular 
division that would have been preferred by the impartial reader, but there is a logic behind 
this choice. 

If the soil were behaving isotropically and elastically throughout this path BC, then it 
would be expected that only deviatoric strain increments in the direction of the stress path 
would be observed, in other words, 8€„ = 0. According to the Cam clay model [8], isotropic 
elastic response should be expected over the section BX of the path (Fig. 8«), that is, until 
the stress path reaches the circular constant mean stress section of the yield surface created 
by the shearing from A to B. (This circular section is shown dashed in Fig. 8a.) In fact, 
nonzero strains, e„, occur well before X (Fig. 10b), and their occurrence might be interpreted 
as an indication of the onset of yielding and plastic deformations, at some point such as Y 
in Figs. 8a and 10b. However, looking at these stress-strain plots, there is no evidence of 

0 5 10*/. "0 5"/. 

FIG. 10—Division of deviatoric strain into orthogonal components for stage BC of path 
ABC shown in Fig. 8. 
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a sharp drop in stiffness at this or any other point—^the stiffness drops steadily as the stress 
path proceeds. 

Consequently, it would appear that models that describe soils as elastic-plastic, with a 
yield surface marking the sharp transition from elastic to plastic response, are not going to 
be particularly satisfactory in matching the response of this clay, after a comer, on a path 
such as BC in Fig. 8a. However, it has been shown [6] that once the clay is supporting 
stresses such that even the Cam clay model expects it to be behaving plastically (section XC 
of the path in Fig. 8a), then that model is actually quite successful in matching the response. 

Conclusion 

It has been the intention of this paper to give an indication of the mode of operation and 
the capabilities of the Cambridge true triaxial apparatus. True triaxial testing can provide 
much information to guide the generation of realistic constitutive relations for soils which 
are applicable in regions of stress and strain space which are inaccessible in conventional 
triaxial testing. True triaxial apparatus have the advantages of simplicity and uniformity of 
imposed deformations or stresses, which are absent in testing devices that permit controlled 
gradual rotations of principal axes of stress and strain. 

A program of tests is continuing to probe the anisotropic response of clays under conditions 
of three independent principal stresses and strains. Careful thought is necessary in presenting 
results of true triaxial and other sophisticated tests to avoid giving a biased interpretation 
which may obscure important aspects of real material response. 
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ABSTRACT: The design and performance of a membrane-piston, high-pressure (ff2 - o-j s 
300 MN/m^) cell are presented. This device is similar to the one used for standard triaxial 
tests differing only in the stresses, <T2 and tr,, which are independently applied through flexible 
polyvinyl chloride (PVC) fluid cushions on prismatic specimens. The cell has been used ex
tensively for monotonic-cyclic, compression-tension, plane strain-plane stress tests on a va
riety of materials. 

TTie design and construction of a similar cell, which fulfills different requirements, are also 
presented. It uses flexible fluid cushions to transmit pressures up to 250 MN/m^ for (TI, and 
fluid cushions and fluid chamber pressure for stresses CTJ and o-j, respectively. It transmits 
uniform boimdary loading to large specimen surfaces (19 by 19 by 19 cm), allowing both the 
development of unrestrained large deformation and its reliable measurement at several lo
cations. The cell possesses a substantial degree of experimental flexibility for testing isotropic 
and anisotropic materials under drained and undrained conditions as well as ease of assembly 
and dismemtling. 

KEY WORDS: multiaxial test cell, direct tensile apparatus, triaxial test, soil test, combined 
tension compession, stress-strain curves, mechanical properties 

Stress analyses of geotechnical engineering problems require constitutive relations for the 
materials involved. The determination of material parameters for a constitutive law makes 
use of laboratory or field test data. The standard triaxial test provides the most information, 
but its main limitation is that two principal stresses must always be equal. Therefore, stress 
conditions imposed on a triaxially tested specimen are directly relevant to practice only in 
rare cases, such as those with axisymmetric stress conditions. Meanwhile, numerical tech
niques applied to civil engineering practice require laboratory data pertaining to the more 
general stress conditions. 

To deal with this problem, a number of true triaxial cells have been proposed to apply 
to a variety of practical problems [1~4]. These devices apply independent principal stresses 
Oi, 02, and aj through rigid platens (pistons) and/or flexible membranes. The imposed 
boundary conditions are strain- and stress-controlled, respectively. The resulting boundary 
effects from the use of rigid platens are normal and lateral strain constraints arising from 
the differences in the elastic moduli and Poisson's ratios of the loading platen and specimen. 
The flexible membranes can transmit very small shear stresses and, therefore, they impose 
the minimum constraints. 

This paper has two objectives: to present an improved version of a true triaxial cell used 
presently [5] and to propose a new triaxial cell which applies all independent principal 
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stresses through flexible fluid cushions, accommodates a large specimen, reliably determines 
small and large strains, and operates well at low- and high-stress levels. 

Description and Operation of Membrane-Piston Cell 

The improved membrane-piston cell (Figs. 1 and 2) is similar to standard triaxial devices 
and develops mixed boundary conditions of rigid and flexible boundaries on a prismatic 
specimen 10 by 5.2 by 5.2 cm in size. Its body consists of two cylindrical parts acting as the 
reaction frame for stresses CTJ and a,. The cylindrical parts are locked together by locking 
segments and a retaining ring. The cell also consists of two pistons of a square cross-section 
with two spherical seats and a load cell. Two pairs of opposing prismatic PVC fluid cushions, 
filled and pressurized by hydraulic oil, apply the stresses CT2 and a, to the sides of the specimen. 
The cell has two symmetries, one each along two perpendicular planes intersecting along 
the longitudinal axis of the specimen and another symmetry along a perpendicular plane 
cross-section passing through the center of the specimen. It is manufactured from Orvar 
steel with a yield point of 1800 MN/m^ Young's modulus of 206 GN/m^ and Poisson's 
ratio of 0.30. The dimensions of the body were defined by the use of a finite element method 
(FEM) analysis such that it may sustain differential stress CTJ - aj of 250 MN/m^ when 
(J3 = 0 or stresses generated by standard triaxial tests when <J2 = a, = 400 MN/m^ and 
where the safety factor is greater than 1.5. The permissible maximum axial loading is 1500 
MN/m^ 

Boundary effects generated by the use of steel prisms, which applied the stress CT2 in the 
earlier cell [5], were eliminated. Screw threads, which are liable to distortion and subsequent 
seizure, were replaced by a locking system to ensure ease of assembly and dismantling and 
to improve safety. 

The PVC fluid cushions expand easily as flexible fluid-filled membranes in the space 
between the deforming sample and the body of the cell. Their important property is that 
they transmit normal stress through fluid pressure and allow for large specimen strains 
without boundary interference. In addition they allow thin rods, which record the sample 
deformation, to pass through them. The manufacturing technique involves rotational casting 
of a mixture of PVC emulsion, dioctyl phthalate as plasticizer, and fatty alcohols as stabilizer. 
During heating and rotation of the mixture in a mold, stereo cross-linking is obtained at 
elevated temperatures which greatly increases the strength of the polymer. The comers of 
the two cushions applying the intermediate stress, CT2. are made stiffer and thicker to protect 
against extrusion, particularly when high values of a2 are to be apphed. 

The strains €2 and 63 are calculated by boundary measurements of specimen displacements 
transmitted to thin rods through cushions and recorded by linear variable differential trans
formers (LVDTs) or displacement dial gauges. The surface of the specimen may be porous, 
rough, or damp, but this technique remains accurate and simple. The strain ei is calculated 
by measuring the displacement of the ends of the specimen as well as inside the specimen, 
at the upper boundary of its central (cubical) part [5]. Then the axial strain of the central 
part is calculated. For proper cell operation the maximum permissible value of €2 is ±10%. 
Nonuniform strain is developed due to the application of axial stress ai by rigid pistons (end 
effects), similar to the one developed under standard triaxial testing [6]. However, at small 
axial strains and particularly in the pre-peak region, the apparent strain nonuniformity effect 
seems limited in the central region of the specimen, where all measurements are made. 

Performance 

The described cell and its earlier version were extensively used for monotonic and cycUc 
standard triaxial tests on marble and granular materials [7], biaxial and polyaxial tests on 
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FIG. 1—Three-dimensional cutaway view of membrane-piston cell: 1 = cylindrical body; 
2 = piston; 3 = locking segment; 4 = spherical seat and load cell; 5 = spherical seat; 6 = 
very thin copper sheet; 7 = PVC fluid cushion; 8 = high pressure tube for filling and pres
surizing cushion with oil; 9 - partial axial deformation measuring rod; 10 (upper and 
lower) - total axial deformation measuring rod; 11 = lateral deformation measuring rod; 
12 = exit for pore water and strain gauge cables. 
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FIG. 2—Cross-sectional drawing of membrane-piston cell. 

marbles [8,9], cyclic polyaxial tests on concrete [10], compression-tension biaxial tests on 
concrete [77], cyclic compression-tension polyaxial tests on concrete, and plane-strain tests 
on marbles. Tension-compression tests were successfully performed by axial tensioning of 
a "dog-bone"-shaped specimen, reduced in length in one direction (Fig. 3). 

The stresses were applied by means of a high-pressure hydrauhc system consisting of one 
pressure vessel loaded by a servo-controlled testing machine and two servo-controlled 
pumps. The pressurized fluid of the vessel generated the major stress CT], and the pumps 
generated the stresses (jj and CT,. The experimental process was axially strain servo-controlled 
up to peak strength, on any preselected stress path, while stress and deformation were 
recorded. The displacement transducers were calibrated by means of a micrometer to an 
accuracy of 0.001 mm. The cumulative deformation was magnified by a simple technique 
in which deformation was transmitted through rods to two pistons and then through tubes 
filled with mercury to one piston (Fig. 3). This technique minimizes the measuring devices 
necessary [5]. 
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FIG. 3—Schematic presentation of deformation measuring device and a properly shaped 
specimen for direct tension test. 

The uniformity of small deformations in the surfaces of plasticized epoxy resin specimens 
at the end of true triaxial tests demonstrated strain uniformity. Reproducibility of results 
was checked for different loading paths and materials, and a comparison was made for 
results obtained under standard triaxial conditions with those obtained from standard triaxial 
devices [6]. The PVC cushion proved to be sufficiently oil-resistant. 

Figure 4 presents results of four true triaxial tests performed with the same CT, and in
creasing 02 for Naxos marble [8], Fig. 5 shows results for cycUc tests on concrete, and Fig. 
6 presents cyclic compression-tension test results for concrete. Creep is intense during 
straining of concrete, as evidenced by the negative slopes of the unloading curves at and 
immediately after the initial point of unloading. 

On the basis of the observed performance and particularly from the observed physical 
condition of specimens at the end of the tests it can be concluded that the cell operates well 
for various loading paths and strain conditions under small and very high pressures. Its main 
drawbacks are related to the strain constraints imposed by the mixed loading conditions 
which apparently affect behavior of the materials at large strains as with standard triaxial 
cells, and also to the relatively small specimen size for testing rock mass and concrete. 

Membrane-Fluid Cell 

In this section a new true triaxial cell is proposed which accommodates large prismatic 
specimens (19 by 19 by 19 cm) and applies the stresses CTJ and CTJ by fluid cushions and the 
stress (T3 by fluid chamber pressure. 

Its body consists of two cylindrical parts (Figs. 7, 8, and 9) acting as the reaction frame 
for application of all principal stresses and two locking segments held in place by a ring. 
The pistons were replaced for the appUcation of Wi by a pair of opposing PVC fluid cushions 
while 0-2 is applied by another pair of cushions. Minor stress, a,, is generated by pressurizing 
fluid in the chamber after sealing the two cyUndrical body parts with an 0-ring seal. In this 
way, by applying equal pressures to opposite sides of the specimen, it effectively "floats" 
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02=110.3 

••02'82.7 

FIG. 4—Results of four tests performed under same minor stress and increasing intermediate 
for Naxos marble [8]. 

and does not touch the body. The cell is symmetrical along vertical and horizontal planes. 
The dimensions were defined by the use of finite element method analysis to apply major 
stress CTi S 250 MN/m^, differential stress Wj - as S 70 MN/m^ when CTS = 0, and isotropic 
CTi = a2 = aj S 150 MN/m^ (safety factor greater than 1.5). 

As is evident, the stresses are applied to the specimen in such a way that interference 
between the stress application mechanisms is minimal for small and large deformation. 
Indeed the major stress, ai, is uniformly apphed on the specimen's sides by the cushions 
and also by two steel rings along the expanding or contracting edges of the specimen (Fig. 
7). The steel rings sUde easily, forced by the major stress cushions, compressing the ends 
of the thinner and more flexible cushions generating the intermediate stress. The chamber 
pressure, generating the minor stress, acts uniformly upon the rings. Their dimensions and 
particularly the Avidth, d, are chosen for each loading path in order to contribute to the 
application of uniform aj on the edges of specimens, along the critical path of loading. 
Therefore, a series of steel rings of varying dimensions must be available. The intermediate 
and minor stresses are uniformly appUed along the sides and edges of a specimen during its 
deformation. The seal between the cylindrical body and the specimen is critical. A flexible 
fluid cushion, 2 to 3 mm thick, can bridge gaps up to 2 mm for a maximum pressure of 70 
MN/m^, without excessive extrusion. If the specimen contracts, steel platens can be fixed 
on the body of the cell leaving a small gap of less than 1 mm between the cell and the 
specimen for the appUcation of fluid pressure CT, (Fig. 9: ABC, DEF). 
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'*>-.8 -.6 -.4 -.2 0 0 .1 .2 
FIG. 6—Results of cyclic compression-tension tests on concrete. 

Figure 10 shows details of the specimen-PVC drainage sheet-thin copper sheet-cushion 
arrangement at an edge for a specimen, which will be loaded under drained conditions. The 
PVC drainage sheet expands and contracts easily as a flexible membrane and acts as an 
isolated drciinage blanket, collecting pore water seeping from the covered side of the pris
matic specimen and leading the pore water to the water exit tube. 

The cell allows values of strain e, to range between ±15% and tj , €3 between +15 and 
- 5 % . The relative deformations can be accurately measured integrally, locally, or point-
wise by a system containing deformation rods (Fig. 7), by the device presented in Fig. 3, 
and by LVDTs. 

Deformation can be easily measured at several locations on each face of a specimen. 
Therefore, angular deformation and shear strain can be defined for anisotropic materials 
including rock masses. Pore water pressure measurements can be taken by measuring water 
pressure at one or more locations of a specimen (Figs. 7 and 10). 

The fluid cushions vary in thickness depending on the maximum level of pressure to be 
applied. Particularly for testing soils, thin cushions (<1 mm) are used. 

Standard triaxial and biaxial stress paths can be easily followed due to the independent 
control of the three principal stresses. 

Tension-compression tests can be performed under satisfactory boundary conditions on 
"dog-bone"-shaped specimens. 

Plane-strain tests can be performed by preventing one lateral expansion, adding steel 
platens (Fig. 9: ABC, DBF). A small diameter load cell, built in each platen, can measure 
the developing stress. 

Further research will aid in the development of a suitable technique, which will super
impose, in the above cell, shear stress fields on the boundaries of the specimen, loaded by 
normal stresses. 
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FIG. 7—Three-dimensional cutaway view of membrane-fluid cell: 1 = upper cylindrical 
reaction frame; 2 = lower cylindrical reaction frame; 3 = locking segment; 4 = steel ring; 
5 = PVC fluid cushions; 6 = pressurizing fluid; 7 = high pressure tube for filling and 
pressurizing cushion with fluid; 8 = deformation measuring rod; 9 = pore water tube; 10 = 
de-airing value; 11 = 0-ring seal. 
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9 8 

FIG. 8—Longitudinal drawing of membrane-fluid cell. 

Conclusions 

The cells presented in this paper combine a fair degree of versatility of stress and strain 
path applications with stress-strain uniformity in distribution and accuracy in measurement. 

The main characteristics are 
The membrane-piston cell 

1. Independent application of the three principal stresses. The axial load is applied by 
two pistons while the stresses CT2 and CT, are applied by flexible fluid-filled membranes. 

2. Specimen dimensions are 10 by 5.2 by 5.2 cm. 
3. Application of small and very high stresses. The possibility of testing materials of 

relatively high strength where the operational differential stress Vi - CTS is limited to 
250 MN/m^ 

4. Accurate and direct measurement of strains and stresses. 
5. Ease of assembly and dismantling. Similar to the standard triaxial cells. 
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-33cin 

FIG. 9—Cross-sectional drawing at xy of membrane-fluid cell. 

6. Satisfactory performance for biaxial, triaxial, polyaxial, combined compression-tension 
tests for a wide variety of materials. 

7. Nonuniformity in stress-strain distribution, apparent at large lateral deformations, as 
a result of application of mixed loading conditions. 

8. Inability of continuous rotation of the axes of principal stresses and strains and ability 
to provide a 90° jump rotation. 

9. Small specimen size for testing rock mass and concrete. 

The membrane-fluid cell: 

1. Independent application of the three principal stresses. The stresses CT, and 02 are 
applied by flexible fluid cushions while a, is generated by cushions or fluid pressure. 
Maximum operational stress, a,, is 250 MN/m^. 

2. Specimen dimensions are 19 by 19 by 19 cm. 
3. Application of small and high stresses is uniformly distributed. 
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PVC fluid Cushion 

Thin copper sheet or membrane 

PVC drainage sheet 

Pore water exit 
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FIG. 10—Details of Fig. 9 at the edge of a specimen for the case of a drained test. 

4. Accurate and direct measurement of strains at one or several locations on each specimen 
face. The possibility of defining angular deformation and shear strain for testing ani
sotropic materials. 

5. Ease of assembly and dismantling. 
6. Ability to perform monotonic and cyclic biaxial, triaxial, polyaxial, combined compres

sion-tension, and plane-strain tests on a great variety of isotropic and anisotropic 
materials including concrete and rock mass as well as the further possibility of per
forming undrained and drained tests with pore water pressure measurements. 

7. Ability of rotation of directions of the principal stress axes with a 90° jump. 
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ABSTRACT; Results of both drained and undrained triaxial tests performed with a true triaxial 
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modified to improve the measurement of lateral deformations. Tests were performed on both 
isotropic and anisotropic materials. 
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Nomenclature 

b„ Stress ratio 

c' Effective cohesion 

p' Mean effective stress 

M Pore pressure 

W Water content 

WL Liquid limit 

WN Natural water content 

Wp Plastic limit 

A Increment 

€ Strain 

€;, €2, €3 Principal strains 

e„ Volumetric strain 

€oa Octahedral normal strain 

7„a octahedral shear strain 
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CT Total normal stress 

a' Effective normal stress 

CTi, (72) fa Total principal stresses 

CT/, a j ' , a j ' Effective principal stresses 

CT/ Effective consolidation pressure 

CT^, Octahedral normal stress 

T(rt Octahedral shear stress 

(p' Effective angle of friction 

Introduction 

In soil mechanics and geotechnical engineering, constitutive relationships are usually 
obtained from the conventional triaxial test. However, because the lateral stress conditions 
imposed on a conventional triaxial sample are equal (02 = CT3) and therefore directly relevant 
only in certain cases, the hmitations of the conventional tests, when applied to problems 
where non-axisymmetric or generalized stress conditions (CTJ = 02 = W3) prevail, are a major 
disadvantage [1]. These hmitations inhibit improvement of procedures for predicting the 
response behavior of soils from the results obtained in the conventional triaxial test. 

For example, professional practice largely ignores soil anisotropy, even though it may be 
of fundamental importance in some soils, because (1) it is very difficult to measure in the 
conventional triaxial cell; (2) most models used for predicting soil response ignore anisotropic 
behavior; and (3) little information exists on its importance relative to that of other factors 
known to influence soil response [2]. 

If progress is to be made in developing more adequate constitutive relationships and in 
realistically simulating the stress path conditions encountered in the field, a triaxial test 
device capable of controlling both the magnitude and direction of the principal stresses must 
be used. The main factors that influence stress-strain response can be identified and used 
to evaluate the limitations of the existing soil models. The information obtained also may 
be used to develop new and more adequate constitutive relationships which better represent 
soil response under generalized states of stress. In addition, it is beheved that, as more 
refinements are added to numerical methods of analysis used in geotechnical engineering 
problems, good use may be made of generaUzed stress-strain data pertaining to the more 
general conditions likely to exist in most regions of a soil mass. 

This paper describes a true triaxial cell developed and in use for about 20 years at the 
Geotechnical Research Centre of McGill University for investigating the constitutive rela
tionships of both granular and cohesive soils. Experimental data obtained on a variety of 
soils using the true triaxial cell are presented for the purpose of evaluating its reliabihty and 
versatihty. The cell permits study of both the stress and strain response of soils under complex 
states of stress, under either drained or undrained conditions, with and without back pres
sure. 

Description of the Test Facility 

True Triaxial Cell 

Ideally, to test a given theory or to develop stress-strain-failure relationships for com
parison with a theory, a soil test should subject the soil specimens to homogeneous stress 
and strain conditions [3]. In addition, to represent the conditions imposed on real soils by 
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real structures, it should be able to place the soil specimen in a general three-dimensional 
stress (or strain) space. The apparatus described in this section has been found to satisfy 
the homogeneity conditions and has undergone several stages of updating [4-9]. 

A schematic diagram of the true triaxial cell in present use is shown in Fig. 1. The principal 
feature of the apparatus is a set of brass pressure boxes for the appUcation of the intermediate 
principal stress, aj. The brass boxes which contain deaired water may be pressurized to 
different levels to permit variations in applied a2 values. The desired value of the intermediate 
principal stress, 02, is applied to the soil through flexible but inextensible polyethylene 
membranes across openings congruent with the intermediate faces of the test samples. The 
application of the intermediate principal stress by means of the flexible membranes is be
lieved to result in a quite uniform pressure distribution, as discussed also by Saada and 
Townsend [3]. 

