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Overview 

Tnis symposium on Buried Plastic Pipe Technology was organized 
to provide the many oonstructors of water, sewer, drainage, waste 
managment, irrigation, and gas projects with state of the art 
engineering data and techniques for the sucoessful use of plastic 
piping materials. 

Tne workshq0 on the day prior to the formal sympo6ium set forth 
the basic properties of the various plastic piping materials-both 
thermoplastic and thermoset. The workshop gave the participants an 
introduction to the plastic pipe. 

Session one deals with Testing and Star~ards. Ronald Bishop 
described a new application for ASIM D2412 Determination of External 
Loading Characteristics of Plastic Pipe by Parallel-Plate Loading. 
Tnis method is typically used to describe and establish pipe 
stiffness values for plastic pipe. Mr. Bishop extends the method 
over an extended time and increasing deflection to m~a~/re the 
retention of pipe stiffness for PVC pipe sa~01es exposed to various 
environments. 

Polyethylene (PE) piping has becume a material of choice for 
many applications that benefit from this material's special ability 
to endure fatigue, impact loading, large deformations, abrasive 
materials and very agressive environments. The durability of PE's 
may be crmprcmtised by any one of the following causes: chemical and 
physical aging, weathering, creep tinder load, and fracture under 
load. Stanley Mruk in his paper reviews each of these limits and the 
measures taken to ensure, by modern star~a~ds, that only suitable 
durable materials are used for piping. Particular attention is given 
to the characterization and testing used to ensure that PE materials 
sensitive to slow crack growth are not used in piping applications. 

"Widespread use of a piping product will only be achieved when 
there are detailed o3mprehensive product performance standards that 
can be confidently utilized by the specifying engineer." said 
L. E. Pearson. Mr. Pearson in his presentation, on Recent Changes in 
Fiberglass Pipe Specifications, describes the changes in fiberglass 
pipe standards issued by the American Water Works Association (AWWA) 
and AEIM. Among these changes have been the expansion to multible 
stiffness ranges, a 50 year design criteria, increased deflection to 
crack-damage requirements, establishment of long term ring bending 
strength test method, and updating and modification of test methods 
and pe/fo~ criteria for strain corrosion and hydrostatic design 
basis. AWWA and ASIM product standards have been made consistent. 

Tne German Specification ATV-127 is appropriate for static 
calculations of buried gravity and pressure pipelines. H. Schneider 
relates this specification to plastic pipe design. The specification 
is based on experience and allows pipe installations to be analyzed 
for various pipe stiffnesses, backfill and bedding conditions. 
Various inputs to the system such as pipe prq0erties, soil properties 
and traffic loads result in a vertical deflection, a wall stress 
and/or strain, and a buckling calculation. Ccmbined with minimum 
requirments for factors of safety, the calculated wall stress is used 
as a design basis for thermoplastic materials. Thermoset materials 
use strain as a design basis. The analysis for thermosets may be 

I 
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2 BURIED PLASTIC PIPE TECHNOLOGY 

extended to a multiple layer stress or strain calculation. 

D. A. Gregorka, etal., National Sanitation Foundation (NSF), 
Health Effects Standard and Certification of Plastics Pipe, addresses 
the impact NSF ~ 14 and 61 on specifiers, users, and 
designers of plastic piping for potable water systems. Special 
e~is is placed in extraction testing and toxicology 
requir~m~_nts. NSF Standard 61, covers the health effects of indirect 
additives to drinking water for all types of piping materials. 

In the Design part of the Symposium, the presentations centered 
on controlled tests on buried pipe, evaluation testing of pipe 
installed up to 20 years, and m~m~nt of buried pipe deflections. 

Amster Howard in Fullerton PVC Pipe Test Section describes a 
test section of 27-inch poly (vinyl chloride) (PVC) pipe installed in 
1987. Initial measurements included pipe deflections, pipe invert 
elevations, soil properties, and in-place unit weights. Periodic 
measurments were made during the first two years to establish pipe 
deflection time-lag factor. Tne pipe was installed with three 
different bedding and backfill conditions. 