The major principal stress, <T,, is applied vertically through the ram by means of top and 
bottom Lucite platens. A porous stone embedded in the bottom platen allows drainage of 
the pore fluid. After the specimen was mounted on the pedestal and the lower part of the 
rubber membrane was sealed to the soil with two 0-rings, distilled deaired water was allowed 
to run from the burette up between the specimen and the membrane to remove the air 
before sealing the top loading cap. 

The minor principal stress, a^, or the cell pressure, results from a separate control system. 
Also, the triaxial cell is equipped with a rotating bushing for reducing piston friction. 

Af 

W&=CDQ 

section B—B 

o. samplo 

b. log and bottom loading platons 

c. Inlormodial* ttreaa b o t a t 

d. membrane ((ample) 

0. polyethylene membranc<pressur« boxes) 

1. intermediate stress cliamber 

g. botlom porous slono 

li. triaxial chamber 

I. pressure release valve' 

1. target plate 

K. sensor 

I. hollow rod 

m. spring 

n. micrometer 

plan 

FIG. 1—True triaxial apparatus. 
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822 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

Vertical movements are measured by both a dial gauge and a linear variable differential 
transformer (LVDT) connected to the loading ram. In eariier versions of the cell, lateral 
deformations of the samples, in the direction of the minor principal stress aj, were recorded 
by a pair of dial gauges mounted on the pressure boxes, and connected by two lever 
mechanisms to the vertical faces of the specimen. In the most recent version of the cell, 
lateral deformations are measured by two micrometers mounted on the exterior of the cell 
chamber. The tests conducted with the pressure boxes showed that the faces of the clay 
specimens remained essentially planar during yielding. This was verified by stopping some 
of the tests at different strain levels and by observing the shapes of the deformed specimens. 
However, for the specimens brought to failure, it was observed that some bulging occurred; 
this was particularly true for those specimens in which plunging failure was not prevented. 
It is believed that bulging occurred because of the restriction caused by both the top and 
bottom loading caps. 

In drained tests, volume changes are usually measured by means of graduated burettes. 
These changes may also be automatically recorded by using a differential pressure trans
former. In undrained tests, the pore water pressure is measured by means of pore pressure 
transducers. In all the tests, back pressure may be used to ensure full saturation. Specifically, 
back pressure was used in the last series of tests reported in the paper, and saturation checks 
were made by calculating the value of the pore pressure coefficient B, at the beginning of 
the consolidation phases of the tests. 

Because the test facility does not allow direct meeisurement of the deformation in the 
direction of the intermediate principal stress, CT2, the strain in this direction is calculated by 
the following equation: 

62 = e„ - (€1 + €3) = 3 €ort - (ei + 63) (1) 
where 

€1, €2, €3 = strains in the major, intermediate, and minor principal stress directions 
e„ = volumetric strain 

€M = octahedral strain 

For small strains, Eq 1 may be written 

where 

dLi, dL2, dL; = deformations in the major, intermediate, and minor principal stress di
rections 

Li, L2, L, = original (before shearing) dimensions of the specimen in the direction 
of the major, intermediate, and minor principal stresses 

dV = volume change 
V = original (before shearing) volume of the specimen 

When applying either Eq 1 or Eq 2, compressive strains are considered positive. 

Sample Preparation 

Soil specimens are prepared as for conventional triaxial tests. However, the specimens 
have a prismatic shape, as shown in Fig. 2, and measure 100.0 mm long by 50.8 mm wide 
by 38.1 mm thick. 
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0"2. 

FIG. 2—Specimen dimensions. 

For clay soils, following the trimming operations, each specimen is placed on the bottom 
platen, and side filter paper drains, measuring 2.5 to 5.0 mm wide, are added to reduce the 
time for consolidation. Detailed sample preparation techniques are described later in this 
paper. 

The specimen is then enclosed in a thin rubber membrane sealed against the smooth 
surface of the loading cap and of the pedestal by rubber 0-rings under tension, sprung into 
place from the end of a metal tube. Hose clamps fastened around the rubber 0-rings were 
found to prevent the chamber fluid from leaking into the specimen. 

The faces of the sealed specimen in contact with the flexible polyethylene membranes 
which apply the intermediate principal stress are covered with a thin film of petroleum jelly 
to reduce the friction between the deforming specimen and the flexible membranes. 

Test Procedure 

Following installation in the triaxial cell, each specimen is consolidated to a predetermined 
stress level. Once the consolidation phase is over, the specimen is sheared following a 
prescribed stress path. The direction of the stress path in principal stress space is a function 
of the values of the three principal stresses. The specimens are brought to failure by adding 
stress increments in the three principal stress directions. For the drained tests, volume change 
equilibrium is allowed to occur after each stress increment. For the undrained tests, the 
required degree of mobilization of both the deformations and excess pore water pressure 
determines the time for application of the next stress increment. 

The method of loading is achieved through hydraulic controlled pressures providing the 
necessary stress increments. The manner of prescribing these stress increments is in the form 
of finite constant ratios established among the principal stresses. The intent here is to provide 
sufficient test information to allow for the examination of the experimental data in principal 
stress and strain space. As the true triaxial cell permits variations of the three principal 
stresses, it is possible to study the soil response in any chosen quadrant of the principal 
stress space shown in Fig. 3. However, it is easier to visualize the stress path followed in a 
particular test on a projection of the stress path on a octahedral plane, as shown in Fig. 4, 
than on the three-dimensional plot of Fig. 3. 

To maintain linear stress paths in any chosen sector of the octahedral plane, increments 
in principal stresses need to be adjusted according to a stress ratio b„' where n varies from 
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hyitroatatlc 
stra<a Hm 

FIG. 3—Principal stress space. 

1 to 6, as shown in Fig. 4. For example, if one ciiooses sector 6, adjustments in the stress 
increments are made in such a way that bf, - (<T2 - a3)/(CT, - CTJ). For b^ ~ 0, the test 
reduces to a conventional triaxial compression test in which a, > a, = (T3, and the projection 
of the stress path is along the positive CT,-axis. For b^ = 1.0, the test conditions are ai = 
cFi > Oi and the projection of the stress path is along the negative CTJ axis. For loading along 

V^>5 ^,>^3>^2 

"1= ^3-<^2/Oi-i 
"2= «i-<r,/ai-q 
,̂= (r^-Q[/(T^-o, 

V <5-Qi/'r.-«. 
V «i-'^A2-'? 
"6= <?-V«[-'5 

FIG. 4—Front view of octahedral plane. 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SILVESTRI ET AL. ON A TRUE TRIAXIAL TESTING CELL 825 

Other linear stress paths in sector 6, the ratios established for bi are chosen to vary between 
0 and 1. In addition, a conventional triaxial extension test in which as = CT2 > ^i has the 
projection of its stress path along the negative CT, axis. 

Test Results 

Undrained Tests on a Normally Consolidated Kaolinite 

The first series of tests with the true triaxial cell was carried out on specimens of normally 
consolidated remolded kaolinite, under undrained conditions and without back pressure [4-
6\. The clay used in this study was a kaolinite, identified as S187 English clay, with the 
following properties: WL = 54%; Wp = 37.5%; specific gravity = 2.62; and grain sizes by 
weight = 99.5% finer than 10 jjim and 77.8% finer than 2 Jim. 

Samples of the clay were prepared initially in slurry form {W = 120%) with deaired, 
distilled water. Each sample was vacuum deaired and mixed in a 78.0-mm-diameter Lucite 
cylinder. Once the cylinder was filled with slurry, the vacuum system was dismantled and 
the soil was one-dimensionally consolidated in steps under static loads, up to a maximum 
pressure of about 100 kPa. Following consolidation the sample was extruded and cut in 
several pieces. Each piece was then trimmed to the final dimensions of the prismatic specimen 
shown in Fig. 2. The specimen was isotropically consolidated under a predetermined con
fining pressure, CT/, which varied from 207.0 to 414.0 kPa for all the tests. 

After consoUdation, loading combinations were appUed to the clay specimen in small 
equal increments. The specimens were brought to failure by keeping the cell pressure, 0-3, 
constant and equal to the consolidation pressure, a/, and by increasing the values of both 
Vi and (Tj. The major principal stress, a,, was increased by adding dead load increment on 
the top loading ram. The intermediate principal stress, a2. was increased by increasing the 
water pressure in the flexible polyethylene membranes. These two operations were per
formed manually and simultaneously. During each increment of loading, deformations and 
pore water pressures were continuously monitored and recorded. Additional load increments 
were applied only after equiUbrium in both the deformations and pore water pressures was 
achieved for the previous loads. Because these experiments allowed full variation of the 
intermediate principal stress between the major and minor principal stresses, the entire 
range of stress combinations in principal stress space (CTI ^ QZ^ ^3) could be investigated. 

In the authors' opinion, the most important results obtained in this study are the following: 

1. The clay obeys Frandtl-Reuss plastic strain increment-deviator stress proportionality 
relations, for octahedral shear strains, yoa, where 

Tuc, = \ [(€, - ^2)' + (62 - £3) + (63 - ^lYV" (3) 

not exceeding 0.5%. This result allows the use of analytical concepts of normality of 
plastic strain increments to the yield surface in stress space and coincidence of the 
plastic potential and yield surface. 

2. When the deviator stresses are increased to more than one half of the ultimate shear 
strength of the clay, the deformation behavior deviates from that of an isotropic plastic 
material and approaches that of a purely frictional medium. The ultimate stresses the 
clay can resist obey a linear Mohr-Coulomb criterion having c' = 34.5 kPa and 9' = 
19°. Some of the results obtained at failure are shown in Figs. 5 and 6. 
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FIG. 5—Failure stress combinations in octahedral plane in principal stress space (adapted 
from RefS). 

Drained Response of a Sensitive Clay 

The second series of tests was carried out on undisturbed samples of a sensitive clay from 
St-Louis de Bonsecours, Quebec. These tests were performed to determine the drained 
stress-strain-failure response of this cemented clay having the following properties: W^ = 
64%; Wi_ = 48%; Wp = 28%; clay content = 79%; silt content = 20%; sand content = 
1%; sensitivity = 50; vertical preconsolidation pressure = 160 kPa; overconsohdation 
ratio = 2.2. 

Following isotropic consohdation, two types of true triaxial tests were performed in this 
study. These were 

(a) Constant p' tests in which the effective mean stress p' or Voa', defined by 

(4) 

was kept constant throughout each test 
(b) Variable (increasing)/?' tests in which the effective mean stressp' increased through

out the shearing process 

The confining pressure, a/ , used in these tests varied between 17.3 and 276.0 kPa, and 
the stress boundary conditions were such as to result in stress paths again contained in sector 
6 of Fig. 4. 

Some of the results obtained in the course of this study have already been reported 
[5,7,8,10,11]. 
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-100 0 100 200 300 400 500 

(7c HPa 
FIG. 6—Octahedral shear stress levels versus consolidation pressures at various octahedral 

shear strain levels (adapted from Ref 5). 

The experimental data obtained in this study permitted the following observations: 

1. The stress-strain curves for samples consoHdated at confining pressures less than about 
60 to 70% of the vertical preconsoUdation pressure of the clay were linear up to the 
failure strength. 

Different stress ratios b^ resulted in different stress-strain curves. In addition, it was 
possible to predict, within certain limits, the soil response by using the theory of 
anisotropic elasticity, thus reinforcing the evidence that some of the cemented sensitive 
clays of Eastern Canada may be considered as anisotropic elastic materials at working 
stress levels. It was also observed that as yielding of the soil approached, deviations 
between predicted and measured results became more pronounced. Such a behavior 
was as expected because the relationships used depended on the constancy of the values 
of the elastic parameters retained and were therefore viable as predictions as long as 
the clay structure remained intact. 

Further, when considering the failure stresses, it was found that the intermediate 
principal stress, CTJ', influenced the response of the clay to a large extent. It was 
determined that Hill's failure criterion of anisotropic plasticity [12] best represented 
the observed behavior. It was concluded that, at low confining pressures, because the 
consolidation pressures are not sufficient to cause a breakdown of the cementation 
bonds and the soil structure, the clay failed at stresses dictated by the strength of the 
cementation bonds and the anisotropy of the soil. Such a response was compatible 
with the fact that both axial deformations and volumetric strains were very low at 
failure, suggesting that the bonds provided most of the strength and resulted in a 
minimum amount of relative movement between the soil particles. 

2. It was found that for consolidation pressures in excess of about 60 to 70% of the vertical 
preconsolidation pressure of the clay, there appeared to be a progressive breakdown 
of the cementation bonds following initial yield and the post-yield might be identified 
with an insensitive, normally consolidated clay. When considering the stress-strain 
curves obtained, for example, in the constant p' tests, it is observed again that there 
is not a unique relationship for the various values of the stress ratio b^ used. In addition, 
for the same value of the octahedral shear stress, T^, defined by 

Toe. = I [(a. - ^^y + (a, - iT,y + (a, - <T,)^]"^ (5) 
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the volumetric strain, e„, obtained in the case of the lower values of b(, was larger than 
that obtained for higher stress ratios. Such a behavior resulted from the fact that for 
high values of bf„ there is a very important expansion in the direction of CTS' , which is 
compensated by the compressions in the direction of both a,' and aj' . 

The stress-strain curves also indicated a pronounced nonlinear behavior and a stiff
ness increasing with the consolidation pressure, as is usually observed in the case of 
remolded insensitive clays. The mobilization of large volumetric strains in the constant 
p' tests indicated that the destructured clay may not be considered as an isotropic 
workhardening plastic material because, in this type of test, no volumetric strains should 
occur. In addition, when considering the failure stresses, it was found that the inter
mediate principal stress was of no influence and that a hnear Mohr-Coulomb criterion 
having c' = 0 and <p' = 27 to 30° was adequate in representing its response. Among 
the various results obtained in this study, there are two diagrams which, in the authors' 
opinion, are of utmost importance for the understanding of clay behavior. The first, 
shown in Fig. 7, presents in principal stress space the successive yield surfaces observed 
for the tests performed at p' = 207.0 kPa. The stress contours have been drawn at 
increasing values of the octahedral shearing strain, 7„ci- On the same diagram the 
projections of the strain increment vectors have been superimposed. The results show 
that there is a gradual change of shape of the yield surfaces and that, at failure, the 
clay obeys a Mohr-Coulomb criterion because the experimental points plot on an 
irregular hexagon as required by the Mohr-Coulomb theory. In addition, at failure, 
the strain increment vectors appear to be normal to the Mohr-Coulomb failure surface. 
However, when one superimposes a yoa-<oa diagram on the failure envelopes of the 
normally consolidated clay, as shown in Fig. 8, it appears then that it is not the strain 
increment vectors themselves that are normal to the failure surface but it is their 

^CALE: 25.4mm s20.7 kPa 

FIG. 7—Loading and failure surface in octahedral plane. 
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300 

projections, as already shown in Fig. 7. Had the strain increment vectors been normal 
to the failure envelopes, the slopes of the "yoct-̂ on curves would have been perpendicular 
to the corresponding failure lines. 

Undrained Response of an Anisotropic Remolded Clay 

The latest series of tests with the true triaxial cell was carried out on specimens of normally 
consolidated anisotropic remolded clay, under undrained conditions and with back pressure 
saturation [9 , / i ] . The clay used in this study was a kaolinite clay identified as Hydrite 121 
from Georgia Kaolin Co. Some of its engineering properties are as follows: W^ = 49.6%; 
Wp = 37.90%; specific gravity = 2.61; and grain sizes by weight = 100% finer than 30 [im 
and 10% finer than 0.2 (tm. 

The dry powdered kaolinite was mixed with distilled water to a slurry of about 120% 
water content, and subsequently drawn by vacuum through distilled deaired water and 
allowed to settle in a 203-mm-diameter consolidation apparatus. Each sample was consol
idated one-dimensionally under increasing loads to a final vertical consolidation pressure of 
207 kPa. The cylindrical block samples obtained were 203 mm in diameter and approximately 
177.8 mm in height. 

Four series of unconsolidated undrained true triaxial tests with pore pressure measure
ments were performed on prismatic specimens shown in Fig. 2. In the first series, the major 
principal stress axis was applied coincident with the direction of the one-dimensional con-
soUdation load application, that is, "perpendicular" to the bedding plane of the soil particles. 
In the other series of tests, the directions of major principal stress relative to the bedding 
plane were 60, 30, and 0°. 

In the testing procedure, specimens were first consolidated under application of equal 
principal stresses (that is, aj = CT2 = a,) to a predetermined stress level. Following con
solidation, increments in principal stresses were made to provide loading along a prescribed 
stress path on the octahedral plane as shown in Fig. 3. To maintain linear stress paths in 
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any chosen segment on the octahedral plane shown in Fig. 4, increments in principal stresses 
(that is, ACTI, ACT2) and Ao-j) need to be adjusted according to a set of stress ratio b„' where 
n varies from 1 to 6 as shown in the figure. For the test series in this study, segment 6 was 
chosen, and adjustments were made in the increments of principal stresses such that b^ = 
(oi - <Tj)/((Ti - CT,) remained constant. During the process of loading the mean stress 
((T] + a2 + 0-3)/3 was constant. 

The experimental data obtained in this study permitted the following observations: 

1. It is apparent from Fig. 9 that the deviation between the stress and strain increment 

SCALE: 1 m m s 2-5 kPa 

FIG. 9—Deviatoric stress vectors and strain increment vectors in octahedral plane, (a) 9(f 
orientation angle, (b) 60° orientation angle, (c) 30° orientation angle, (d) 0° orientation angle. 
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vectors is a consequence of material structure anisotropy which is associated with the 
procedure used in preparing the anisotropic specimens. For the test results, the effect 
of initial and induced anisotropics on the resultant deformation anisotropy is evident. 
The former effect can be explained by choosing a test series, loaded at a particular 
value of stress ratio b^, using specimens with varying initial degrees of particle bedding 
orientation. The disassociation angle between the strain increment vectors and the 
stress increments along the prescribed stress path is seen to vary with the initial degree 
of orientation of bedding planes. These variations appear to be a function of the 
structure and rigidity of the soil under consideration. 

The effect of stress-induced anisotropy on the resultant strain increment vectors is 
characterized by the effect of the intermediate principal stress. The variation of the 
disassociation angle from one state of stress to another is a function of the degree of 
reorientation of clay particles in the process of loading. (This is discussed in Ref 9.) 
The experimental results clearly show that the initial and induced anisotropics exercise 
significant control on the characteristics of the resultant strain increment vectors. 

2. Figure 10 shows the stress surface results from tests conducted at CT^ = 207 kPa for 
90, 60, 30, and 0° inclinations of bedding planes. The soUd lines connecting the points 
for each stress ratio represent the failure surface in the octahedral plane. The dashed 
lines represent the successive stress "surfaces" for different octahedral shear strains. 
These successive surfaces show convexity and concavity at various stages of straining. 
Concavity appears to vanish when the specimens approach failure, ending with a convex 
failure surface in each stress sector. This behavior can be attributed to the effect of 
initial and stress-induced anisotropics. 

From these observations one concludes that the degree of disassociation depends on initial 
fabric anisotropy and stress-induced anisotropy. Nevertheless, for the inherently anisotropic 
material, there is no particular requirement (1) for the yield and plastic potential to coincide, 
and (2) for an associated flow rule to hold. 

Conclusions 

A true triaxial apparatus, in which a prismatic specimen is confined between cap and base 
rings and outside membrane, offers the advantage of individual control of major, inter
mediate, and minor principal stresses. This advantage helps in realistically simulating the 
stress path conditions encountered in the field and in adequately developing a more rigorous 
constitutive relationship which better represents soil response under generalized states of 
stress. It is shown that the true triaxial cell permits study of both the stress and strain 
response of soils under complex states of stress, under either drained or undrained conditions, 
with or without back pressure. 

In the first series of tests, the true triaxial cell permits evaluation of the analytical concepts 
of normality of plastic strain increments to the yield surface in stress space and coincidence 
of the plastic potential and yield surface for initially isotropic clays; while, in the second 
series of tests, the cell permits evaluation of the effect of the cementation bonds and the 
anisotropy of the soil at low and high confining pressures. 

In the last series of tests, the true triaxial cell permits evaluation of the effect of initial 
and stress-induced anisotropies on the yielding and failure of anisotropic clay. Nevertheless, 
the specification of both the magnitudes and directions of stress and strain increment vectors, 
which are important in developing a more adequate constitutive relationship, is also pro
vided. 
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SCALE: 1 mm s 2.S kP* 

/ 5 d£, 

c d 
FIG. 10—Loading and failure surface in octahedral plane, (a) 90° orientation angle, (b) 60° 

orientation angle, (c) 50° orientation angle, (d) 0° orientation angle. 
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ABSTRACT: The significance of true triaxial tests instead of conventional tests has been 
enhanced because of the need for generalized constitutive laws for geomaterials. To investigate 
the behavior of rock masses having restricted conditions for strains, tests of marble under 
strain rate control as well as stress rate control were performed using a specially designed true 
triaxial apparatus with rigid platens. As an example of a set of restricted conditions, the 
condition of the mean principal strain being constant was adopted when the octahedral shear 
strain was increased. The direction of stress paths obtained under these conditions is discussed, 
along with the elastic, dilatant, and contractile behavior of marble as clarified by stress con
trolled tests. 

KEY WORDS: true triaxial tests, rock, stress rate control, strain rate control, mean principal 
strain, mean principal stress, octahedral shear strain, octahedral shear stress, stress path, 
constitutive laws, rigid platens, flexible membranes 

Characteristics of strength and deformation of rocks have usually been investigated by 
triaxial compression tests because of the simplicity of the testing apparatus. However, con
sidering that stress distributions are inherently three-dimensional and that the development 
of numerical methods and constitutive laws enables structural analyses of complex three-
dimensional problems, the need for true triaxial tests (often called multiaxial tests) is rein
forced. Handin et al. [7] applied a torsion to the hollow cylindrical specimen under confining 
pressure with axial loading to obtain three different principal stresses. This experimental 
procedure, however, is unsuitable because of the difficulty of preparing the specimen. The 
alternative is compressive loading on three opposite pairs of faces of the prismatically 
(cubically) shaped specimen [2-6]. Whether forces are applied on the specimen through 
flexible membranes or rigid platens has a great influence on the distribution of stresses and 
strains within the specimen as pointed out by Sture and Desai [3]. In using flexible mem
branes, normal principal stresses can be assured on the loading faces and a uniform stress 
distribution overall is possible. On the contrary, strains can be measured accurately and 
higher stress fields are reproducible in rigid platens, although the uniformity of induced 
stresses is difficult to verify. 
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Stress paths in the above mentioned true triaxial tests are generally as follows: 

1. After increasing the hydrostatic stress (corresponding to the minimum principal stress) 
to a specified level, the intermediate and maximum principal stresses are raised to another 
specified level while holding the minimum principal stress constant. Finally, the maximum 
principal stress is varied while holding the minimum and intermediate principal stresses 
constant. If the intermediate principal stress equals the minimum principal stress, these tests 
correspond to conventional triaxial tests under constant confining pressure. 

2. After increasing the mean principal stress along the hydrostatic axis up to a specified 
level, the octahedral shear stress is increased while holding the mean principal stress constant. 

The tests with stress paths 1 and 2 can show the influence of the intermediate principal 
stress on characteristics of materials, and the latter tests can also give the failure surface on 
the octahedral plane. In both the tests, however, all principal stresses may be controlled at 
given rates (including no increment). Therefore, stress states change on specified paths only. 

It is not assumed that these test conditions replicate natural loading conditions. The actual 
behavior of rock masses with free surfaces is restricted to various conditions for stresses or 
strains. To investigate the behavior of rock masses, it is necessary to perform the tests as 
simulations of natural restricted conditions. For example, the phenomenon of slope sliding 
near the ground surface demonstrates that the displacement in the sliding direction increases 
under the condition that the normal stress on the sliding plane is constant. This is treated 
by direct shear tests under constant normal stress which are a reasonable simulation of 
reality. On the other hand, the rock masses surrounding underground openings at great 
depth move to their free surface when the displacement perpendicular to the direction of 
their movements is restricted. The laboratory tests corresponding to such strain paths, that 
is, ones in which two or three principal strains are controlled at given rates, have not been 
performed until now. 

For the purpose of simulating the fundamental behavior of rock masses that have restricted 
strain paths, in this study, strain controlled true triaxial tests of rock were performed by 
using a specially constructed testing apparatus with rigid platens. The rigid platens allow 
more accurate measurement of strains and the reproduction of higher stress fields than when 
using flexible membranes. The direction of the stress paths obtained by the increase of the 
octahedral shear strain under the constant mean principal strain condition were investigated, 
along with the results of the constant mean principal stress tests. 

Experimental Procedure 

Apparatus 

The true triaxial testing apparatus used in the present experiment has one jack with a 
capacity of 2 MN in the vertical direction and four jacks of 1-MN capacity in the horizontal 
directions. The value of stress is calculated by dividing the load, measured with a load cell, 
by the area of the rigid platens, 36 by 36 mm, so that the magnitude of stress in the vertical 
direction can be increased up to about 1.5 GPa. The triaxial box (Figs. 1,2, and 3), specially 
designed to produce more uniform stress distribution and prevent eccentric loading, has six 
guide holes through which the piston rods are appUed. Relative displacements between two 
opposite rings set up on the piston rods are measured by two displacement transducers of 
strain-gauge-type in each direction. At that time, by connecting the cables of the two 
transducers in parallel, the average value of the two is detected. The value detected is 
divided by the distance between the two rings to calculate the magnitude of strain. The 
strciin obtained in this way includes also an elastic component of the piston rods. The elastic 
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100mm 

FIG. 1—Side view oftriaxial box: (a) displacement transducer, (b) ring, (c) piston rod, and 
(d) specimen. 

Strain can be calculated by microcomputer considering the value of stress at that time and 
the deformation of the piston rods. The strain, from which the elastic component of the 
piston rods is excluded, or stress is used as a feedback signal of a closed-loop servo system 
with process controller. Three sets of that system give exact stress rates or strain rates 
independently in the three directions. 

Specimen 

All of the experimental work was performed using Akiyoshi marble. Cubic 40-mm spec
imens were cut from one large block and their surfaces were ground flat to within ±0.05 

FIG. 2—Top view oftriaxial box. 
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FIG. 3—Triaxial box set up in loading apparatus. 

mm. Because the strength (uniaxial compressive strength a, = 71.6 MPa) and the deform-
ability (Young's modulus E = 60.0 GPa) of Akiyoshi marble are nearly constant in three 
mutually perpendicular directions, it is considered to be homogeneous and isotropic. 

Procedure 

In the present experiment, first, the mean principal stress (T„ was increased to given values 
along the hydrostatic axis. We term the values the initial hydrostatic pressure, a^. After 
that, tests were carried out under two conditions: 

(A) mean principal stress CT„ is constant and 
(B) mean principal strain €„ is constant. 

Under Condition A, the octahedral shear stress T„,̂  was increased up to failure states of 
the specimen with various values of p, which is called Lode's parameter and given by the 
expression [7] 

(A = (2o-2 - <Ti - 0-3)/(o-i - 0-3) (1) 

where CTI, 0-2, and aj are the maximum, intermediate, and minimum principal stresses, 
respectively. This parameter ranges between — 1 and 1, which represent the states of triaxial 
compression (a2 = CT3) and triaxial extension, (a, = 0̂2)> respectively. Under Condition B, 
the octahedral shear strain •>/„„ was increased with various values of jt' given by the expression 

M-' = (2e3 - €, - e3)/(6, - €3) (2) 

TABLE 1—The values of\t.' and three principal strain rates used under Condition B.° 

t̂ ' 

-1 
-1/3 
1/3 
1 

ei 

1600 
2750 
2200 
800 

«2 

-800 
-550 
550 
800 

€3 

-800 
-2200 
-2750 
-1600 

"Unit : X lO-'/min. 
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where Ci, Cj, and €3 are the maximum, intermediate, and minimum principal strains, re
spectively. The value of (i' in perfectly homogeneous and isotropic materials equals that of 
fji. The tests with (i' = - 1 correspond to conventional triaxial undrained tests of soils. The 
values of jj,' and the three strain rates used are shown in Table 1. No lubricant was usually 
inserted between the specimen and the rigid platens in both Conditions A and B, for the 
reason that the lubricants prevent accurately measuring the relative displacement between 
two opposite platens. 

Results and Discussion 

Tests Under Condition A 

The relationship between the octahedral shear stress and the octahedral shear strain for 
>!- = — 1 is shown in Fig. 4. The slope of the stress-strain curves which represent a shear 
modulus, decreases progressively to zero with increasing the octahedral shear stress. This 
final behavior is a perfectly plastic flow in appearance. We define the yield stress at the 
inflection point of the stress-strain curve expressed in logarithms, and the failure stress at 
the stress level of the perfectly plastic flow. The slope of the stress-strain curves does not 
depend on the initial hydrostatic pressure but on the failure stress. Figure 5 shows the 
relationship between the octahedral shear stress and the mean principal strain for JJ, = — 1. 
The curve of CT„O = 50 MPa rises perpendicularly to the axis of the mean principal strain 
up to Toct = 30 MPa and thereafter turns to the negative strain. The perpendicularity and 
the nonlinearity show the elastic and dilatant behaviors of Akiyoshi marble, respectively. 
At more than 250 MPa in the initial hydrostatic pressure, the mean principal strain changes 
with positive increments only. This deformation suggests the contractile behavior. The 
boundary which distinguishes between the dilatant and contractile behaviors at failure 
is in CT„ = 200 to 300 MPa. The stress of this boundary agrees with that of the brittle-
ductile transition, obtained from conventional triaxial tests, as described by Gowd and 
Rummel [8]. 

gmog200MRa 

250 

5000 10000 15000 20000 25000 

7octWCf) 
FIG. 4—The octahedral shear stress-octahedral shear strain curves for ft, = -1 under 

Condition A. 
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roct(MR3) 

250 (ymii=300MFta 

FIG. 5—The octahedral shear stress-mean principal strain curves for |A = - 7 under the 
Condition A. 

Figure 6 shows the yield and failure surfaces on the Rendulic stress plane. The yield 
surface is closed on the hydrostatic axis as treated as Cap Model [9] in soil mechanics and 
as also found in some rocks {10\. The failure surface obtained by using Teflon® sheets to 
eliminate the friction between the platens and the specimen is also shown in Fig. 6. The 
magnitude of the failure stresses depends on whether the Teflon sheets are used or not. 

In lower mean principal stresses, the failure stresses of the specimen without the Teflon 

600-

400-

£ 
»̂  200-

X Without Teflon 
o With Teflon Failure Surface 

Surface 

200 400 600 

i2 0i=|Ift(MRi) 
FIG. 6—The yield and failure surfaces on the Rendulic stress plane. 
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sheets are greater than those with the Teflon sheets. This difference can be explained by 
the friction on the surface of the specimen without the Teflon sheets. The friction that results 
from the strain incompatibility between rock and steel acts against the msiximum stress 
apphed along an axis of the specimen, and is added to the minimum stress along another 
axis. The effect of this friction requires greater octahedral shear stress to fail the specimen 
than the intrinsic strength of rock which, if the Teflon sheets entirely play their part, could 
be identical with the failure stress of the specimen with the Teflon sheets. 

In higher mean principal stresses, on the other hand, the failure stresses of the specimen 
without the Teflon sheets are less than those with the Teflon sheets, and the two failure 
surfaces are closed on the hydrostatic axis as well as the yield surface. In very high stress 
levels, intense damages were observed at the edges of the specimen, especially without the 
Teflon sheets (while only macroscopic fractures were visible in lower mean principal stresses). 
Since the steel platens are somewhat smaller than the surface of the specimen, no normal 
stress can be applied to its edges. This geometrical condition and the friction on the surface 
of the specimen produce enormously nonuniform stress distributions at the edges and result 
in localized damages before the whole specimen fails. Therefore, it is considered that the 
apparent failure under hydrostatic stress might be caused by significant shear stress; the 
closed failure surfaces as shown in Fig. 6 do not adequately represent the intrinsic strength 
of rock. It is appropriate to say that the yield surface having an end cap enlarges with strain 
hardening in higher stresses. Since there are problems in the vicinity of the end cap of the 
failure surface as mentioned above and the use of the Teflon sheets is undesirable for the 
strain control tests under Condition B, what we will mainly discuss is based on the failure 
surface obtained by using no Teflon sheet in lower stress levels. In such lower stresses, the 
stress states in the specimen are expected to be better to some extent than in higher stresses, 
considering that no damage at the edges is observed. 

Contour lines of the plastic mean principal strain are shown in Fig. 7. The region enclosed 
by the failure surface is divided into three, considering whether the plastic strain is positive 
or negative: the elastic, dilatant, and contractile regions. Although the boundaries between 
them are much the same as those by Schock et al. [//], it can be pointed out that the elastic 
region in (j. = - 1 (compression) is larger than in ji = 1 (extension). Furthermore, the 
region is much smaller than that enclosed by the yield surface in Fig. 6. This indicates the 

400 - Dilatant 

8. 
200-

0 200 400 600 

|2(T2=/2C&(MRi) 
FIG. 7—The contour lines of plastic mean principal strain. 
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400-

2 
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I2 02=12 (h(MPa) 
FIG. 8—The stress paths on the Rendulic stress plane for \iJ 

tion B. 

600 

— 1 and 1 under Condi-

difficulty of the determination of yield points using stress-strain curves. The higher mean 
principal stress is with greater plastic strains and denser contour lines. The phenomena show 
the behavior that the yield surface enlarges with strain hardening. 

Tests Under Condition B 

The stress paths for JJL' = - 1 and 1 under Condition B are shown on the Rendulic stress 
plane in Fig. 8, although the situation of these values of n' does not exactly result in that 
of (A = - 1 and 1. The broken line shows the failure surface obtained under Condition A. 
With increasing the octahedral shear strain, the stress states deviate from the lines which 
are perpendicular to the hydrostatic axis and correspond to the stress paths under Condition 
A, which we term the constant mean principal stress lines. Then these stress states asymp
totically approach the failure surface and all tend to be directed to certain points thereafter. 
Their deviation indicates different directions depending on the value of the mean principal 
stress; at higher mean principal stresses, the stress states deviate from the constant mean 
principal stress lines to the origin of the stress space as the stress paths e, f, g, k, 1, and m 
in Fig. 8. This behavior is similar to that of overconsolidated clays in undrained tests [12]. 

•V-° 

Elastic / 
Strain/ 

B / 

Plasties 
Strain \ 

C 

Total 
Strain 

* 

.A 

(T_ =constant 

A-=B' 

FIG. 9—The relationship between the increments of plastic strain and stress in the dilatant 
region. 
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Figure 9 shows each increment of stress and strain in the dilatant region, as an example, 
to explain the deviation from the constant mean principal stress lines. The increment of a 
total strain can be expressed as the vector AC in Fig. 9 which is perpendicular to the axis 
of the increment of the mean principal strain, while the plastic component of it is expressed 
as the vector AB directed to the negative axis because of dilatant behavior. In the result, 
the elastic strain increment expressed as the vector BC gives the stress increment of the 
vector B 'C which is directed against the origin from the constant mean principal stress line. 
This explanation is applicable to the stress paths in the contractile region also. This consid
eration of the stress paths parallel to the constant mean principal stress lines gives the dotted 
Unes shown in Fig. 8 as the boundary between the dilatant and contractile regions. This 
boundary represents the critical state in soil mechanics and is similar to that in Fig. 7 obtained 
under Condition A. 

The stress paths for >»,' = -V-i and Va are shown in the mean principal stress-octahedral 
shear stress space of Fig. 10. Characteristics of the stress paths are similar to that of ix' = 
- 1 and 1. The envelopes of the stress paths in the region of the mean principal stress from 
100 to 300 MPa may suggest the failure surfaces for ji, = - Vs and Vs, as those for yi' = 
- 1 and 1 on the Rendulic stress plane shown in Fig. 8; then the former envelopes are 
between the latter envelopes. 

Concinsions 

Stress and strain controlled tests of Akiyoshi marble were performed to investigate the 
fundamental behavior of rock masses under restricted strain conditions. The specially de
signed true triaxial testing apparatus with rigid platens was used for that purpose. The rigid 
platens as the boundary condition give more accurate measurement of strains and higher 
stress fields than flexible membranes. TTie following properties of marble were revealed 
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FIG. 10—The stress paths on the mean principal stress-octahedral shear stress plane for 

(JL' = —1/3 and 113 under Condition B. 
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from the experiment. The yield surface is closed on the hydrostatic axis, and it enlarges 
with strain hardening. The failure at higher mean principal stresses does not imply that of 
the whole specimen but results from the damages at its edges because of stress concentration. 
The region enclosed by the failure surface is divided in three: the elastic, dilatant, and 
contractile regions. With increasing the octahedral shear strain under the condition of con
stant mean principal strain, the stress states deviate from the lines perpendicular to the 
hydrostatic axis and approach the failure surface asymptotically. The direction of their 
deviation from the lines is related to the above three regions. Consideration of these char
acteristics would be the first step for the derivation of constitutive laws. 

References 

[1] Handin, J., Heard, H. C , and Magouirk, J. N., "Effects of the Intermediate Principal Stress on 
the Failure of Limestone, Dolomite and Glass at Different Temperatures and Strain Rates," Journal 
of Geophysical Research, \Q\. 72, 1967, pp. 611-640 

[2] Atkinson, R. H. and Ko, H. Y., "A Fluid Cushion, Multiaxial Cell for Testing Cubical Rock 
Specimens," International Journal of Rock Mechanics and Mining Science, Vol. 10,1973, pp. 351-
361 

[J] Sture, S. and Desai, C, S., "Fluid Cushion Truly Triaxial or Multiaxial Testing Device," Geotech-
nical Testing Journal, Vol. 2, 1979, pp. 20-33. 

[4\ Mogi, K., "Flow and Fracture of Rocks Under General Triaxial Compression," in Proceedings of 
4th Congress of International Society for Rock Mechanics, Montreux, Vol. 3, 1979, pp. 123-130. 

[5] Gau, Q. Q, Cheng, H. T , and Zhuo, D. P., "The Strength Deformation and Rupmre Charac
teristics of Red Sandstone Under Polyaxifil Compression," in Proceedings of 5th Congress of 
International Society for Rock Mechanics, Melbourne, 1983, pp. A157-160. 

[6] Michelis, P., "True Triaxial Cell for Low and High Pressure Experiments," International Journal 
of Rock Mechanics and Mining Science, Vol. 22, 1985, pp. 183-188. 

[7] Hill, R., The Mechanical Theory of Plasticity, Oxford University Press, London, 1950. 
[*] Gowd, T. N. and Rummel, F., "Effect on Confining Pressure on the Fracture Behavior of a Porous 

Rock," International Journal of Rock Mechanics and Mining Science, Vol. 17,1980, pp. 225-229. 
[9] Sandler, L S., DiMaggio, F. L., and Baladi, G. Y., "Generalized Cap Model for Geological 

Materials," Journal of the Geotechnical Engineering Division, American Society of Civil Engineers, 
Vol. 102, 1976, pp. 683-699. 

[10] Miller, T. W. and Cheatham, J. B., "A New Yield Condition and Hardening Rule for Rocks," 
International Journal of Rock Mechanics and Mining Science, Vol. 9, 1972, pp. 453-474. 

[11] Schock, R. N., Heard, H. C , and Stephens, D. R., "Stress-Strain Behavior of a Granodiolite 
and Two Graywackes on Compression to 20 Kilobars," Journal of Geophysical Research, Vol. 78, 
1973, p. 5922-5941. 

[12] Henkel, D. J., and Sowa, V. A., "The Influence of Stress History on Stress Path in Undrained 
Triaxial Test on Clay," Laboratory Shear Testing of Soils, ASTM STP 361, American Society for 
Testing and Materials, Philadelphia, 1964, pp. 280-291. 

Copyright by ASTM Int'l (all rights reserved); Thu Dec 31 15:49:16 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Akitoshi Mochizuki,^ Masato Mikasa,^ and Shinichi TakahashP 

A New Independent Principal 
Stress Control Apparatus 

REFERENCE: Mochizuki, A., Mikasa, M., and Takahashi, S., "A New ladependmt Principal 
Stress Control Apparatus," Advanced Triaxial Testing of Soil and Rock, ASTM STP 977, 
Robert T. Donaghe, Ronald C. Chaney, and Marshall L. Silver, Eds., American Society for 
Testing and Materials, Philadelphia, 1988, pp. 844-858. 

ABSTRACT: A newly designed independent principal stress control apparatus is presented 
together with some typical test results obtained by the apparatus. The minor principal stress 
on a cuboidal specimen, a„ is loaded by air pressure in the triaxial cell, and two couples of 
rigid platens are used to load the major and intermediate principal stresses, a, and o-,. 

This apparatus has the following features: 

1. The axial stress, o-̂ , is appUed from the underside of the specimen, the reaction being 
supported by a frame in the cell. It makes both the anisotropic consoUdation and extension 
test possible; it also makes the preparation of sand or soft clay specimens very easy. 

2. A new device to load intermediate stress, o-,, was developed to minimize the friction 
between lateral loading platens and the specimen. 

3. A new system to measure the specimen deformation is also developed with a no-contact 
gap sensor which moves up and down during the test. It can measure the total volume change 
and also the change of the shape of the specimen. 

Some typical results of triaxial test, plane strain test, and independent stress control test on 
two sands are presented. Deformation or distribution of strain of the specimen observed by 
no-contact gap sensor is also discussed. 

KEY WORDS: test equipment, triaxial compression test, plane strain test, true triaxial test, 
shear strength of soil 

Since Kjellman reported the first independent stress control (ISC) apparatus in 1936, 
many types of ISC testing apparatus have been developed [7]. These apparatus are grouped 
roughly into six types based on their loading mechanisms. The first group consists of ap
paratus with rigid loading platens for three principal stresses [2-4]. The second group uses 
three pairs of rubber bags to apply principal stresses [5,6]. The third, fourth, and fifth groups 
have ordinary triaxial cells and rigid loading platens to apply the minor and major principal 
stresses, tr, and a„ respectively. The intermediate principal stress, Vy, is apphed by three 
different loading devices: a pair of (1) rubber bags [7,8], (2) rigid platens [9,10], and (3) 
platens composed of sohd blocks with springs [11] or of steel and balsa wood [12], which 
are compressed vertically with small interference. In contrast to all of these with cuboidal 
specimens, the apparatus of the sixth group uses cylindrical specimens [13,14]. 

' Associate professor of civil engineering, Osaka City University, Sugimoto, Sumiyoshi-ku, Osaka, 
Japan 558. 