A. P. Moser, etal., ask the question "Is PVC strain limited 
after all these years?-. Over the years that PVC pipe has been used 
in buried non-pressure applications, a debate has continued over the 
right way to design products that are stress life dependant; but are 
subject to fixed strain and stress relaxation conditions over their 
useful life. Data frcm notched and unnotched pipe rings under fixed 
circumferential deflections of 30% to 40% is included. 

Many of the presentations dealt with soil properties, 
installation techniques, and their effects on service performanoe. 
Kennedy, etal., describe the design of undergrund thrust restrained 
systems for PVC pipe. Direct shear tests were made to study the 
pipe-to-soil friction. ~he resulting data were used to formulate 
design parameters for PVC pipe thrust restrained systems in a wide 
range of soil types. Selig discussed the basic soil property 
requirements for basic trench and embankment requirements. He 
described the characteristics of ccmpacted soils and gave 
representative stress-strain parameters. Greenwood and Lang 
introduced e~pirically-based modifications to the original Spangler 
approach to abtain a new calculation method for estimating vertical 
deflection of flexible pipe. Tnese modifications are based on recent 
research results. Along thee lines, K. G. Leondaris describes 
several installations in the Minl~]e East. Tnese installations of GRP 
pipes were in areas of prevailing high temperatures, high and saline 
ground water tables, and corrosive soils. 

Plastic pipes have long life bec__~use of their resistance to 
corrosion and erosion. This makes them attractive for use under 
long-term landfills and in aggresive environments such as sanitary 
landfills. R. K. Watkins report on tests at Utah State University on 
the perfozmaI~ of plastic pipes under high landfills. Plastic pipe 
can perform under enormous soil loads -- hundreds of feet -- if an 
envelope of carefully selected soil is carefully placed about the 
pipe. The creep of plastic materials allows the pipe to relax and so 
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conform with the soil in a a~tually supportive pipe-soil 
interaction. 

Lars-Eric Jansen reported on the use of flexible thermoplastic 
pipes such as polyethylene and polypropylene for submarine outfall 
systems, q1%ese pipes are ~ell suited for this use because they can 
be extruded in long sections, towed fully equipped with anchoring 
weights to the outfall site and sunk directly on to a seabed with a 
minimum of underwater work. 

Moore and Selig describe a buckling theory for design of buried 
plastic pipes which combines linear shell stability theory for the 
structure with elastic continuum analysis for the assessment of the 
ground support. Tne theory provides stability estimates which are 
superior to thc~e generated using 'spring' models for the soil, 
predictions of p h ~  such as long-wavelength crc~n buckling 
without the need to pre-guess the deflected shape, and rational 
assessment of the influence of shallow cover and the quality and 
quantity of backfill material. Buckling as a performance limit for 
buried plastic pipe is discussed, and the selection of appropriate 
soil and polymer moduli for use in the theory is also considered. 

Collins and Svetlik describe techniques to rehabilitate existing 
piping facilities. Collins reports on the use of centrifugally cast 
fiberglass pipe to renew reinforced concrete pipe by sliplining. 
Svetlik describes four generic processes for insert renewal of 
existing piping systems. Tnese processes are linear expansion, 
rolldown reduction, hot swage reduction, and viscoelastic reduction. 

The g0al of the symposium and ASTM STP 1093 is to 
provide the many constructors of water, sewer, drainage, 
waste management, irrigation, and gas projects with state of 
the art engineering data and techniques for the successful 
use of plastic piping materials. The planning committee 
thinks we have done this; however, the opinions of the 
attendees at the symposium and the users of this volume are 
welcomed and solicited. Comments on needed technology and 
standards should be relayed to any of the planning committee 
members. 
Plannin~ ~ttee Members: 

Robert Bailey 
(513) 226-8706 

Michael J. Cassady 
(614) 424-5568 

Robert Morrison 
(419) 248-6162 

Ernest Selig 
(413) 545-2862 

George S. Buczala 
(215) 841-4881 

JaymeKerr 
(215) 299-5518 

Stanley Mruk 
(201) 812-9076 

Dennis Bauer 
(214) 243-3902 

George S. Buczala 

Philadelphia Electric Company 
2301 Market St. 
Philadelphia, PA 19101; 
symposium chairman and 
editor. 

Michael J. Cassady 

Battelle, Columbus Labs 
505 King Ave. 
Columbus, OH 43201; 
symposium chairman and 
editor. 
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Ronald R. Bishop 

RETENTION OF PIPE STIFFNESS FOR POLYVINYL CHLORIDE (PVC) PIPE 
SAMPLES EXPOSED TO VARIOUS ENVIRONMENTS AND CONSTANT STRAIN 

REFERENCE: Bishop, Ronald R., "Retention of Pipe Stiffness for 
Polyvinyl Chloride (PVC) P ipe Samples Exposed to Various 
Environments and Constant Strain" Buried Plastic Pipe Technol- 
ogy, ASTM STP 1093, George S. Buczala and Michael J. Cassady, 
Eds., American Society for Testing and Materials, Philadelphia, 
PA 1990. 

ABSTRACT: The key physical design parameter for f lex ib le  buried 
non-pressure pipe is Pipe Stiffness. The ever broadening 
recognition of the inherent chemical resistance of polyvinyl 
chloride (PVC) pipe has led to a wide range of possible new 
applications. The effect of environment on PVC and other 
plast ic pipe is typical ly measured by weight change or strength 
change on unstressed samples exposed to various environments 
such as described in ASTM D-1784, Standard Specification for 
Rigid Polyvinyl Chloride (PVC) Compounds or by stress or strain 
crack resistance. Herein a new method of measuring the long 
term pipe stiffness of samples exposed to various environments 
is proposed. This is accomplished by monitoring the instan- 
taneous slope of the load deflection curve as a function of 
time. Six-inch (150mm) long pipe st i f fness samples are tested 
to determine the i n i t i a l  st i f fness by the method of ASTM D-2412- 
87, Standard Test Method for Determination of External Loading 
Characteristics of Plastic Pipe by Parallel Plate Loading. The 
sample is then clamped in a position of fixed deflection of 
either 5% or 7.5%. At time intervals of i day, i week, 2 weeks, 
4 weeks, 8 weeks, 16 weeks and 32 weeks the load increment is 
increased to produce an added deflection increment to a total 
deflection of 7.5% or 10%. The slope of the load-deflection 
curve for this new load increment is calculated for each new 
time interval.  Data from various PVC pipe samples in environ- 
ments consisting of 5% sulfuric acid, 5% sodium hydroxide, tap 
water and air are presented. Results for up to two years 
exposure are included. 

KEYWORDS: Polyvinyl Chloride (PVC) Pipe, Sewer Pipe, Pipe 
Stiffness, Stress Relaxation, Constant Strain. 

*Director of Technical Services, Carlon Division of 
Lamson & Sessions, 25701 Science Park Drive, 
Beachwood, OH 44122. 
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8 BURIED PLASTIC PIPE TECHNOLOGY 

INTRODUCTION 

The key pipe property which defines a plastic pipe's response to a 
buried loading condition is pipe stiffness, PS. This property is 
analogous to the stiffness constant of a steel spring and defines 
i ts resistance to applied external forces. This property is defined 
in ASTM D-2412, Standard Test Method for Determination of External 
Loading Characteristics of Plastic Pipe by Parallel Plate Loading, 
as the load per unit length of conduit required to produce a 5% 
deflection (or decrease in dimension of the internal pipe dia- 
meter). The results of this test for typical thermoplastic 
materials are dependent upon several test conditions, including: 
the rate of loading, temperature of the samples, deflection or 
strain level, etc. For the ASTM test, these parameters are 
quantified at a crosshead rate of 0.5 • 0.02 inches (12.5 • O.5mm) 
per minute, a temperature of 73.2 + 3.6~ (23 ~ • 2~ and a 
deflection of 5% of the inside diameter. When this test is 
conducted by a test apparatus that continuously monitors and records 
load and deflection simultaneously, the result is plotted as a load 
vs. deflection curve as shown in Figure i .  