^ Professor of civil engineering, Setsunan University, Ikedanaka, Neyagawa, Osaka, Japan 572. 
^ Researcher, Ohbayashi Corporation, Technical Research Institute, Shimokiyoto, Kiyose, Tokyo, 

Japan 204. 
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In 1981, the authors developed an apparatus that apphes the minor principal stress, a ,̂ 
on a cuboidal specimen by air pressure in a triaxial cell, and the major and intermediate 
principal stresses, a, and Oy, by rigid platens. The apparatus has a unique loading system 
of axial stress, (T„ which has been used in the triaxial testing apparatus in our laboratory 
because of its convenience in specimen preparation and testing. In addition, it has several 
new features such as (1) applying compressed air for loading cell pressure, a,, with the help 
of a newly developed impermeable rubber sleeve, (2) a special device for loading a, to 
minimize the effect of the friction of the lateral loading platens, and (3) a new system to 
measure lateral deformation of the specimen. This paper will present these main features 
of the new ISC apparatus and some examples of test results. 

A New Independent Stress Control Apparatus 

Figure 1 is a general view of the apparatus. The pressure cell is hoisted up for specimen 
setting, showing a supporting frame, composed of four posts and a plate, together with a 
lateral loading frame. This apparatus has four independent systems to control a„ a,, a ,̂ 
and back pressure. 

Figure 2 shows the cross section of the pressure cell with a prismatic specimen 64 mm 
long, 41 mm wide, and 80 mm high. The significant features of this apparatus include: 

1. The axial load, a^, is applied from the underside of the specimen, the reaction being 
supported by a frame in the cell. This loading system makes a, independent of the cell 
pressure, <T„ making anisotropic consoUdation and extension testing very easy. The setting 
of a specimen of soft clay or loose sand is also easily done with the least disturbance. A 

}>It'-Wjf 

FIG. 1—General view of ISC apparatus. 
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FIG. 2—Independent principal stress control apparatus. 

large cylindrical specimen, 40 cm high and with ()) = 20 cm, can be tested by using a larger 
supporting frame. 

2. The apparatus has two axial loading systems: a stress-controlled system with a contin
uously increasing water load in a bucket hung at the end of the loading lever, and a strain-
controlled system with a screw jack. The system is switched from the former to the latter 
when the stress-strain curve approaches its peak point to get precise stress-strain curves. 

(The basic idea for these two features was developed by Mikasa for a triaxial apparatus 
[15].) 

3. Air pressure is used in the cell to apply the minor principal stress, 0„ on the specimen. 
This makes the design of both the loading and measuring systems in the pressure cell much 
easier than when water pressure is used. However, the permeation of air through the rubber 
sleeve becomes a serious problem, and a new rubber sleeve with very low permeability had 
to be developed. 

4. A device for loading intermediate principal stress, a,, to minimize the friction between 
the lateral loading platens and the specimen by keeping their centers at the same level in 
axial compression, greatly improves the accuracy in measuring the vertical stress, Oj. 

5. A new measurement system of specimen deformation uses no-contact type gap sensors. 
This allows tracing of not only the total volume change but also the deformation of the 
specimen. It also eliminates the "membrane penetration" problem of coarse-grained soils, 
which is inevitable when the volume change is measured by the amount of drained water 
or by using a double cell. 
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FIG. 3—Device for loading a,. 

Device for Cy Loading 

The device for loading CT, shown in Figs. 2 and 3 consists of a lateral loading frame and 
a movable platform to support it. 

The lateral loading frame has a hydraulic ram and a load cell on its opposite sides to 
compress the specimen between them in a Y-direction through rigid platens. The platens' 
surfaces were coated with Teflon to reduce the friction of the rubber membrane on the 
specimen. The lateral loading frame is placed on a platform and can move on it in the Y-
direction, without any resistance, with the help of cross-rollers. The platform moves up and 
down by exactly one-half the displacement of the axial loading piston (Z-direction) by the 
mechanism shown in Figs. 2 and 3. When the specimen is compressed uniformly in a vertical 
direction, the midheight of the lateral loading platens will always be at the same level as 
the midheight of the specimen. This reduces the error in measuring the axial stress, a,, by 
producing a symmetric distribution of friction between the platen and the specimen with 
respect to the midheight of the specimen. Silicon grease also was used on the specimen-
platen interface to reduce the friction even further. 

The results of an experiment conducted to confirm the effectiveness of the new device in 
a plane strain test under CT, = 2 kgf/cm^ are shown in Fig. 4. Load cells were placed at both 
the top and bottom of the specimen so that the difference of the two axial stresses could 
be kept within ±1% of the measured stress. 

The two pairs of rigid platens used in this system cannot be free of the junction problem 

§• 

D 

& 

(%) 

1 

0 
\ Pô _̂ ^ 

1 

^ / ''top 
O (kgf/cm=^) 

8 

1 
1 

"top : stress measured at the top of the specimen 
%tm • stress measured at the bottom of the specimen 

FIG. 4—Precision test of a, loading system. 
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848 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

at the four comers of the specimen, just as in other types of ISC testing apparatus that use 
two pairs of rigid platens [10]. Initial gaps of 2 mm were given at the junctions as a provision 
for jamming, which was sufficient in most cases. 

A New Specimen Sleeve 

Air permeates through a rubber membrane 10 to 20 times as much in volume as water, 
which is a serious problem in cases where pore water pressure or the quantity of drained 
water is to be measured. Preliminary tests revealed that a natural rubber membrane 0.9 mm 
thick cannot be used under air pressure for an ordinary triaxial test. Therefore we had to 
develop a new 0.35-mm-thick rubber membrane, composed of two thin layers of natural 
rubber sandwiching five thin synthetic rubber layers of epi-chlorohydrin. The results of an 
air permeation test of both a 0.35-mm-thick rubber membrane and a 0.9-mm-thick natural 
rubber membrane under pressure differences of 3 to 5 kgf/cm^ are shown in Fig. 5. The 
permeability of the sleeves is shown as the rise in pore pressure in an undrained condition, 
which is very sensitive to air permeation through the membrane. The new membrane, when 
used singly, did not satisfactorily reduce the permeation of air under both 3 and 5 kgf/cm .̂ 
However, when the new rubber sleeve was doubled with silicon oil in between, the rise in 
pore pressure was kept less than 0.04 kgf/cm^ under a confining air pressure of a, = 5 kgf/ 
cm\ which can be evaluated as a satisfactory performance under air pressure. In practice 
a rubber sleeve of a slightiy larger diameter was used as the outer sleeve without affbdng 
its top end to the pedestal, which would increase constraint on the specimen. 

The natural rubber sleeve doubled in the same way as described above did not show any 
satisfactory results. 

Deformation Measurement Using No-Contact Gap Sensors 

In a triaxial test, volume change of a specimen is usually measured either by the quantity 
of drained water from a burette or directly by the water level change in a double cell. 

« • 
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FIG. 5—Air permeation test of sleeves. 
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marker 
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Z 

FIG. 6—No-contact gap sensors and markers. 

However, when the deviation between the confining pressure and the pore pressure varies, 
the degree of penetration of a rubber membrane into the hollows of an uneven surface of 
a coarse-grained sample varies during testing resulting in an erroneous measurement. To 
avoid this difficulty, and to measure not only the total volume change but also the shape 
of the specimen, the authors developed a new deformation measuring method that uses no-
contact gap sensors. Figure 6 illustrates the specimen with markers of aluminum foil of 10 
by 20 by 0.1 mm on its sides together with gap sensors set in position for a triaxial compression 
test. Five markers were attached to each face of the rubber sleeve of the specimen. The 
no-contact gap sensors induce the variation of outlet voltage when conductors such as iron 
or aluminum change the distance to the markers on the specimen sides; a clearance of less 
than 8 mm can be measured to an accuracy of 1/100 mm. 

In both an ISC test and a plane strain test, only a couple of sensors facing the free sides 
of the specimen are used. The measurement is done by moving the gap sensors in a Z-

80 

60 

reference line 
A-

E 
E 

20 

clearance between sensor 
and a markeriJ— a. 

—: clearance 
^—between markers 

0 2 4 6 8 

distance ( mm ) 
FIG. 7—Output record by gap sensor method. 
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850 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

FIG. 8—Test result with gap sensor method and burette method (sandy silt, triaxial compres
sion test). 

direction rather rapidly at any stage of the test, the output being recorded on a direct-writing 
oscillograph. Figure 7 is an example of the output record. The five peak points of the curve 
indicate the location of the center of the gauge markers, and the distance between the 
reference line and the peak points represents the clearance between the gauge markers and 

TABLE 1—Properties of sand specimens.' 

Seto Sand Toyoura Sand 

^1 

^ £ 

G. 

t/c 

2.557 
2.0 mm 
0.05 mm 
3.1 

2.652 
0.42 mm 
0.072 mm 
1.6 

•a C a s> o a. o o 

p< 
e 
D, 
w 

1.633 g/cm^ 
1.755 g/cm' 
0.566 
90% 
7.5% 

1.516 g/cm' 
1.517 g/cm' 
0.75 
58.4% 
0.1% 

°G, = specific gravity; d,^ = maximum grain size; d ^ = minimum grain size; Uc = uniformity 
coefficient (= DJDi^; p̂  = dry density; p, 
w = water content. 

wet density; e = void ratio; D, = relative density; 
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rubber 
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0 5 10 

stress a { kgf/cm'^ ) 
FIG. 9—A test for compressibility of rubber membranes. 

the gap sensors. The X-Y coordinates of the peaks are read by a digitizer, and through data 
processing by a computer, graphical presentation of specimen deformation is obtained. In 
the case of Fig. 6, the volume of the specimen is calculated as the summation of the volumes 
of six three-dimensional trapezoidal bodies sectioned at the level of the center of the gauge 
marks. 

Figure 8 shows the results of two CD tests on a sandy silt under a, = 1 and 4 kgf/cm^ 
the volume change being measured by both the burette method and the gap sensor method. 

o > 
> 

FIG. 10—Comparison of plane strain test and triaxial compression test (Seta sand). 
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c=0.1 kgf/cm 

5 10 

O ( kgf/cm" ) 

FIG. 11—Mohr's stress circle and strength lines (Seto sand). 

The two measuring methods yielded quite the same volume change except after the peak 
stress of the test under a, = 1 kgf/cm^ Here the burette method is considered to have 
shown a shghtly too small volume increase of the specimen owing to an insufficient water 
intake into the voids of the expanding specimen. The stress-strain curves were obtained in 
accordance with the routine correction that uses the average section area of the specimen. 
The two stress-strain curves, however, did not show any appreciable difference, even in 
the case of a, = 1 kgf/cm .̂ In a CD test on a fine sand sample (data omitted here), error 
of 1% due to membrane penetration was seen in the burette method. 

Microcomputer Control of the Principal Stresses 

Electrical sensors were used for all measurements except in the burette reading. In ISC 
tests under a condition of constant mean pressure, a„, outputs of sensors are put into a 
microprocessor by means of a general purpose interface bus (GPIB), and after calculations, 
electrical signals are sent to two air valves for the control of a, and CT,,, respectively. The 
measurement frequency of 38 times/min was sufficient to control the stresses smoothly and 
precisely, the error not exceeding 0.05% of the programmed stress value. In extension tests, 
however, shear rate was lowered from one-half to one-fourth of the standard rate of the 
compression test, because the above stated stress control could not follow exactly the rapid 
variation of the stresses near the failure. 
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FIG. 12—Progress of intermediate principal stress coefficient {Seto sand). 
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(T,) - €j of ISC test (Seto sand). 

Test Results 

Plane strain and ISC tests were carried out on two types of sand whose properties are 
shown in Table 1. The specimens were prepared cautiously to give the specimen a uniform 
and isotropic structure. Some typical results will be presented in this section. 

Plane Strain Test 

A test for the compressibility of rubber membranes yielded the result shown in Fig. 9, 
which was used to keep rigorous "zero" lateral deformation of the specimen in a plane 
strain test. 

The deviator stress of plane strain tests of Seto sand under CT, = 1 and 4 kgf/cm^ and the 
results of the triaxial tests for the same sand of the same specimen size are shown in Fig. 
10. The plane strain tests show higher strengths at earlier peak points compared to the 
triaxial compression tests. Mohr's stress circles at failure and their envelopes are shown in 
Fig. 11. The strengths of the plane strain tests are 2.7° higher than the triaxial test in terms 
of internal friction angle ^. 

The change of the intermediate principal stress coefficients, br = (CT, - a,)/{a, - a^), 
against an axial strain is shown in Fig. 12. The ftr-value becomes larger for a larger strain 
gathering in a range from 0.2 to 0.3 at failure in all cases. 

Independent Stress-Controlled Test 

Figure 13 shows the (a, - v^) ~ e^ relationships of the tests on Seto sand where br = 0, 
0.25, 0.5, 0.75, and 1 under a„ = 2 kgf/cm^ The smaller the value of br, the higher the 
peak strength. The axial strain at the peak strength does not exceed 3% except when 
br = 0. 

Figure 14 shows the incremental strain vectors superimposed on the stress paths, which 
are expressed as radiating lines from the origin on the octahedral plane of ff„ = 2 kgf/cm .̂ 
The incremental strains increased remarkably when approaching failure, showing deviations 
from the stress paths in the direction of the strains in all cases except when br = 0 [12]. 
The failure criterion shown in the figure by a sohd Une is obtained in conformity to the 
normality rule and expressed as follows: 

f = hx I,- AX I, (1) 
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FIG. 14—Incremental strain vectors on the octahedral plane (Seto sand, a^ = 2 kgf/crri^). 

where 

Ii, I2, h = invariant of the stress tensors 
A = a. coefficient that depends on the work done by plastic strain (in this case, 

A = 13.7) 

This criterion coincides with Matsuoka and Nakai's criterion when the fc-value in their 
equation is 0.722 [16]. However the difference betwen Lade and Duncan's criterion, shown 
by a dashed line, and the authors' criterion increases with an increasing fcr-value. The Mohr-
Coulomb criterion is also shown by a dash-dotted line. 

A Defonnation Measorement by a Gap Sensor Method 

Restraint from a^ Loading Platen 

Figure 15 shows the deformation of the specimens measured by a gap sensor method for 
three different end conditions of a â  loading platen: (1) a maximum porous stone area of 
95% of the loading surface, (2) a well-polished stainless steel surface with only a 1-cm-
diameter porous stone at its center, and (3) two thin rubber membranes coated with silicon 
grease and placed on platen (2). 
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FIG. 15—Deformation of specimens with different end platens {Seto sand, plane strain test, 
(Tj = i kgflcm^). 

The deformation of the specimens shown in Fig. 15 are those at axial strains of 2.5, 5.0, 
and 7.5%. There was little difference between case (2) and (3) both in the deformation of 
the specimens and in the stress-strain curves (not shown here), while case (1) yielded a 
different behavior of the specimen owing to the end surface restraint. 

Strain Distribution in the Specimen 

Figure 16 shows the distribution of the principal strains and the maximum shear strains 
at axial strains of 5 and 8% in a plane strain test on Toyoura sand under 4 kgf/cm .̂ The 
lines of shear strains were drawn selecting the direction of shear that would constitute a 
continuous slip plane or slip zone in the specimen from a pair of maximum shear strains 
that cross each other at each of the triangle-shaped elements." When ê  = 5%, the principal 
strains are comparatively uniform in the specimen. When e, = 8%, the principal strains 
grew larger except in the two triangle elements in the upper left and lower right comers, 
and a shear band formed in the specimen through the other two comers. Figure 17 is a 
picture of a specimen of Seto sand after a plane strain test in which a shp surface is clearly 
observed. The direction and location of this slip surface are very similar to the shear band 
shown in Fig. 16 (2). 

Conclusions 

The features of this new independent principal stress control apparatus are summarized 
as follows: 

1. The loading of cr̂  from under the specimen through the cell base with a supporting 
frame in the cell is the basic stracture of this apparatus. 

2. Cell pressure is apphed by air with the help of a newly developed impermeable rubber 
sleeve. 

" The triangle net was constructed from the measured specimen deformation assuming that each 
horizontal section is kept plain and that lateral deformation along it is uniform. 
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FIG. 16—Distribution of strains (Toyoura sand, plane strain test, a„ = 4 kgf/cm', platen 
(5) in Fig. 16 was used). 

FIG. 17—Specimen after plane strain test {Seto sand, (T„ = 4 kgf/cm^). 
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The above two devices provided an ideal condition for the design of the equipment in 
the cell, and the following new systems were developed: 

3. The lateral loading system was placed on a platform that moves exactly half of the 
axial piston movement, thus eliminating harmful friction on the specimen sides. 

4. A new measurement method using gap sensors enabled us to trace not only the volume 
change but also the deformation of the specimen correctly during the test. 

5. cr, and a,, are controlled accurately using a commercially available eight-bit microcom
puter. 

Examples of triaxial testing, plane strain testing, and ISC testing shown in this paper will 
serve as evidence of the effectiveness of the new apparatus. 
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Special Stress Paths Along the Limit 
Surface of a Sand Specimen with the Use 
of a True Triaxial Apparatus 
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with the Use of a True IHaxial Apparatus," Advanced Triaxial Testing of Soil and Rock, 
ASTM STP 977, Robert T. Donaglie, Ronald C. Oianey, and Marsliall L. SUver, Eds., 
American Society for Testing and Materials, Philadelphia, 1988, pp. 859-869. 

ABSTRACT: This paper presents a true triaxial apparatus with rigid platens and its means 
of measurement and regulation. For tests performed on dry sand specimens, the loss of 
homogeneity by localization of deformation along shear bands is first analyzed. Then special 
circular paths in deviatoric stress plane are obtained. If the radius of this path is large enough, 
the author shows that the actual stress point moves on the Umit surface which is well approx
imated experimentally. The more surprising result is that the volume of the specimen, on such 
cyclic paths, decreases. This result outlines the danger of Uquefaction even for dense sand 
under complex stress path. 

KEY WORDS: dry sand, limit surface, cyclic behavior, liquefaction, true triaxial, localization, 
shear bands 

During the past 15 years, many true triaxial apparatus have been developed for studying 
the behavior of materials under three-dimensional state of stress (wi > a2 > CT3) and especially 
the influence of intermediate stress, aj. Designs of these apparatus can be classified in three 
types according to the boundary conditions: 

• Apparatus with six rigid boundaries. The test is strain-controlled. 
• Apparatus with six flexible boundaries. The test is stress-controlled. 
• Apparatus with mixed boundary conditions. 

(See Saada and Townsend [7] for advantages and disadvantages of each type.) 
The apparatus used in this study is of the first type and will be described below. 
Whatever the type, the two following hypotheses are necessary to have a correct inter

pretation of the measures in terms of element test: 

1. Deformation and stress are homogeneous inside the specimen. 
2. Principal axes of strain and stress coincide. 

Theoretically the second hypothesis is verified if the specimen is isotropic in its initial state, 
but during the test, induced orthotropic anisotropy can occur with the same axes as stress 

' Maitre de Conferences, Institut de M6canique de Grenoble, BP 53X, 38041 Grenoble, Cedex, 
France. 
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860 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

and strain [2]. Experimentally, for rigid platens apparatus, shear stresses can appear at the 
boundaries because of the relative motion of platens and specimen. So the friction must be 
reduced by greasing the boundary of the sample and by means of well-polished platens. The 
author used a silicon grease on the inner platens and on the membrane. The value of the 
coefficient of friction is 0.5 to 2%. 

The first hypothesis is difficult to control. The loss of homogeneity can be diffuse (as a 
result of nonhomogeneous initial specimen and shear stress at the boundaries) or localized 
when shear bands are developed. This last point will be illustrated. 

Despite difficulties in obtaining a perfect homogeneity (these difficulties occur in all 
experimental studies), the true triaxial is the only apparatus that allows control of the three 
principal values of stress or strain. So, the behavior of the specimen under complex stress 
or strain paths can be tested. Some original results, obtained along cyclic circular paths in 
the deviatoric stress plane, will be presented. Similar tests have been performed earlier by 
Lewin [3] and Matsuoka and co-workers [4], but the novelty of the tests discussed in this 
paper is related to the fact that, for large radius, the expected state of stress cannot be 
reached and the actual stress shps on the limit surface. In this case, the kinematic response 
is analyzed. 

Equipment and Testing Procedure 

Equipment 

The sand specimen is deformed by a system of six rigid platens. The movement of compres
sion or extension is controlled by six electric motors; 12 hydraulic jacks keep the testing 
box closed during the test (Fig. 1) so there is no gap between the platens. The maximum 

Hydraulic Jack 

Air pressure—»-

FIG. 1—Principle of true triaxial apparatus with rigid platens. Detail of closing design. 
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<r" 

TTT" 

axpoctad •tra«* 

plato vQloclty 

FIG. 2—Stress-controlled test—principle of the regulation: V = F {a* — a"). 

velocity in each direction is 5 mm/min, and the side dimensions can go from 50 mm to 150 
mm. Other apparatus of the same type have already been described (see, for example, Refs 
5 and 6). The principle of all these apparatus is the same and their differences lie in the 
measurements, the control of the test, and the specimen preparation inside or outside the 
testing box. The author's design is described below. 

Measurement 

The three normal stresses are measured with three pressure transducers embedded in the 
platens and in contact with the specimen. Calibration of these three sensors is performed 
using a special membrane with inside air pressure, instead of the specimen, directly in the 
testing box. The accuracy can be estimated at 10 kPa in the range 0 to 5 MPa. No control 
of tangential stress is performed. 

The relative displacements of two opposite faces are measured with three linear variable 

FICi. .1—Loailiziiiion oj (tcjormation: shear band traces on the painted membrane. Shows 
photograph of the specimen after testing (left) and stress path (1-2-3-4) and successive shear 
bands, (right). 
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862 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

7 ^Limit Surface 

Expected Stress Path 

FIG. 4—Deviatoric stress plane. Notations and principle of the tests. 

differential transformers (LVDT) in the range 0 to 100 mm with an accuracy of 0.05 mm. 
The strains are evaluated from these displacements without corrections because the sand is 
fine and the membrane thickness is only 0.3 mm. 

Control of the Test 

For each of the three directions, strain control or stress control is permitted. However, 
for a triaxial apparatus with rigid platens, the only basic way of regulation is the displacement 
of the platens and stress control results necessary by adjustment of strain. If Vi{t) denotes 
the velocity of the plate i, the stress control is obtained by a relation of the type 

Vi{t) = F {aT(t) - ^m) 

where 

a*(f) = expected stress 
CT*'(f) = measured stress 

and F is a function schematically represented on Fig. 2. 
For the expected values Vi(t) or u*{t), three kinds of control are possible: 

a. Constant values by use of potentiometers. 
b. Linear analogic function of the type 

S = a-E + b 

Test 

1 

2 

Step 
in 9, 

10° 

-10° 

TABLE 1—Definition and parameters 

Frequency 
in time, 

sec 

10 

20 

Number of 
cycles p 

5 

1 

of two 

, MPa 

0.48 

circular tests. 

SDIISI 

0.38 

Friction 
angle 

Compressior 
35° 

Extension 
65° 
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0.34 

0. 12 

/.'• ,:•:'. 

\„!-to.,:- ' "•'-'•' 

PHIS (deg) 

-150 +250 

FIG. 5—Measured values 0/SD2/S1 versus ips (test 1, five cycles). 

where E is an input value, S is an output value, and a and b are two constants adjustable 
with potentiometers. Such a function is useful for a hnear stress path; then £ is a 
measured stress on a direction and S is the expected stress on another one. 
More complex paths can be obtained with three digital-to-analog converters. The 
expected path is defined by points, and the conversion takes place at a chosen frequency 
in time. 

Specimen Preparation 

The specimens are prepared in a cubic rubber membrane 0.3 mm thick (100 by 100 by 
100 mm') inside a mold. The sand is poured and tamped by beds of about 2 cm thickness 
for dense specimens, or just deposing continuously without falling for loose ones. Then the 
face used for filling up is closed with a patch. Vacuum, inside the specimen, allows unmolding, 
greasing, and transporting to the testing box without remolding. When the specimen is 
maintained laterally by the platens and before closing the box, vacuum is released. 

Localization of Defonnation 

During a test the rupture of the specimen, for large deformation and high stress ratio, 
cannot be observed directly because the specimen is hidden by platens. So an experimental 
technique is used, consisting of painting the rubber membrane before greasing it. When 
shear bands appear, the deformation is very localized, and the paint comes out from the 
membrane. 

+0. 4 — 

-0 .4 

FIG. 6—Stress path and direction of strain increments (test J, five cycles). Coulomb criterion 
SOP, 35". 
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864 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

Figure 3« shows a sample of fine dense sand after a complex test. The stress path history 
for this specimen is represented in deviatoric plane (Fig. 3b). For each linear path (b = 
0.5), the basic mechanism of rupture consists of two narrow shear bands. These two planes 
intersect along a straight hne on the face supporting the major principal stress and give a 
V-trace on the face supporting the intermediate stress. Although the photograph seems 
complex at first glance, all the lines can be easily interpreted as a combination of four basic 
mechanisms, each being activated successively according to the stress path. The angle 2a 
of the Vs is close to 45°. Referring to the classic slip line theory in plasticity [7], this angle 
is related to the friction angle by 

<1) = 90 - 2a (degrees) 

With this formula the estimated friction angle is 45°. The actual value, deduced from the 
measured stress, is 43°. Such correlation for fine sand was already mentioned by Arthur 
and Dunstan [8]. Other tests of this kind have been performed, and, whatever the stress 
paths are, the mechanism of rupture occurs in the same way: the kinematics turn to plane 
deformation in the direction of the intermediate stress, and the volume change calculated 
directly from measuring the specimen dimensions seems to flatten, but local measurements 
with 7-ray absorption technique indicate a very high dilatancy inside the shear bands [9]. 

Cyclic Circular Stress Path in Deviatoric Plane 

Description of Sand 

The sand used for the tests described below is a fine quartzic sand (D50 = 0.35 mm; 
D60/D10 = 2). The maximum and minimum density values are 1.64 and 1.35 measured, 
respectively, by tamping or air pluviating (height of falling = 1.20 m) and by dry deposit 
without falling. The initial density for the two tests are 1.55 for test 1 and 1.54 for test 2. 

Principle of the Test 

If a„ (jy, CTj are the three principal stresses, they can be expressed by the formulas: 

(7, = p.(l + V6.(5D2/51).cos((p,) 

(Ty = p.(l + V6.(SD2/Sl).cosi<Ps + 120) 

a, = p.(l + V6.(SZ)2/Sl).cos((p, - 120) 

where 

51 = trace((T) = 3p; p is the mean pressure. 
SD2 = (trace(5^))"^; s is deviatoric stress tensor. 

(Pj = the phase angle from the X direction. 

The representation of all these parameters is shown in Fig. 4. If ip, = 2A:IT/3 the state of 
stress is a classic state of compression; (p, = ir/3 + IkTt/S corresponds to a classic state of 
extension. 

If cps and 51 are constant values and 502 is a variable, the stress path is hnear from the 
isotropic state. This is the classic path [10] to obtain point by point a description of the limit 
surface. It is now well known that the Coulomb criterion is only a rough approximation of 
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KOr 

-55 
-150 PHIS <deg) *250 

FIG. 7—Difference angle between stress ifs and strain increment <PD (test 1, five cycles). 

this surface and, in particular, that the measured angle of friction is greater in extension 
than in compression. 

If 51 and SD2 are constant values and 9, is a variable, the stress path is circular in the 
deviatoric plane 51 = Cte (constant value) with a radius equal to SD2. Let us try to impose 
by the regulation a circle completely at the exterior of the limit surface (see Fig. 4). The 
material is not strong enough to support the expected state of stress cr*, and the measured 
value a" will be such that |a* - cr"! will be different from zero. According to the regulation 
process described earlier the velocity v will be 

i; = F (ff* - a") 

The material will flow and a" will be in the vicinity of the limit surface. The variation of 
iPj is imposed step by step at a given frequency in time, and so the actual stress path will 
give a good description of the whole limit surface. 

Experimental Results 

Two circular tests are described. The expected values and the parameters for replation 
are given in Table 1. 

The expected value for the friction angle is close to the actual value in compression, but 
is very large in extension. Of course, this value will not be reached during the tests, 

Test 7—Five clockwise cycles are performed. The results of measurements are plotted in 
Figs. 5 to 10. At first (Fig. 5), it was observed that the measured values of SD2/SI are not 
constant but oscillate. The maximum value (0.33) corresponds to an friction angle of 30° 

••0.08 

-0.08 

-4- r=—I— •—^*-

-150 PHIS (deg) +250 
FIG, 8—Variations oft,, e„ ê  during last cycle (test !)• 
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+0. 12 • 

-0 .06 
-0 .08 0.12 

FIG. 9—Deviatoric strain path (test 1, five cycles). 

and is obtained for the three compression states of stress. The minimum value (0.26— 
friction angle 35°) is obtained for extension. The periodic oscillations indicate the three 
symmetries of the limit surface as can be seen in Fig. 6. On the same figure the direction 
of the total deviatoric strain increment is drawn. This direction coincides neither with that 
of the stress increment (it would be relevant to linear isotropic elasticity), nor with that of 
the stress. The difference angle between <po and ip̂  ((po is the phase angle of the strain 
increment from the X axis) is plotted in Fig. 7. A periodic variation is still found, but the 
maximum and minimum values are no longer in direct correlation with the stress states of 
compression or extension. This variation can be approximated by a linear saw-toothed 
diagram between the two values -50° and -17° with a mean value of -33.5°: 

\VD - <P.U = 50°for<p, = 230, 110, -10° 

WD - 9l,n = 17° for (p, = 150, 30, -90° 

For variation of cp̂  from 30° to -10° (the compression state is for <p, = 0), lipo - ip̂ l decreases, 
iPfl changes from 13° to -60°, and the mean rate is Atpo/Atpj = 1.82. 

For variation of cp, from -10° to -90° (the extension state is for tp, = -60°), |(pc - >Ps| 
increases, (po changes from -60° to -107°, and the mean rate is 0.58. So the rate of (po 
versus tp, is about three times larger in the vicinity of compression than in the vicinity of 
extension. 

••0.07 

> 
a. 
UJ 

-0.01 
- J . - - - I :^ -r • > . . n " « . 

-150 -250 
PHIS Cdog) 

FIG. 10—Volume change during the five cycles (test 1). 
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In analyzing this finding, it is observed that, according to the elastoplasticity theory, the 
total deviatoric strain increment de can be split into two parts: 

de = de' + dtf 

If we suppose linear isotropic elasticity, de" = dslG where ds is the deviatoric stress incre
ment. The plastic part is defined by the flow rule: de - \n, where n is a deviatoric tensor 
fiinction of stress and hardening parameters, n defined the direction of plastic strain incre
ment. If we suppose a standard deviatoric flow rule, n is given by the normal of the limit 
curve in the deviatoric stress plane, and the n-direction oscillates periodically with cp̂  ac
cording to the three symmetries of the limit surface. But in this case the mean value of 
<Po - <Ps will be zero. So in the light of this theory a rough interpretation of the results is: 
the oscillating part of ipo - ip, is mainly due to the plastic deformation and the nonzero 
mean value is due to the elastic part. A second feature (more physical) is related to a 
previous observation according to which the main mechanism of large deformation is close 
to plane deformation. For the stress path under consideration, three mechanisms are acti
vated (plane deformation for x, y, z directions), the three states of compression being the 
transitions from one to another. This point of view is corroborated in Fig. 8 where the 
variations of i.^,(.y, ê  are plotted: the small rate of change for (po corresponds to maximum 
(stationary values) of respectively, ê ,, ê , ê . The deviatoric strain path is plotted in Fig. 9. 
The tangent to this curve gives the direction of the total deviatoric strain increment (<PD)-
We must notice the triangular form: the comers can be associated roughly with state of 
compression, and the sides can be associated with the three mechanisms of plane defor
mation. 

+0.2 

-0.2 
-150 

<a) 

PHIS <deg) *250 

+0.20 

(b) 

-0 .25 

FIG. 11—(a) Variations of e.^, e,, Cz. (b) Deviatoric strain path. The rotation is stopped 
during path AB {test 2). 
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Another important part of the kinematic response of the specimen is the volume change, 
which is plotted in Fig. 10. The main fact is the very important compaction (7%) for the 
five cycles with a tendency to stabilization. The density is 1.55 in the initial state and 1.66 
at the end of the fifth cycle. For the sand under consideration the initial state is medium 
and the final state is very dense. This resuh shows clearly that the volume change cannot 
be related to the intensity of the stress deviator alone (SD2) as it is often admitted for linear 
stress path. For such hnear path, dense sample shows dilatancy when the state of stress 
reaches a stationary value on the Hmit surface. In this study, each principal direction x, y, 
and 2 is alternatively loaded and unloaded. The observed compaction is due to cyclic loading 
and unloading even if the state of stress lies on the limit surface. From a practical point of 
view, in undrained conditions, this tendency to compaction even for dense material, may 
lead to liquefaction by increasing pore pressure. 

Test2~The second test consists of one circular path with the same value for 51 and SD2, 
but the (f, step is -10° (the rotation is counterclockwise) and the frequency in time is 20 s. 
This change in frequency produces greater deformation (see Fig. 11) because the material 
flows for a longer time, but the comments about the stress path, the direction of the strain 
increment, and the volume change remain unchanged. The new part is that the ip, evolution 
has been stopped at the end of this cycle. It corresponds to the AB path on the figures. 
The expected stress is now constant. In this way it can be verified that the actual state of 
stress is on the limit surface because the material flows under constant state of stress. The 
deformation turns in plane deformation on X direction, and the volume increases (Figs. 11-
13). The same results are usually obtained for a linear stress path when the state of stress 
cannot move along the limit surface. 

0.35 

0.20 

Ca) 

-150 PHIS <deg) <-250 

+0.4 

• Y 

. 

• 

^ 

^ ^ y 

\ \ 1 

A • • 

- " ^ ^ • • • ^ ' - • • • " • 

; X 

/ ~ 

SD2/S1 
— t 1 

(b> 

- 0 . 4 
", 5 0. 4 

FIG. 12—(a) Variations o /SD2/Sl . (b) Deviatoric stress path with Coulomb criterion 3ff", 
35° {test 2). 
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FIG. 13—Volume change versus <ps (test 2). 

Conclusions 

A true triaxial apparatus is a useful tool to study three-dimensional behavior of materials. 
The conclusions for dry sand are the following: 

1. The limit surface exists and is the same whatever the stress paths are. 
2. In the vicinity of the limit surface large deformations can occur, but the volume change 

may be very different if the state of stress is stationary (the material shows dilatancy) 
or if the state of stress is rotating (the material contracts) 

3. The main mechanism of large deviatoric deformation under stationary state of stress 
is plane deformation with localization in narrow shear bands. 
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Aluminum, polished platen, 207 
Analog-to-digital conversion, 110 
Angle of friction, 363 

interlocking, 567-568 
relation with particle breakage, 689 
ultimate, 567 

Angle of internal friction, see Friction angle 
Angle of shear resistance, 667 
Anglian till, 592 

description, 593 
Anisotropically consolidated undrained 

tests, 323, 328-332, 334 
Anisotropic clays, 819 
Anisotropic consolidation, 82, 123-124, 

231-232, 264, 732 
effective stress, unsaturated soil, 545-

546 
e-log p curves, 545 
loading path, 545 
simplified, 276-277 
stresses, 391 
techniques, 455 

Anisotropic preshear consolidation 
stresses, 423 

Anisotropic remolded clay, undrained true 
triaxial test, 829-831 

Anisotropic sand, stress-strain relations, 
785 

Anisotropy, 7, 421, 766, 796 
influence, 767-768 
shear-induced, 472 
stress-induced, 831 
undrained, 450 
see also Cross-anisotropy 

Antifriction device, 291, 293 
Apparatus compressibility, 430 

Area correction, 433-435, 715 
bulging failure, 716-717 
general procedure, 730 
shear plane failure, 716-718, 729 

ASTM C 109, 409, 411-414, 416 
ASTM D 698, 630 
ASTM D 854, 613, 630 
ASTM D 1586, 629 
ASTM D 1587, 629-631, 638, 640 
ASTM D 2049, 207, 409 
ASTM D 2216, 633 
ASTM D 2487, 630, 733 
ASTM D 2850, 631, 720, 722, 724 
Atchafalaya clay, frequency response, 780 
Automated measurements, 7 
Automated triaxial testing, 95-106, 143 

block diagram of loading system, 97 
computer and printer, 99 
controller, %-98 
interface unit, 99 
loading system components, 98-99 
schematic, 97 
software, 100-101 
test results, 101-106 
transducer and signal conditioner, 98 
triaxial cell, volume change device, 98 

Automatic drained testing rate, 89-90 
Axial compression, measurement, 47, 51, 

282 
Axial correction, 431 
Axial deformation 

digital indicator, 87 
measurements, errors, 260 

Axial displacement 
cohesionless soils, 44-49 
measurement, 225-232 

error sources, 226-227 
misalignment errors, 227-230 
stiffness curve, 225-226 
stiffness evaluation, 230-232 

pore pressure distributions, 588 
Axial load, 845-846 

application, 146 
measurement, 223-224, 734 
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8 7 4 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

Axial rebound, 735 
Axial strain, 132, 202 

apparent shear strength as function of, 
528 

bedding error, 695 
conversion to rotation of electrolevel 

capsule, 47, 50 
cyclic, versus Poisson's ratio, 141-142 
direct measurement, 493-495 
measurement, 134-135, 770-771 
peak, test condition effects, 296 
pore pressure 

distributions, 589 
versus, 672-673, 675 

versus radial strain, 736-737 
versus shear stress, 355, 359 
versus stress difference and pore pres

sure change, 346-348 
versus stress ratio, 703-704 
Young's modulus effect, 137-138 

Axial stress, 378 
average, 775 
versus conventional and local strain, 491, 

494 
effective, 37 
hydraulic triaxial apparatus, 55 
independent stress control apparatus, 

844 
pore pressure distributions, 589 

B 

Back pressure 
application, 275-276 
bulk modulus effect, 345 
consolidation, 391 
saturation by, 246-248, 436-437 

Banding sand, 643-644 
Bedding error, 436, 486 

correction, 491 
cyclic triaxial test, 492 
drained compression triaxial tests, 292 
embankment dams, 491-493 
lubricated ends, 695 

Bellofram seal, 55 
Bender element 

before and after excitation voltage, 285 
initial shear modulus from, 284-287 
mounted in triaxial pedestal, 285 
piezoceramic, 284-285 

Bifurcation, 604, 611 
Biologic activity, contaminated soils, 400 
Biot's theory of consolidation, 583-585 
Biot's theory of poro-elasticity, 582-583 
Bivariate beta distribution 

chi-square goodness-of-fit test, 556-559 

discretized x-y domain, 557 
Q-R domain, 557-558 

Bivariate beta modeling, parameters c and 
t, 561, 563-565 

Bivariate distributions, 553, 559 
Block samples, 630 
Boulder clay 

shear strength, 530-531 
triaxial compression test, partially satu

rated soils, 529-530 
Boundary condition, 692, 706 

flexible, 757-759 
isotropy, 796-797 
mixed rigid and flexible, 757 
rigid, 756-757 
surface friction, 756 

Boundary-material interactions, 743-744 
Boyle's law, 208, 342 
Brittle fracture, 169 
Bulk modulus, air-water mixture, back 

pressure effect, 345 
Burette method, 202, 850-851 
Bushing, designs, 433 

Calcareous sand, 290 
Calcareous soil, 363 
CALIB, 100 
Cambria sand, 707 
Cambridge true triaxial apparatus, 796-

805 
description, 797-800 
plane-strain tests, 813 
platen arrangement, 797 
sample preparation, 800-801 
stepper motors, 797-799 
strain path, used to prepare one-dimen-

sionally compressed samples, 800-
801 

variation with time of principal stresses 
and strains, 801-802 

Cap 
free horizontal movement, 698, 700-702 
rotation, end conditions, 696-698 
tilting angle, 697, 699 

Castor oil, 281 
Cavitation, 240 
Cell fluid, 189 

deaired water as, 192 
glycerin as, 194 

Cell pressure 
elevated, 290, 298-299 
initial, application, 274-275 

Cemented soil, 363 
CKoU test programs, 447-448 
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strength ratio, 452-453 
C^oU triaxial compression, 455-456 
Clayey soil, 501, 503 
Clays, 387, 512, 667, 796 

comparison of undisturbed and disturbed 
specimens, 268-269 

consolidation paths, 253-255 
constant rate of strain hydrostatic com

pression, 128 
e-log p relation, 504-505 
extrusion, 235 
flow-pump-permeability and coefficient-

of-consolidation data, 73-75 
geotechnical characteristics, 196 
grain size accumulation curves, 502 
heavily overconsolidated specimens, 

271-274 
filter paper, 272 
specimen height, 271-274 
stress paths, 278-279 

initial effective stress measurement, 243 
^0 consohdation and rebound, 129 
normally and slightly overconsolidated 

specimens 
specimen mounting, 274 
stress paths, 277-278 

physical properties, 502 
preconsolidation stress, 266-267 
reconsolidation, 253, 255 
sample disturbance, 266, 268 
shear strains, 232-233 
stress-dilatancy relation, 509 
stress-strain relation, 506-508 
under cyclic loading, 768 
volumetric strain, 265-266 
see also Low plasticity clays 

Coarse particles effect, embankment dams, 

498-499 
Coefficient of compressibility, 547-548 

versus void ratio, 543 
Coefficient of consolidation, 68 

response time and, 74-79 
Coefficient of permeabihty, consohdation, 

672, 674 
Cohesion, 363 

apparent, 523 
Cohesionless soils, 7-62, 567-581, 692 

angle of internal friction, 11, 18-19 
automated strain and stress control, 54-

61 
axial displacement, 44-49 
conversion of axial strain to rotation of 

electrolevel capsule, 47, 50 
diagram of triaxial apparatus, 36 
differential hydraulic stress path control 

system, 54-55 

effective stress path, 22, 24-26, 28, 30 
end lubrication, 42 
fine content, 580 
frequency-independence of deformation 

properties, 46-47 
grain size effect on peak strength, 577 
gravel content, 579-580 
horizontal displacement, 49, 51-52 
hysteresis loop, 45-46 
laboratory shear testing methods classi

fication, 12-17 
laboratory strength testing, 8-30 
load measurement, 38-40 
location stud embedded in sample, 52 
normalized strength difference versus 

percent dilatation, 576 
0) versus shear distortion, 29 
parallel gradation curves, 569-570 
percent dilatation, 575 
percent fine content, 571 

relationship with maximum grain size, 
569, 571 

slope of normalized strength differ
ence lines versus, 577-578 

percent gravel, sand, and fine content by 
weight, 570-571 

pressure measurement, 35-38 
principal stress directions, 11 

continuous rotation, 29, 62 
reconstituted specimens, 240-242 
shear strength 

components, 567 
grain effect, 568-569 

shear stress versus «, 23, 27-28 
slope of best fit lines, 577 
stress conditions, sample preparation, 

40-41 
stress corrections, 41-42 
stress path, 29 
stress-strain curves, 573 
stress-void ratio curves, 573 
suction, 233 
test material, 570-571 
two-component load cell, 35 
undisturbed frozen and unfrozen sam

ples, 242 
volume change, 49, 51-54 
weighing system with electronic balance, 

52 
see also Triaxial cell 

Cohesive soils, 353 
compacted, pore water pressure, 513 
conventional triaxial test, 421-422 
effective stress 

drying effects, 237-238 
factors affecting, 234 
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876 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

Cohesive soils—Continued 
pore pressure gradients, 236-238 
specimen preparation, 235-236 
water exchange 

specimen and filter paper, 238-239 
specimen and membrane, 238 

water imbibed fi^om pore pressure, 239-
240 

see also Saturated cohesive soils 
Collar-coupled load design concept, 147 
Combination hydraulic-pneumatic loading 

system, 119-131 
anisotropic ^o consolidation, 128-129 
apparatus description, 119-122 
consolidation, 122-124 
constant rate of strain hydrostatic con

solidation, 128 
constant stress ratio anisotropic consol

idation, 128 
cyclic loading, 127 
monotonic shear loading, 124-127 
operation of apparatus, 122-127 
output pressure, 121 
ratio relay, 121 
reversing relay, 121 
schematic layout, 120 
sequential stress- and strain-controlled 

loading, 130-131 
Compacted fill 

physical characteristics, 638 
sampling disturbance, 633, 636-638 
shear strengths, 639 

Compacted soils, 169-187 
cohesive soils, pore pressure, 513 
compaction characteristics, 172-173 
compression test, 172, 179-182 
description, 172 
failure zones, 184 
shear strength law, 183 
suction-water content relationship, 173-

175 
see also Tensile strength 

Compaction, 642 
equal-volume method, 644-645 
methods, reconstituted sand specimens, 

405 
molds, 391 
relationships, Vicksburg buckshot clay, 

519 
tests, 512 

Compatibihty equation, 777, 794 
Compliance, 68, 70-71 
Compressibility, 68 

apparatus, 430 
latex disks, 493 

values, 78-79 
very small strain, 72-73 

Compression tests, 124, 202 
compacted soils, 172, 179-182 
shear strength, 268 
see also Multistage compression tests 

Compression theory, 720-721 
Computer controlled hydraulic triaxial test

ing system, 82-94 
automatic drained testing rate, 89-

90 
axial deformation digital indicator, 87 
cyclic loading tests, 92 
data presentation, 90 
digital controller, 86-87 
extension device, 84-86 
extension tests, 93 
features, 93-94 
^0 consolidation, 89 
layout, 82-83 
pore pressure measuring system, 87 
stress path testing, 91-92 
test control, 88 
triaxial cell, 82-84 

Computer system, deformation measure
ment, 206 

Concrete, cyclic tests, 812-813 
Confining pressure 

effective, 36, 658 
initial, membrane correction, 719-720 

Consolidated drained test, 424-426 
Consolidated isotropic undrained compres

sion test, lateral filter drains, 198 
Consolidated tests, 219 
Consolidated undrained shear, 667 
Consolidated undrained test, 424-426 
Consolidation, 107, 189, 219, 264 

anisotropic, see Anisotropic consolida
tion 

back pressure, 391 
Biot's theory, 583-585 
coefficient of permeability, 672, 674 
combination hydrauHc-pneumatic load

ing system, 122-124 
filter paper effects, 194-199 
filter paper efficiency, 200 
increment duration, 284 
isotropic, 314 
pore pressure dissipation, 671-672 
shallow samples of normally consoli

dated soil, 279 
to high stress^ 471-472 
two-stage, 800 
water content versus effective pressure, 

670-672 
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with and without lateral filter drains, 
196-197 

Consolidation path 
clays, 253-255 
effects on stress-strain behavior, 255,257 
sands, 255, 257-259 

Consolidation pressure, effective, versus 
undrained shear strength, 676 

Consolidation states 
SHANSEP method, 469-470 
soil behavior, 466-467 

Consolidation stress, effective. Young's 
modulus effect, 137 

Consohdation stress path 
highly overconsolidated clays, 278-279 
lightly overconsolidated clays, 277-278 

Consohdation tests, 512 
Constant-head permeability tests, 74 
Constant-rate-of-deformation consolida

tion, 68-69 
flow pump applications, 71-72 

Constant rate of strain hydrostatic consol
idation, 128 

Constant strain-rate triaxial tests, 582 
Constant volume cyclic simple shear ap

paratus, 21 
Constitutive equations, 766 

hollow cylinder torsional devices, 779-
784 

Constitutive laws, 834 
Constitutive model, shear band formation, 

608-612 
Contaminated soils, 387-403 

biologic activity, 400 
differential consohdation, 394-395 
diffusion through membrane, 398-400 
effective stress, as function of hydraulic 

conductivity, 393 
equipment, 389-390 
gradient, as function of hydraulic con

ductivity, 391-393 
health and safety considerations, 401 
influent equilibrium, 396-398 
maintaining saturation, 395-396 
materials, 388-389 
particle migration, 393-395 
permeant, 389 
pore volume displacement, 398-399 
procedure, 390-391 
shear strength, 400 
test duration, 392 
testing at low gradients, 400 
type of water, 400 

Contamination resistance, 389 
Conventional triaxial compression, 203 

100-cycle, 213-214 
Conventional triaxial test, 363, 501 

cohesive soils, 421-422 
Corrections, 421 
Crack propagation, hollow cyhnder tor

sional devices, 787 
Creep, 107 

rate, versus isotropic stress, 304, 306 
station, major components, 166 

Critical state, 592 
theory, 169, 469 

Cross-anisotropy, 9, 706 
axis of symmetry, 9-10 

Cubical devices, 743-763 
actual boundary surface conditions, 755-

759 
all flexible, 749-752, 752 
all rigid, 747-748 
alternative perfect surface conditions, 

745-747 
boundary-material interactions, 743-744 
capabilities, 745-746 
directional shear cell, 752-755 
mixed rigid and flexible, 749 
needed developments, 760, 762 
proving apparatus performance, 755 
specimen homogeneity, 744 
stress-strain data, 759-763 
uses of data, 744-745 

Cyclic behavior, 859 
Cyclic compression-tension tests, mem

brane-piston cell, 813 
Cyclic loading, 82, 119, 121-122, 264 

clays, 768 
combination hydraulic-pneumatic load

ing system, 127 
dense sand, 92 
stress loading, followed by monotonic 

strain-controlled undrained loading, 
130-131 

Cyclic strain-controlled testing, 475-484 
deviator vertical load, versus pore pres

sure, 482 
intact and reconstituted specimens, 479-

480 
interpretation of results, 479-483 
pore pressure model, 481-483, 484 
procedure, 477-479 
residual pore pressure in reconstituted 

specimens of sands, 481 
sands tested, 476-477 
testing configuration layout, 479 
triaxial cell, 478 

Cyclic tests, 280-283 
bedding effect, 492 
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878 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

Cyclic tests—Continued 
membrane-piston cell, 812 
shear, deformation properties, 46-47 

Cyclic torsional shear tests 
apparatus, load-controlled, 47, 49 
quasistatic, 47-48 

Cyclic undrained tests, 32-33, 280-283 
Cychc undrained torsional shear tests, 21-

22 
Cylindrical specimens, advantages and lim

itations of triaxial test, 221-223 

D 

Damage propagation, hollow cylinder tor
sional devices, 787 

Damping ratio 
at large strain, 783 
versus strain, 781 

Darcy's law, 153 
Data acquisition, 167 
Decay model, 75-76 
Deformation 

false, 284 
localization, 861, 863-864 

Deformation measurement, 202-215, 438 
computer system, 206 
data capture and reduction, 205-207 
device, 809-810 
gap sensor method, 854-855 

end restraint, 854-855 
strain distribution, 855-856 

interstitial membrane penetration, 212 
linear variable differential transformer, 

204-205 
mean pressure versus volumetric strain, 

211 
no-contact gap sensors, 848-852 
noncontact devices, 204 
Q' versus vertical strain, 209-210 
sample preparation-back saturation, 

207-209 
strain gauges, 203-204 
volumetric strain, versus e, 209, 211 

Deformation modulus, embankment dams, 
490, 493 

Deformation properties, frequency-inde
pendent, 47 

Dense sand 
cyclic loading test, 92 
cyclic undrained triaxial tests, 280-283 

Densification, sand, 412 
Density, 405 
Deviatoric strain, 803-804 
Deviatoric strain path, 802-803, 866-867 

Deviatoric stress, 333-334, 727 
Kuwaiti soils, 371, 373 
plane, 862 
removal, 734 
true triaxial testing cell, 825 
vectors, 830-831 
versus strain curves, 358, 360 

Deviatoric stress path, 802-803 
Differential consolidation, contaminated 

soils, 394-395 
Differential hydraulic stress path control 

system, 54-55 
Differential pressure, 36 

transducer 
liquid-liquid, 35-37 
low capacity, 35, 39, 49, 51, 56 

Digital controller, 82, 86-87 
Dilatancy, 679 

peak rate 
evolution with mean pressure, 307 
test condition effects, 297 

Dilation, 706 
rate 

at failure, 680 
peak strength, 684 

Directional shear cell, 752-755 
daisy chain shear sheets, 754 
directional verification, 760-761 
distribution of principal strain magni

tudes and directions, 756 
specimen comer, 757, 759 

Direct shear test, failure law, 466 
Direct tensile apparatus, 806 
Displacement-controlled loading frame, 

252-253 
Drained compression tests, 382 

bedding error, 292 
end restraint, 291 
lubricated end platens and slendemess 

ratio, 291-292 
strength parameters, 292 
volumetric strain, 382, 385 

Drained constant strain-rate test, pore 
pressure distributions, 585-590 

Drained cyclic straining simple shear test, 
11,20 

Drained extension test, 379 
Drained fine sand, 202 
Drained monotonic compression test, 

stress control, 101, 103 
Drained monotonic extension test, stress 

control, 101, 103 
Drained monotonic shear loading, 125-

127 
Drained simple shear test, 11, 20 
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Drained stress path controlled shear, 129-
130 

sand, 130 
Drained triaxial testing, 363 

stress path, 423-424 
Drammen clay 

end friction and height/diameter ratio ef
fect, 271-273 

sample disturbance effect, 266, 268 
Ductility, defined, 178 
Dynamic loading, 132, 475 

E 

Effective stress, unsaturated soil, 539-552 
anisotropic consolidation test, 545-546 
constant suction, 547-549 
failure stresses, 543-545 
isotropic compression test, 542-543 
specimen preparation, 541 
test apparatus, 540-541 
tests performed, 542 
variable suction, 549-551 
volumetric strain, 550 

Elastic behavior, 132, 790-791 
Elastoplastic behavior, unsaturated soil, 

550 
Electrical resistivity, 143 
Electrolevel gauges, 50 
Electronic transducers, 7 
Electropneumatic transducer, 121-122 
e-log p curves 

anisotropic consolidation testing, 545 
clay, 504-505 
Shirasu, 505 

Embankment dams, 486-500 
axial strain, direct measurement, 493-

495 
bedding effect, 491-493 
coarse particles effect, 498-499 
constant mean pressure triaxial compres

sion tests, 498-499 
deformation modulus, 490, 493 
extension tests, 497-498 
frictionless ends, 492-493 
Grand-Maison Dam, 488-489 
membrane penetration, 495-496 
objectives of program, 488, 491 
Vieux-Pr6 Dam, 486-487 

End conditions, 692-704 
cap rotation, 696-698 
free horizontal movement of cap, 698, 

700-702 
friction angle, 693 

versus void ratio, 694-696, 698, 701-
702 

kinematic condition effects, 696-702 
lubricated ends, sample slendemess ef

fects, 702-704 
stress ratio, versus axial strain, 703-704 
stress-strain curves, 695-697 

with and without free horizontal move
ment of cap, 700-701 

surface condition effects, 694-696 
test conditions, 693 
test program, 694 
types, 694 

End friction, reduction, 271 
End lubrication, 290-292, 440-441, 486, 

680-681, 692, 709 
cohesionless soils, 42 
comparison with frictional ends, 441 
sample slendemess effects, 702-704 
schematic, 442-443 

End restraint, 442, 679-690 
density and confining pressure, 683-684 
drained compression triaxial tests, 291 
particle breakage 

and strength, 687-690 
within specimens, 686-688 

relationship between stress ratio, dila-
tancy, and particle 

breakage, 689 
stress-dilatancy relationship, 688 
stress-strain-volume change relationship, 

682-684 
testing program, 681-682 
volume change, 681 

distributions within specimens, 684-
686 

Equal-volume method, 644 
Equation of equilibrium, 776, 790 
Equivalent consohdation stress, 521 
Error, 421 

apparatus compressibility, 430 
area corrections, see Area correction 
bedding, see Bedding area 
conventional triaxial equipment, 446 
evaluation, shear tests, 426-427 
filter drain resistance, 431-432 
frictional ends, 440-443 
initial seating, correction, 314-315 
membrane resistance, 430-431 
piston friction, 432-433 
pore pressure, 461 
relative importance of corrections, 435 
sources, 284, 491 
temperature, 437-438 
terminology, 427 
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880 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

Error—Continued 
tilting, 436 
undrained unconsolidated testing, 466 

Expansive soils, 512 
Extension moduli, membranes of different 

thicknesses, 719 
Extension tests, 124-125, 455-456 

embankment dams, 497-498 
Grand-Maison filter material, 497 
overconsolidated silty clay, 93 
shear strength, 268 
zones of weakness, 445 

Extrusion, disturbance during, 235 

Fabric anisotropy, 706, 709 
Failure, 604, 706 

bulging 
area correction, 715-717 
membrane correction, 720-722, 724 

definition, 632-633 
Failure criterion, 547, 853 
Failure envelope, 324, 328, 523 

true triaxial testing cell, 829 
weak rocks, 381-382 

Failure law 
direct shear test, 466 
tensile strength, 170 

Failure line, equation, 544-545 
Failure mode, stress-controlled tests, 647 
Failure patterns 

kaolinite, 786-787 
sand, 786 

Failure stress 
effective, unsaturated soil, 543-545 
specimens with and without Teflon 

sheets, 840 
true triaxial testing cell, 826 

Failure surface 
octahedral plane, 828, 831-832 
Rendulic stress plane, 839 

Filter drain resistance, 431-432 
Filter paper, 189-200, 270, 632 

CIU tests, 198 
consolidation and shear strength effects, 

194-199 
drainage capacity, 195-196 
efficiency during consolidation, 200 
heavily overconsolidated clay specimens, 

272 
shape, 667-678 

consolidation, 671-674 
occurrence of constriction, 677 

sample preparation, 667-670 
tensile strength, 677 
testing procedure, 670-671 
undrained shear behavior, 675-678 

shear strengths, 198-200 
side drain characteristics, 195 
types, 668-669 
water exchange with specimen, 238-239 

Flexible boundary biaxial tester, 753 
Flexible boundary true triaxial, 749-752 
Flow model, 74-76 

time response, 76-78 
Flow pump applications, 68-80 

compressibility values, 78-79 
constant-rate-of-deformation consolida

tion, 71-72 
effective stress, 72-73 
equipment, 69-70 
models for analyzing flow-pump trans

port-property test data, 74-75 
permeant subsystem, 70 
response time and coefficient of consol

idation, 74-79 
specimen deformation with flow direc

tion, 76-77 
strain-path control, 79 
very small strain compressibility and 

temperature effects, 72-73 
Flushing, 245-246 

potential problems, 246 
Four-terminal phase-sensitive detection 

system, 148-149 
Fredlund's failure criterion, 185 
Free falling sphere, velocity in air and 

water, 407-408 
Freezing, in situ, 234 
Frictional ends, 440-443 

comparison with lubricated ends, 441 
Frictional parameter, 547 
Friction angle, 523, 655, 692-693 

as function of a, 662-664 
cohesionless soils, 11, 18-19 
peak, 578-579 

versus relative density, 574 
versus void ratio, 574-575 

versus height/diameter ratio, 702, 704 
sand, 655 
stress path, 864 
test condition effects, 296 
ultimate, 578 
variation 

bedding plane inclination, 712-713 
shear band formation, 621-622 

versus void ratio, 659, 694-696, 698, 
701-702 
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Frictionless ends, embankment dams, 492-
493 

Fulung sand, 681 
particle breakage distributions, 687-688 
stress-strain-volume change relation

ships, 682-683 
volume change distributions, 685-686 

Fuse wire technique, 240-241 

Gap sensor method, 854-855 
Gas, 338 

bubble formation, mechanism, 342-344 
entrapment, within system, 244-245 
form, 340 
leakage, 439 
types and contents of marine environ

ment, 338-339 
Gas law, 342 
Gas-water interfaces, 439 
General purpose interface bus. 111 
Geotechnology, 387 
Glacial clay, stress path test, 91-92 
Goodness-of-fit test, chi-square, 553, 556-

559 
Gradient, as function of hydraulic conduc

tivity, 391-393 
Grain crushing, evolution with mean pres

sure, 308 
Grain shape, distribution, 707 
Grain size, 567 

accumulation curves, 502 
distribution 

Grand Maison core material, 140 
sand, 293, 477 
Vieux-Pr6 material, 487 

effect, membrane penetration, 495-496 
shear strength, 570 
Young's modulus effect, 140 

Grand Maison core material, grain size dis
tribution, 140 

Grand-Maison Dam, 488-489 
Grand-Maison filter material 

extension triaxial tests, 497 
isotropic test, 494, 496 
volume change, 496 

Granular soil, 290-309 
creep rate, versus isotropic stress, 304, 

306 
density, 300-301 
experiments, 292-293 
grain crushing, evolution with mean 

pressure, 308 
grain size distribution, 293 

high-pressure range, 298-299 
high-pressure triaxial tests, 302-308 
internal homogeneity, tomodensitome-

tric survey, 298-302 
procedure, 293-294 
strength parameters, 294-298 
stress peak dilatancy, rate evolution with 

mean pressure, 307 
stress peak friction angle, evolution with 

mean pressure, 306-307 
stress-strain-volume change curves, 304-

306 
volumetric strain, versus time, isotropic 

creep tests, 303, 305 
Granulometric curves, Grand-Maison filter 

material, 489 
Gravel, 567 
Griffith theory, 184 

H 

Hambly's rigid boundary true triaxial con
cept, 747 

Hazardous waste, 387 
Height-to-diameter ratio, 706-713 

fabric characterization, 708-709 
representation of stress and material 

axes, 710 
specimen preparation, 708 
strength characteristics, 712-713 
stress-strain and volume change charac

teristics, 710-712 
testing equipment, 709 

High-pressure triaxial tests, granular soil 
shearing under high pressures, 306-308 
test procedure, 302-305 
time effects, material under isotropic 

compression, 305-306 
High stress flexible boundary true triaxial, 

749-750 
Hill's failure criterion, 827 
Hoek-Franklin cell, 156 
Hollow cylinder torsional devices, 766-788 

advantages, 768 
amplitude decay in resonant column 

tests, 779 
axial and shear strain measurements, 

770-771 
compatibility equation, 777, 794 
crack and damage propagation, mode II, 

787 
damping ratio, 781, 783 
degradation of shear modulus, 781,783-

785 
dimensions of hollow cylinders, 775 
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882 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

Hollow cylinder torsional devices—Con
tinued 

elastic behavior, 790-791 
equation of equilibrium, 776, 790 
historical background, 767-769 
horizontal strain-displacement equa

tions, 790 
instability in tension, 786-787 
measuring devices, 770-772 
Mohr circles, 778-779, 783 
plastic behavior, 791-795 
proximity gages, 770-771 
resonant column tests, 779-781, 784 
sample preparation, 772-774 
shear modulus, versus strain, 780 
slow cyclic loading, 784-785 
specimen dimensions and boundary ef

fects, 774-775 
static tests, 786-787 
stress path 

constitutive equations, 779-784 
proportional stressing, 784, 786 

stress-strain relations, 775-779, 785 
system of stresses and reference axes, 

775 
torsion shear tests, 790 
triaxial cell, 769-770 

Homogeneity, loss, 860 
Hooke's law, 790 
Hoop stress theory, 721 

modified formula, 722 
Horizontal displacement, cohesionless 

soils, 49, 51-52 
Hvorslev's true friction-true cohesion 

strength parameters, 516-517 
Hvorslev technique, 523 
Hvorslev theory, 467 
Hydraulic cell, loading method, 55 
Hydraulic conductivity, 387, 391 

coefficient, 392 
definition, 388 
effective stress as function of, 393 
gradient as function of, 391-393 
particle migration and, 393-395 
pore volume displacement, 393-395 

Hydraulic/physical parameter measure
ment, 143-153 

apparatus, 145-147 
collar-coupled load design concept, 147 
normalized pressure difference versus 

log time for water, 147-148 
permeability measurements, 147-148, 

152 
results, 150-152 
schematic layout, 146 
specimen preparation, 149 

velocity and resistivity measurements, 
148-149 

Hydraulic-pneumatic loading system, see 
Combination hydrauhc-pneumatic 
loading system 

Hydraulic stress path cell, 456-457 
Hydraulic triaxial cell, stress path testing, 

251-252 
Hydraulic triaxial testing system 

controlled stress path testing, 54-55 
layout, 84 
see also Computer controlled hydraulic 

triaxial testing system 
Hydrogen sulfide, volume as result of pres

sure decrease, 343-344 
Hydrostatic compression, 202 
Hysteresis loop, cohesionless soils, 45-46 

I 

Independent stress control apparatus, 844-
857 

apparatus, 845-847 
axial load, 845-846 
axial stress, 844 
deformation measurement 

gap sensor method, 854-855 
no-contact gap sensors, 848-852 

device for a, loading, 847-848 
independent stress-controlled test, 853-

854 
microcomputer control of principal 

stresses, 852 
plane strain test, 851, 853 
specimen sleeve, 848 

Inductive device, 202 
Influent equihbrium, 396-398 
Influent reservoir, modified, 397 
Intensifier-accumulator, 162-163 
Interface unit, 99 
Internal piston cell, 158-161 

with temperature control chambers, 
164-165 

Interstitial membrane penetration, 212 
Isotropically consolidated tests, limita

tions, 220 
Isotropically consolidated undrained tests, 

322-323, 325-327, 333 
Isotropically consolidated undrained 

compression test, multistage, 357-
361 

Isotropic clays, 819 
Isotropic compression test 

effective stress, unsaturated soil, 542-
543 
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time effects on granular materials under, 
305-306 

Isotropic consolidation, 82, 122-123, 732 
stress-strain behavior, 451-452 
true triaxial tests, 826 

Isotropic strain hardening model, 607 
Isotropic test, Grand-Maison filter mate

rial, 494, 496 

K 

Kaolin, 539 
Kaolinite 

deformation and failure patterns, 785-
786 

remolded, undrained true triaxial test, 
829-831 

undrained true triaxial tests, 825-826 
Kerozene, 192 
Kneading pressure, versus tensile strength, 

176,178,182 
X^o-compression tests, automated, 59 
Ko consolidation, 68, 79, 82 

anisotropic, 128-129 
computer controlled hydraulic triaxial 

testing system, 89 
stress path, 255 
stress-strain behavior, 451-452 
versus simplified consolidation proce

dure, 276-279 
Kondner's hyperbolic interpretation, mul

tistage triaxial compression tests, 
360 

Ko triaxial apparatus 
automated double-cell, 58 
double-cell, 56-57 
with internal pressure cell, 55-56 

Kuwait, physiographic condition, 365-366 
Kuwaiti soils, 363-374 

deviator stress, 371, 373 
location of sampling sites, 367 
multistage test, 365 
particle size distribution band, 370 
pore pressure, 370, 372 
properties, 368-369 
samphng and testing program, 366-368 
shear strength, 364-365 
strength parameters, 372, 374 
stress-strain curve, 370-372 
variations of soil properties, 363 
volumetric strain, 370-371 

Laboratory shear testing methods 
classification, 12-17 
stress states, 9-10 

Laboratory strength testing, cohesionless 
soils, 8-30 

Laboratory testing 
equipment, 7 
problems, 202-203 

Latex disks, compressibility, 493 
Leakage, 189 

conventional and new triaxial cell, 191-
192 

effective stress effects, 190-191 
from effects of hydrauhc pressure differ

ences and osmotic pressure differ
ence, 192 

external, 191, 438 
gas, 439 
internal, 438 
minimizing, 200 
rubber latex membrane, 194 
sources, 190 
triaxial test, 190-194 
water, 438-439 

Leighton Buzzard sand, physical proper
ties, 101 

Linear variable differential transducer, 
134,165, 202, 324, 799 

alternating current, 205 
attributes, 204 

deformation measurement, 204-205 
direct current, 203, 205 

attachment, 207-208 
Liquefaction, 642, 859 

resistance to, 413 
stress path, 647 
stress-strain curves, 647 

Liquefiable sands, see Cyclic triaxial strain-
controlled testing 

Liquid paraffin, rubber latex membrane ef
fects, 193 

Load cell, two component, 35 
Load displacement, stress-strain curve, 

604-605 
Loading 

rate, 443-445 
repeated, 475 

Loading frame, 155, 158-159 
Load measurement 

calibration loading result, 40 
cohesionless soils, 38-40 

Lode's parameteij, 837 
Lodgement tills, 592 
Louiseville clay, geotechnical properties, 

323 
Low plasticity clays, 460-473 

effective stress, 463-464 
implications to sampling disturbance, 

465-466 
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884 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

Low plasticity clays—Continued 
loading history effects, 471-472 
pore pressure induced by cell pressure, 

462 
residual pore pressure, 464-465 
strength, versus depth, 462, 464 
see also Reconsolidation 

M 

Marine sediments, with high gas contents, 
338-350 

gas 
behavior due to microorganisms, 349-

350 
bubble formation mechanism, 342-

344 
evolving, 349 
form present, 340 
initially in bubble phase, 349 
initially in solution, 347-348 
interstitial bubbles, 341 
release in soil, 342 
volume as result of pressure decrease, 

343-344 
pore pressure, as function of degree of 

saturation, 346 
stress difference and pore pressure 

change versus axial strain, 346-348 
types and contents, 338-339 

Mayne procedure, 469-470 
Mechanical properties, 486, 706, 806 
Membrane, 189 

compressibility, 851, 853 
diffusion through, contaminated soils, 

398-400 
flexible, 834 
flow through, 192-193 
properties, 718-719 
silicone oil efifects, 194 
torsional resistance, 774 

Membrane correction, 715 
axial load and lateral restraint, 723 
bulging failure, 720-722, 724 
correction formula, 727 
general procedure, 730 
initial confining pressure, 719-720 
lateral restraint, 721 
observation of soil specimens, 728 
shear plane failure, 724-728, 729 
tests on dummies, 722-724 
tests with rigid dummies, 725-727 
unit friction, 728 

Membrane-fluid cell, 810-816 
characteristics, 816-817 

cross-sectional drawing, 816-817 
cutaway view, 814 
longitudinal drawing, 815 

Membrane penetration, 202, 486 
effects on burette readings, 212 
embankment dams, 495-496 
grain size effect, 495-496 

Membrane-piston cell, 806-817 
characteristics, 815-816 
cyclic compression-tension tests, 813 
cyclic tests, 812 
deformation, measuring device, 809-810 
description, 807-809 
membrane-fluid cell, 810-816 
performance, 807, 809-811 
plane-strain tests, 813 
tension-compression tests, 809 

Membrane resistance, 430-431 
Membrane restraint 

<|) effects, 43 
triaxial compression tests, 43 

Methane gas, volume as result of pressure 
decrease, 343-344 

Methane-producing bacteria, 339 
Microcomputer-based data acquisition sys

tems, 107-117 
analog-to-digital conversion, 110 
background processing, 113-114 
composite schematic of logging sensors 

and control switches, 109 
control aspects, 111 
control function routines, 115-116 
data acquisition and control hardware, 

109-112 
data acquisition routines, 114-115 
data storage, 112, 116 
GPIB transmission. 111 
objectives, 108 
on-line display, 116-117 
postprocessing, 117 
RS-232C serial transmission, 110-111 
signal acquisition, 110 
signal conditioning, 110 
signal processing, 111-112 
signal sampling routines, 115 
software, design, 112-117 
stages, 107 
system description routines, 114 

Microcomputer control, 95 
Microorganisms, pore gas behavior due to, 

349-350 
Misahgnment 

coned seating connections, 228-229 
during shearing, 230 
equipment, 230 
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errors due to, 227-230 
screw and suction cap connections, 229, 

231 
specimen, 230 

Mixed boundary true triaxial, 749 
Mohr-Coulomb envelope, 180 
Mohr-Coulomb failure criterion, modified, 

528 
Mohr-Coulomb failure law, 170, 182, 185 
Mohr-Coulomb failure surface, 828 
Mohr-Coulomb model, 553 
Mohr-Coulomb's equation, 364 
Mohr-Coulomb strength criterion, 553 

obtaining point estimates, 554 
Mohr-Coulomb strength relationship, 513-

515 
Mohr-Coulomb yield law, 609 
Mohr failure envelope 

compacted fill, 633, 637 
natural soil, 633-635 

Mohr's stress circles at failure, 354-356, 
361, 852-853 

continuously rotating principal stresses, 
778, 783 

synchronized proportional loading, 779, 
783 

Mohr strength envelope, 732 
Monotonic loading system, stress- and 

strain-controlled, see Combination 
hydraulic-pneumatic loading system 

Monotonic shear loading, 124-127 
Monotonic simple shear deformation, 18 
Multiaxial test, 834-843, 844, 859 

apparatus, 835-836 
design, 859 
Lode's parameter, 837 
octahedral shear stress-octahedral shear 

strain curves, 838 
plastic mean principal strain, 840 
procedure, 837-838 
relationship between increments of plas

tic strain and stress, 841-842 
Rendulic stress plane, 839 
rigid platens, 860 
specimen, 836-837 
stress path, 835 

mean principal stress-octahedral shear 
stress plane, 842 

Rendulic stress plane, 841 
Multiaxial test cell, 806, 819-832 

description, 820-822 
deviator stress, 825 
drained response, sensitive clay, 826-

829 
failure envelopes, 829 

failure stress, 826 
loading and failure surface in octahedral 

plane, 828, 831-832 
octahedral plane, 824 
sample preparation, 822-823 
test procedure, 823-825 
undrained response, anisotropic re

molded clay, 829-831 
undrained tests, kaoUnite, 825-826 

Multistage test, 363 
advantages and disadvantages, 365 
deviator stress, 371, 373 
Kuwaiti soils, 365 

Multistage compression tests, 353-362 
deviatoric stress, versus strain curves, 

358, 360 
isotropically consolidated undrained 

test, 357-361 
Kondner's hyperbolic interpretation, 360 
Mohr's circles at failure, 361 
normalized tangent undrained moduU, 

358, 360 
particle-size distribution curves, 355-356 
procedures, 354-356 
shear stress, versus strain, 359, 361 
soil specimens, 356-357 
stress-strain curves, 357 
unconsolidated undrained triaxial 

compression test, 355-356,358-359 

N 

Natural gas hydrates, 340 
Natural soil 

physical characteristics, 633, 636 
sampling disturbance, 633-636 
shear strengths, 638-639 

Naxos marble, 811 
No-contact gap sensors, 848-852 
Noncontact devices, deformation measure

ment, 204 
NonUnear envelopes, 376 

O 

Ocean sedimentary/chemical environ
ment, cross-section, 340 

Octahedral shear strain-normal strain re
lationships, 829 

Ottawa sand, 681 
stress-strain-volume change relation

ships, 683 
volume change distributions, 687 

Overconsolidated soil, 592 
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886 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

Overconsolidation ratio, 442,444,600-601 
versus pore pressure parameter Af, 596-

597 
Oxygen demand, 339 

Paraffin method, 270 
Partially saturated soil 

effective stress, 514 
schematic, 340-341 

Particle breakage, 679 
and strength, 687-690 
distributions, 687-688 
relation with angle of friction, 689 
within specimens, 686-688 

Particle migration, contaminated soils, 
393-395 

Percent dilatation model, 569 
advantages, 575, 577 
significance, 576 

Perchloroethylene, 397-398 
Permeability, 68,143 

laboratory testing, 388 
measurement, 147-148, 152 
response time and, 73-74 

Permeameters, 387 
schematic, 389 

Phenomenological model, 321 
Piedmont residual soil, 311-319 

characteristics, 311-313 
failed specimens, 315 
profile of research site, 312-313 
stress path, 317, 319 
stress-strain curves, 316-318 
testing procedure, 313-315 

Piezometer, midheight probe, 224 
TT-plane, stress states, 656, 658 
Piston friction, 284, 432-433 
Plane strain test, 7, 604, 844 

compression 
apparatus, 38-39 
(j) , 42, 44 

compressive strength, compared with, 
660 

independent stress control apparatus, 
851, 853 

membrane-piston cell, 813 
plastic hardening modulus, 610 
Seto sand, 851, 853, 856 
shear band formation, 619-621, 625 
specimen preparation, 614 
stress path, 615, 618 
stress-strain curves, 619, 625 

Plastic behavior, 791-795 
Plastic hardening modulus, 607-608 

plane strain, 610 
triaxial compression, 609 
triaxial extension, 610 

Plasticity theory, 793 
Plastic potential function, 791-792 
Plastic strain 

function, 551 
increment, 550, 791 

components, 609 
relationship with stress, 841-842 

mean principal, contour hnes, 840 
Platen 

arrangement, Cambridge true triaxial 
apparatus, 797 

rigid, 834, 844, 860 
Pleistocene, 592 
PLOT, im 
Pluviation, 241, 405, 773 

air, 410, 655 
experiments, 409-411 
reconstituted sand specimens, 406-407 
water, 411-412, 655 

Pneumatic device, 202 
Poisson's ratio, versus cycUc axial strain, 

141-142 
Pore pressure, 132, 338, 460, 475, 592, 667 

Af versus overconsolidation ratio, 596-
597 

as function of degree of saturation, 346 
buildup, 642 
compacted cohesive soils, 513 
cyclic, versus cyclic shear strain, 136 
dense sand, 280-283 
differential equation, 153 
dissipation during consolidation, 671-

672 
drained tests, 444 
equilibration, 233 
gradients during specimen preparation, 

236-238 
history, 461 
induced by cell pressure, 462 
Kuwaiti soils, 370, 372 
measurement, 87, 135-136, 224-225 
model, 481-483, 484 
negative, 183, 602 
parameters A and B, 595 
rate of change, 600-601 
residual, 464-465 

reconstituted sand specimens, 480-
481 

response during sampling, 461-465 
seismic, 482-483 
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shear-induced, 442 
theoretical effect of saturation, 344-346 
undrained compression, 595-602 
undrained tests, 444 
variation, 89-90 
versus axial strain, 346-348, 672-673, 

675 
versus deviator vertical load, 482 

Pore pressure distribution, 582-590 
axial displacements, 588 
axial strains and stresses, 589 
boundary conditions, 587 
drained constant strain-rate test, 585-

590 
equations of equihbrium, 584, 586 
statement of continuity, 585 
variation with time, 587-588 
volumetric strain, 589-590 

Pore volume displacement 
contaminated soils, 398-399 
hydrauHc conductivity, 393-395 

Poro-elasticity, Biot's theory, 582-583 
Prandtl-Reuss plastic strain increment-de-

viator stress, proportionality rela
tions, 825 

Preconsolidation stress, 276 
clays, 266-267 

Preshearing, 280, 282 
Pressure, mean, versus volumetric strain, 

211 
Pressure cell, external, 7 
Pressure control, 155 

salt rocks, 161-165 
Pressure measurement, cohesionless soils, 

35-38 
Pressure transducer, 98 

integral solid state, 86 
Probability, 553 
Proximity gages, 770-771 
Proximity transducer 

measuring horizontal displacement, 49, 
51 

strain measurement, 134-135 
Psychrometer, 512, 517 

method, 173-174 
PVC fluid carbons, 807 

Quasistatic cyclic torsional shear tests, 47-
48 

Radial strain, 132, 202 
measurement, 135 

versus axial strain, 736-737 
Radial stress, effective, 36 
Ratio relay, 121 
Recompression technique, 448 
Reconsolidation 

clays, 253, 255 
correcting for disturbance, 469-471 
SHANSEP method, 254, 257 
state surface concept, 466-469 
volumetric strain, 266, 268 
water content changes during, 253, 255 

Reconstituted sand specimens, 405-416 
air pluviation, 410 
assessment of uniformity, 414 
compaction methods, 405 
densification of sand, 412 
particle size and height of drop effects 

on void ratio, 409 
pluviation, 406-407 
procedure and uniformity, 411-414 
relative density distribution, 414 
replication, 414-416 
resistance to liquefaction, 413 
sample preparation method, 412-414 
velocity at impact, 406-409 
void ratio, 410 

height of drop, mass pouring rate and 
particle size effects, 410-411 

Reconstituted specimens, 240-242 
undrained triaxial compression, 595 

Regression analysis, 553, 555 
Reid-Bedford sand, 202, 207 
Relaxation tests, soft clay, 321-336 

destructuration effect, 335-336 
deviatoric stress, 333-334 
normalized behavior, 327-328, 332 
procedures, 322-327 
relaxation curves, 334-335 
soil properties, 322-323 
yield and failure envelopes, 324, 328 

Rendulic stress plane, 839, 841 
Replication, reconstituted sand specimens, 

414-416 
Residual soil, see Piedmont residual soil 
Resistivity, measurement, 148-149 
Resonant column tests, hollow cyUnder tor

sional devices, 779-781, 784 
Response time 

coefficient of consolidation and, 74-79 
permeability and, 73-74 

Reversing relay, 121 
Rigid boundary biaxial tester, 748 
Rigid boundary true triaxial concept, 747 
Ring shear apparatus, 9 
Rock, 806, 834 
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Rock mechanics, 107-109, 143 
Rock salt, 143 
Rose diagrams, particle long axis orienta

tions, 707 
Rowe's stress-dilatancy relationship, 609 
RS-232C serial transmission, 110-111 
R-type triaxial test, 643 
Rubber latex membrane, 193-194 
Rubber membrane 

compressibility, 851, 853 
error source, 284 

Rupture surfaces, 445 

Salt rocks, 155-167 
design approach, 155-156 
instrumentation and data acquisition, 

165-167 
pressure application and control, 161-

165 
temperature control, 165 

Sample disturbance, 265-268, 421, 460-
461, 475 

clays, 266, 268 
components, 461 
corrections, 469-471 
implications, 465-466 
loss of residual suction, 465 
shear strength effects, 628-641 

compacted fill, 633, 636-639 
equipment, 631-632 
geotechnical conditions, 629-630 
major source, 636 
natural soil, 633-636, 638-639 
sampling procedures, 630-631 
soil properties, 630 
specimen preparation, 631 
testing procedure, 632 

sources, 447 

undrained triaxial testing, 447-448 
Sample extrusion, 234-235 

apparatus, 236-237 
Sample preparation, 642 

Cambridge true triaxial apparatus, 800-
801 

cohesionless soils, 40-41 
cohesive soils, 235-236 
deformation measurement, 207-209 
filter paper shape, 667-670 
hollow cylinder torsional devices, 772-

774 
multiaxial test cell, 822-823 
reconstituted sand specimens, 412-414 
tensile strength, 170-171 

triaxial extension test, 279-280,613-614 
see also Specimen 

Sample slendemess, 655, 702-704 
Sampling 

block samples, 630 
continuous sampler, 631 
thin-walled tube, 630-631 

Sand, 95, 567, 643, 679, 706 
angle of internal friction, 655 
anisotropic consolidation, 129 
composition, 707 
consolidation path, 255, 257-259 
constant-volume cyclic simple shear de

formation, 21 
description, 864 
drained stress-path-controUed shearing, 

130 
dry, 859 
fabric anisotropy, 706 
fabric effect, 480 
failure patterns, 786 
flow-pump-permeability and coefficient-

of-consolidation data, 73-74 
grain size distribution, 293, 477 
hollow cylinder torsional devices, 773 
initial, saturation, 275 
hquefiable, see Cyclic triaxial strain-con

trolled testing 
natural, 767 
normalized behavior, 468 
partly saturated, drained triaxial com

pression, 53-54 
properties, 613, 850 
reconstituted specimens, 274 
stress path, 861, 864 
triaxial strength, 655-665 

angle of internal friction as function of 
a, 662-664 

prismatic samples, 656 
sample size, 657 
strength anisotropy, 660 
stress states, ir-plane, 656, 658 
stress-strain relations, 662-663 
testing method, 656-659 
triaxial compression, 659-661 
triaxial extension, 661-662 

see also Reconstituted sand specimens 
Sandy clay, shear strength, 531-535 
Sandy silt, 850-851 

shear strength, 531-532 
Sandy soil, 501, 655, 692 
Saturated cohesive soils, 421-457 

apparatus compressibility, 430 
area corrections, 433-435 
axial correction, 431 
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filter drain resistance, 431-432 
membrane resistance, 430-431 
piston friction, 432-433 
problems, errors and corrections, 427-

429 
rate of loading, 443-445 
rupture surfaces, 445 
sensors, 429-430 
strain rate-independent, 440 
water leakage, 438-439 

Saturation, 219, 243-248 
at final state, 209 
back pressure, 436-437 

application, 275-276 
causes of gas in system, 244-245 
definition, 209 
degree of, 245-246 
flushing, 245-246 
initial, 275 
maintaining, contaminated soils, 395-

396 
methods, 245-248 
process, 208 
ramps, 82 
Skempton's pressure parameter, 244 
theoretical effect on pore pressure, 344-

346 
undrained steady state shear strength, 

645-646 
Seepage, 391 
Sensitive clay, 819 

drained true triaxial tests, 826-829 
Sensor, 430 

parameters used to quantify perform
ance, 429 

saturated cohesive soils, 429-430 
temperature sensitivity, 437-438 

Servo system, controlled stress path tests, 
59-60 

Seto sand 
plane strain test, 851, 853, 856 
triaxial compression test, 851, 853 

SHANSEP, 252, 460, 448-449 
consolidation states, 469-470 
correcting for disturbance, 469-470 
reconsolidation, 254, 257 

Shear 
simple, 7 
torsional, 766 

Shear band, 769, 859 
critical condition, 606-608 
predictions, 610 
stress change inside, 607 

Shear band formation, 604-627 
bifurcation condition, 611 

components of principal plastic strain in
crements, 609 

constitutive model, 608-612 
critical hardening modulus, 611-612 
critical strain hardening parameter, 622-

624, 626 
elastoplastic coefficients, 607 
friction angle variation, 621-622 
incremental displacement gradients, 606 
monotonic loading, 604 
orientation angle, 611-612 
patterns, 662 
plane strain, 619-621, 625 
plastic hardening modulus, 607-608 
sand description, 613 
specimen preparation, 613-614 
stress path, 614-618 
stress-strain response, 605 
theoretical background, 605-606 
triaxial compression, 615 
triaxial extension, 615, 618-619 
volume change rate, 609 

Shear deformation, 501-511, 501 
testing apparatus, 502-503 

Shearing 
high pressures, 306-308 
misalignment during, 230 
mode, 450-452 
phase, 736 
rate, 449-450 

Shear modulus 
degradation, 781, 783-785 
initial, 264, 286 

comparison of resonant column and 
bender element, 286 

from bender elements, 284-287 
from benders and resonant column 

measurements, 256, 258 
fl"om shear wave measurements, 256-

257 
versus strain, 780 

Shear plane failure, 715 
area correction, 716-718, 729 
membrane correction, 724-729 

Shear resistance, 609 
Shear strain 

clays, 232-233 
measurement, 770-771 
octahedral, 834 

Shear strength, 7, 68, 169, 189, 219, 311, 
353, 363, 567, 667, 679, 706, 844 

apparent 
as a result of suction, 525, 527 
as function of axial strain, 528 
intercept, 715 
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890 ADVANCED TRIAXIAL TESTING OF SOIL AND ROCK 

Shear strength—Continued 
components, cohesionless soils, 567 
compression tests, 268 
contaminated soils, 387, 400 
extension tests, 268 
factors affecting, 639-640 
filter paper effects, 194-199 
grain effect, 568-569 
grain size, 570 
Kuwaiti soils, 364-365 
measurement, 745 
undrained, 460 

variation with strain rate, 449 
versus effective consolidation pres

sure, 676 
undrained steady state, 642-653 

comparison of testing procedures, 653 
consolidation, 646 
equal-volume compaction, 644-645 
equipment, 643-644 
loading, 646 
parameter a, 648 
saturation, 645-646 
specimen material, 643 
specimen preparation, 644-645 
steady state line, 649 
steady state strength, 648-651 
strain- and stress-controlled loading, 

649, 652-653 
unsaturated soils, 513 
unsaturated specimens, 524-526 

boulder clay, 530-531 
with and without lateral filter drains, 

198-200 
see also Sample disturbance, shear 

strength effects 
Shear strength law, 183 
Shear strength parameter, probabilistic 

characterization, 547, 553-565 
bivariate beta modeling of (c,(), 561, 

563-565 
bivariate normal modehng of {c,t), 563 
chi-square goodness-of-fit test, 556-559 
data, 559-560 
literature review, 554 
parameters c and t, 560, 563 
procedure, 554-555 
regression between CTI and Wa, 559-562 
variances, 555-556 
weighted regression analysis, 555 

Shear stress 
acting with normal stresses, 758-759 
area correction effect, 433-434 
causing strain equalization, 230, 232 
influence of various corrections, 435 

octahedral, 827, 834 
torsion, 792-793 
versus angle normal to bedding plane, 

23, 27-28 
versus axial strain, 355, 359 
versus principal stress angle, 23 
versus shear distortion, 22-23, 25-26 
versus strain, 359, 361 
versus vertical strains, 354 

Shear stress-principal strain curve, 838-839 
Shear stress-shear strain curve, octahedral, 

838 
Shear testing, 796 
Shear wave velocity, 257, 286 
Shirasu 

e-log p relation, 505 
grain size accumulation curves, 502 
physical properties, 502 
stress-dilatancy relation, 509 
stress-strain relation, 506-508 
void ratio, 504 

Signal conditioner, 98 
Silicone oil, membrane effects, 194 
Silt, initial, saturation, 274-275 
Silty clay 

compaction curves, 172-173 
description, 172 
overconsolidated, undrained extension 

tests, 93 
particle-size distribution curves, 355-356 
partly saturated, automated Ko-compres-

sion tests, 59 
properties, 630 
stress-strain curve, 178-180 
suction-water content relationship, 173-

175 
Simple shear test, 475 
Simplified consolidation method, 456 

versus ^o consoUdation, 276-279 
Skempton's pressure parameter, 244 
Skin effect, 299 
Slendemess ratio, 290, 492 

lubricated end platens and, 291-292 
reduced, 295 

Slow cyclic loading, hollow cyUnder tor
sional devices, 784-785 

Small strain zone, effects of consolidation 
paths, 253, 256 

Smooth end techniques, 284 
Soft clay, 715 

overconsolidated, 728 
static undrained triaxial tests, 280-281 
see also Relaxation tests, soft clay 

Soft rocks, design requirement for testing, 
107 
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Software 
automated triaxial testing system, 100-

101 
design, 112-117 
flexible device-independent, 108 
flow-chart for data acquisition and con

trol, 113 
Soil-bentonite material, 388 
Soil disturbance, degree of, 259 
Soil mechanics, 353, 387, 706, 796 
Soil suction, 169, 512 
Soil test, 806 
Specimen 

disturbance, 219 
height, heavily overconsolidated clay 

specimens, 271-274 
mounting, 268-274 

heavily overconsolidated clay speci
mens, 271-274 

normally and slightly overconsolidated 
clay specimens, 270 

reconstituted specimens, 274 
preparation and installation, 232-234 
see also Sample preparation 

Split-barrel sampler, 629, 631 
Stage testing, 68 
State, critical, 460 
Statement of continuity, 585 
State of stress, isotropic function of, 793 
State surface concept, reconsolidation, 

466-469 
Static cyclic loading, stress-strain-volume 

change relationship, 684-685 
Static loading, 132 
Static tests, 280-281 

hollow cylinder torsional devices, 786-
787 

Static torsional shear testing, loading sys
tem, 34-35 

Static undrained tests, soft clay, 280-281 
Statistics, 553 
Stiffness, 219 

curve, from local measurements of axial 
displacement, 225-226 

internal and external measurements, 
230-232 

parameter, 223 
Strain 

along looped path, 542 
calculation, 807 
distribution, 855-856 
low, modulus at, 136-137, 139-140 
measurements, 282-283 
principal 

mean, 834 

variation with time, 801-802 
rate, 421 

anisotropic consolidation testing, 545 
control, 834 

vectors, incremental, 853-854 
versus shear stress, 359, 361 

Strain control, 745 
undrained steady state shear strength, 

652-653 
Strain-displacement equations, horizontal, 

790 
Strain gauges, 202-204 
Strain hardening parameter, critical, 622-

624, 626 
Strain increment 

deviatoric, 866-867 
difference angle with stress, 865-866 
direction, 863, 866 
vectors, 830-831 

Strain path, 796 
control, 68 
deviatoric, 802-803 
orthogonal pairs of view, 802 
used to prepare one-dimensionally com

pressed samples, 800-801 
Strain-rate-controlled cyclic undrained tor

sional shear tests, 22-24 
Strength, 743 

height-to-diameter ratio, 712-713 
versus depth, 462, 464 

Strength anisotropy, 655, 660 
Strength difference, normalized, 576-578 
Strength envelopes, 648-649 
Strength parameter, 223 

drained compression triaxial tests, 292 
granular soil, 294-298 
Kuwaiti soils, 372, 374 
modified, 365 
normalized, 523, 524, 527 
weak rocks, 381-382 

Strength ratio, undrained, 450-453 
Strength relationship, normalized, 523 
Strength tests, 512 
Stress 

deviator, 127' 
difference angle with strain increment, 

865-866 
distribution, truncated specimen, 378 
effective 

as function of hydraulic conductivity, 
393 

drying effects, 237-238 
factors affecting, cohesive materials, 

234 
leakage effects, 190-191 
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Stress, effective—Continued 
low plasticity clays, 462-463 
measurement in clays, 243 
partially saturated soils, 514 
time required for equalization, 243-

244 
unsoaked and soaked membranes, 

238-239 
high, 376 
initial effective, 219 
measurement, 861-862 
normal, acting alone, 757-758 
principal 

angle versus effective axial stress ratio, 
23 

angle versus shear distortion, 24 
angle versus shear stress, 23 
cyclic circular stress path, 864 
mean, 834 
microcomputer control, 852 
space, 823-824 
variation with time, 801-802 

in terms of strain, 584 
very shallow specimens, 279 

Stress coefficient, progress, 852 
Stress control 

axial, 121 
failure mode, 647 
stress path, 861-862 
undrained steady state shear strength, 

649, 652-653 
Stress corrections, cohesionless soils, 41-

42 
Stress-coupled hydraulic/physical tests, 

143 
Stress difference, versus axial strain, 346-

348 
Stress-dilatancy relation, 501,509-510,688 
Stress failure envelope, effective, 676-677 
Stress history, 460 
Stress path, 82,119,219,486,766,796,834, 

859-869 
advantages, 258 
back pressure-saturated test, 522, 524 
cohesionless soils, 29 
computer control, 252 
control, 121 

cyclic loading, 127 
differential hydrauhc system, 54-55 
drained monotonic loading, 125-127 
undrained monotonic loading, 124-

125 
controlled, 7, 61, 862-863 

servo system, 59-60 

cyclic circular 
definition and parameters, 862 
deviatoric plane, 862-868 
SD2/S1 values, 863, 865, 868 
test principle, 864-865 
velocity, 865 
volume change, 866, 868-869 

deviatoric, 802-803 
difference angle between stress and 

strain increment, 865-866 
drained, 258, 260, 423-424 
effective 

air-pluviated Toyoura sand, 25 
cohesionless soil, 22, 24-26 
cohesionless soils, 28, 30 
compacted fill, 633, 637 
low plasticity clays, 463-464 
natural soil, 633-635 
unconsolidated undrained tests, 225, 

249 
equipment, 860-861 
failure hne, 734 
friction angle, 864 
gradient, 379 
hollow cylinder torsional devices, 779-

784 
hydraulic triaxial cell, 251-252 
Ko consolidation, 255 
liquefaction, 647 
localization of deformation, 861, 863-

864 
looped, strains along, 542 
mean principal stress-octahedral shear 

stress plane, 842 
measurement, 861-862 
methods, 250-252 
multistage triaxial testing, 732-738 

modified test procedure, 735-737 
significance of changes in test proce

dure, 737-738 
stress states, imposed by test proce

dures, 733-735 
orthogonal pairs of view, 802 
Piedmont residual soil, 317, 319 
proportional stressing, hollow cylinder, 

784, 786 
Rendulic stress plane, 841 
sand, 861, 864 
shear band formation, 614-618 
shearing, 126 
slow and fast compression tests, 441-442 
soft clay, 280-281 
specimen preparation, 863 
strain dependence, 545-546 
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strain increment, direction, 863, 866 
stress control, 861-862 
to failure, 258 
test on glacial clay, 91-92 
triaxial cell, 252-253 
true triaxial test, 835 
Vieux-Pre material, 489 

Stress peak dilatancy, rate evolution with 
mean pressure, 307 

Stress peak friction angle, evolution with 
mean pressure, 306-307 

Stress points, p-S plane, 541-542 
Stress rate, control, 834 
Stress ratio, 508 

effective axial, 23, 26 
principal, change in, 30 
stress-strain curve, 827 
test condition effects, 294-295 
versus axial strain, 703-704 

Stress rotation, principal, 743 
Stress state 

at failure of soil, 9-10 
cohesionless soils, 8-30 
dead zones, 440 
imposed by test procedures, 733-735 
iT-plane, 656, 658 

Stress-strain curves, 353, 421, 501, 539, 
667, 706, 715, 743, 806 

anisotropic sand, 785 
clay, 506-508 
cohesionless soils, 573 
comparative, 760-761 
constitutive, 583 
corrected, 760, 762 
cubical devices, 759-760 
dense samples, 695-696 
effects of consolidation paths, 255, 257 
effects of end friction and height/diam

eter ratio, 272, 274 
failure modes, 662-663 
height-to-diameter ratio, 710-712 
Kuwaiti soils, 370-372 
liquefaction, 647 
load displacement, 604-605 
loose samples, 695, 697 
multistage compression tests, 357 
multistage test, 734-735 
p-constant compression, 548-549 
Piedmont residual soil, 316-318 
plane strain, 619, 625 
Shirasu, 506-508 
soft clay, 280 
stress ratio, 827 
Toyoura sand, 507-508 

triaxial compression, 615, 619-621 
triaxial extension, 615, 618, 622-623 
undrained, 451 

extension test, 674-675 
with and without free horizontal move

ment of cap, 7{M)-701 
Stress-strain volume 

change curves 
dense calcareous sand, 304-306 
Fulung sand, 682-683 
Ottawa sand, 683 
static cyclic loading, 684-685 
Tamsui River sand, 683 

Vieux-Pr6 Dam, 490, 492-493 
Stress-void ratio curves, cohesionless soils, 

573 
Suction, 539 

apparent shear strength due to, 525, 527 
constant, effective stress, unsaturated 

soil, 547-549 
matrix, 513 
osmotic, 513 
total, 512-513, 520 
variable, effective stress, unsaturated 

soil, 549-551 
Suction-water content relationship, com

pacted soils, 173-175 

Tamping, 241-242, 773 
Tamsui River sand, 681 

particle breakage distributions, 688 
stress-strain-volume change relation

ships, 683 
volume change distributions, 686 

Tangent modulus, normaUzed, multistage 
compression tests, 358, 360 

Temperature 
control, 155, 165 
error, 437-438 

Tensile strength, 169 
correlation between effective stress and 

suction, 183 
direct versus indirect tests, 169-170 
empirical relationship, 185 
failure laws, 170 
filter paper, shape, 677 
Fredlund's failure criterion, 185 
Griffith-type theory, 182 
material description, 172 
Mohr-Coulomb envelope, 180 
Mohr-Coulomb failure law, 170,182,185 
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Tensile strength—Continued 
sample preparation, 170-171 
stress-strain characteristics, 178-180 
tensile test, 170-172 
test methods, 169-170 
test program, 174-176 
theories, 180, 182-183 
versus kneading pressure, 176, 178, 182 
versus suction, 175-178 
versus water content, 186 

Tensile stress, limiting, 379 
Tensile test, 169 

equipment, 170-171 
procedure, 171-172 

Tension compression, 806 
membrane-piston cell, 809 

TEST, 100 
Thin-walled tube, 630-631, 636, 638 
Till, 592 
Tilting, 436 
Time response, flow model, 76-78 
Tokyo Bay clay, hysteresis loop, 45-46 
Tomodensitometer, 290 

internal homogeneity, granular soil, 
298-302 

Top cap tilt, 284 
Torsional shear, 7 

hollow cyhnder torsional devices, 790 
membrane restraint, 43 

Toyoura sand, 501 
air-pluviated, 11, 18-19, 25 
e-log p relation, 505 
grain size accumulation curves, 502 
properties, 502, 656 
saturated, 693 
strain distribution, 855-856 
stress-dilatancy relation, 509-510 
streSs-strain relation, 507-508 
void ratio, 504 

Transfer functions, convert triaxial test 
measurements to engineering pa
rameters, 426 

Transient pore fluid behavior, 153 
Triaxial apparatus, 264-265 

schematic, 40, 42 
Triaxial cell, 7, 631-632 

axial and torsional stresses, 769-770 
Bishop Wesley stress path cell, 55 
computer controlled hydraulic triaxial 

testing system, 82-84 
connections, 227-228 
cychc triaxial strain-controlled testing, 

478 
cyclic undrained test, 32-33 

design, 156-157, 771 
double-cell, 56-57 
external tie bars, 227-228 
failure in compression or failure, 423 
flow pump applications, 69 
hollow cylinder torsional devices, 769-

770 
hydrauhc, see Hydrauhc triaxial cell 
improper ahgnment, 34 
intensifier-accumulator, 162-163 
internal piston cell, 158-161 
internal tie bars, 228-229 
leakage, 191-192 
loading frame, 158-159 
membrane-fluid cell, 810-816 
modified, 324 
new, 191 
l-Va-m.-diameter samples, 31 
permeameter system, 389 
pressure seals, 156 
standard, 324 
stress path testing, 252-253 
structure, 30-35 
30-cm-diameter samples, 32-33 
triaxial extension tests, 380 
types, 503 
using mercury to surround rubber mem

brane, 52-54 
view of sample, 31 
volume change device, 98 
with double measuring device, 132-142 

axial strain measurement, 134-135 
description, 133-134 
drained stress-strain path, 141-142 
grain size distribution, 140 
load measurement, 134 
modulus at low strains, 136-137,139-

140 
monitoring system, 136 
Poisson's ratio, 141-142 
pore pressure, measurement, 135-136 
prospects for future, 142 
radial strain, measurement, 135 
sample size effect, 139-142 
variation of volume and irreversible 

strain, 138-139 
variations of moduh as function of ver

tical strain, 141 
Young's modulus, versus sample di

ameter, 139 
with external pressure cell, 32, 34 
with pressure cell outside tie rods, 32 

Triaxial compression, 202, 376, 453-454, 
539, 655, 692, 844 
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connections, 229-230 
constant mean pressure, 498-499 
cylindrical specimens, 221 
drained, partly saturated sand, 53-54 
high stress, 380 
membrane restraint, 43 
partially saturated soils, 512-535 

boulder clay, 529-530 
consolidated-drained, 515-516 
constant water content, 516-517 
failure envelope, 523 
laboratory investigation, 516-517 
laboratory testing equipment, 517-518 
literature review, 512-516 
saturated tests, 522-524 
soil and specimen preparation, 518-

519 
unsaturated tests, 524-527 

plastic hardening modulus, 609 
sand, 659-661 
Seto sand, 851, 853 
shear band formation, 615 
specimen preparation, 613-614 
stress path, 615-617 
stress-strain curves, 615, 619-621 

Triaxial compression strength, compared 
with plane strain compressive 
strength, 660 

Triaxial creep cell, 157 
Triaxial extension test, 82, 376-385, 655 

axial stress, 378 
connections, 229-230 
critical condition, 624 
cyhndrical specimens, 222 
equipment, 380 
failure envelope, 381-382 
plastic hardening modulus, 610 
sand, 661-662 

shear band formation, 615, 618-619 
specimen models, 378-379 
specimen preparation, 379-380, 613-

614 
strength parameters, 381-382 
stress path, 615-617 
stress-strain curves, 615, 618, 622-623 

Triaxial permeability testing, long-term, 
variables, 402-403 

Triaxial plane, 222 
Triaxial shear tests, error evaluation, 423, 

426-427 
Triaxial testing, sources of problems, 427-

429 
Trimming, 264 
True triaxial test, see Multiaxial test 

U 

Ultimate strength, 567 
Unconsolidated undrained test, 169, 219, 

248-250 
effective stress paths, 225, 249 
error, 466 
limitations, 220, 250 
shear stress causing strain equalization, 

230, 232 
shortcomings, 248-249 
unsafe strengths, 453-454 

Unconsolidated undrained compression 
test, multistage, 355-356, 358-
359 

Undrained compression test, 592-602 
equipment and instrumentation, 594 
laboratory tests, 593-595 
pore pressure, 595-602 
reconstituted specimens, 595 
reference section, 598-599 
shear stresses versus axial strains, 355, 

359 
Undrained creep tests, 281 
Undrained cyclic loading test, constant P, 

105-106 
Undrained extension test, stress-strain re

lationships, 674-675 
Undrained monotonic compression test, 

stress and strain control, 101-102, 
104 

Undrained monotonic ejrtension test, strain 
control, 102, 104 

Undrained monotonic shear loading, 124-
125 

Undreiined shear behavior, filter paper, 
shape, 675-678 

Undrained strength, 421 
Undrained triaxial test, 363 

in situ undrained strength ratios, 452-
453 

mode of shearing, 450-452 
rate of shearing, 449-450 
recompression technique, 448 
role in engineering practice, 454-455 
sample disturbance, 447-448 

Unsaturated soil, 512 
compaction curves, 541 
effective stress, see Effective stress, un

saturated soil 
elastoplastic behavior, 550 
extended Mohr-Coulomb strength rela

tionship, 514-515 
triaxial test apparatus, 540 
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Unsaturated triaxial test specimens, shear 
strength, 524-526 

Vertical strain, versus shear stress, 354-356 
Vicksburg buckshot clay, 519-521 
Vieux-Pre Dam, 486-487 

axial stress, 491, 494 
stress path, 489 
stress-strain volume, 490, 492-493 

Void ratio 
applied stress relationships, 521 
critical, 573, 642 
height of drop, mass pouring rate and 

particle size effects, 410-411 
particle size and height of drop effects, 

409 
Reid-Bedford sand, 207 
Shirasu, 504 
suction relationship, 520-521 
Toyoura sand, 504 
versus coefficient of compressibility, 543 
versus friction angle, 659, 694-696, 698, 

701-702 
Volume change, 679 

cohesionless soils, 49, 51-54 
distributions 

Fulung sand, 685-686 
Ottawa sand, 687 
Tamsui River sand, 686 
within specimens, 684-686 

end restraint, 681 
height-to-diameter ratio, 710-712 
suction change and, 543 
versus stress, 866, 868-869 

Volumetric strain, 132 
calculation, 146 
clays, 265-266 
drained compression test, 382, 385 
due to membrane penetration, 214 
effective stress, unsaturated soil, 550 
generated by drained cyclic loading, 138 
Kuwaiti soils, 370-371 
versus mean pressure, 211 
pore pressure distributions, 589-590 
reconsohdation, 266, 268 
specimens with and without lubricated 

ends, 684 
test condition effects, 294-295, 297 

variation with length of stress path, 803-
804 

versus e, 209, 211 
versus time, isotropic creep tests, 303, 

305 

W 

Ware till, 593 
Water absorption, different membranes, 

239 
Water content 

change and suction, 551 
changes due to drying, 236-237 
changes during reconsolidation, clays, 

253 
change with monotonic and repeated 

loading, 543-544 
equation, 551 
suction change and, 543 
versus effective consolidation pressure, 

670-672 
Water evaporation, rate, 51-52 
Water exchange, 238-239 
Water migration, 233 
Water pluviation, 411-412 
WATSALT Laboratory, 155 
Wave velocity, 143, 148 
Weak rocks, 376 

physical properties, 383 
strength properties, 381-384 
test results, 384 

Wheatstone bridge, 38 
Withdrawal test, time response, 76, 78 
Wykeham Farrance triaxial cell, 314, 366 

X-ray attenuation, 298-299 

Yield envelopes, 324, 328 
Yield functions, 550 
Yield surface, Rendulic stress plane, 839 
Young's modulus 

axial strain effect, 137-138 
effective consolidation stress effect, 137 
effect of maximum grain size, 140 
versus sample diameter, 139 
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