(- 

C~ 

0 

U~ 

V 

r~ - 

L L 
SX IOX 

/~, DEFLECTION (percen• 

PSASTMI)232! = 

FIGURE I:  TYPICAL LOAD-DEFLECTION CURVE FOR PVC PIPE 
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From Figure 1, the ASTM pipe stiffness is defined as: 

PS = P5%/L 

/-15% 

(i) 

Where: 

PS = Pipe Stiffness (Ib/in 2) (KPa) 
5% = Load to produce a 5% deflection (pounds) (Newtons) 

= Sample length (inches) (mm) 
/--~5% = Inside diameter decrease (inches) (mm) 

These properties can also be defined as a function of the pipe 
material property, modulus of e last ic i ty ,  E as follows: 

PS = 0.149 EI/R 3 (2) 

Where: 

E = Material Modulus of Elastici ty ( Ib/ in 2) (KPa) 
I = Moment of Inertia of pipe wall cross section per unit length 

( i n~ / i n )  (mm4/mm) 
R = Mean radius ( in )  (mm) 

This pipe stiffness quantity then defines the secant slope between 
0% and 5% deflection on the load per unit length vs. deflection 
curve based on a sample tested in air as produced after temperature 
conditioning at 73.2~ (23~ ASTM product standards for plast ic 
pipe used in non-pressure applications define minimum pipe st i f fness 
product requirements based on this test. 

The foregoing test and property determinations are restr icted to a 
relat ively short term (minutes) duration. Thermoplastic materials 
are generally very resistant to chemicals at concentrations normally 
found in domestic sewer and storm drain systems. However, no formal 
commonly accepted test procedure for determining the influence of 
common environments on pipe stiffness for extended periods of time 
are available. Herein, the results of a new proposed test method 
extending for a period in excess of one year and for environments 
consisting of air ,  water, 5% sulfuric acid and 5% sodium hydroxide 
are reported. This new test method allows determination of a true 
pipe stiffness (instantaneous slope of the load-deflection curve) at 
any time increment and is described herein. This test has been 
applied to three PVC sewer pipes made to ASTM standards with three 
dist inct ively dif ferent PVC compounds. 
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TEST PROCEDURE 

Pipe Retention Test Procedure 

The proposed test procedure for the plastic pipe stiffness retention 
closely follows the ASTM D-2412 test procedure. The f i r s t  step is 
to establish the average sample length by taking four equally spaced 
measurements taken to the nearest 1/32 inches (O.8mm) (ASTM D-2122, 
Test Method for Determining Dimensions of Thermoplastic Pipe and 
Fittings). D2412 requires a length of 6 inches• i/8 in (150mm). 

The second step establishes the average thickness by taking eight 
equally spaced measurements using a ball anviled micrometer (ASTM 
D-2122). 

The third step measures the average outside diameter by taking four 
equally spaced measurements using calipers accurate to .001 in. 
(.025mm), or a vernier circumferential wrap tape (ASTM D-2122). 

Fourth, the average inside diameter is established by subtracting 
the average outside diameter by two times the average thickness. 
This I.D. will be used throughout the test for computing the percent 
deflection for all test samples. 

Fifth, the testing apparatus is required to be a properly calibrated 
compression testing machine with a constant rate of crosshead 
movement. For results reported herein, the testing machine is a MTS 
810 Material Testing System. The pipe sample must be compressed at 
a constant rate of deflection of 0.5 + .02 inches (12.5mm)/min. 
Loading is applied through two parallel-f lat loading plates with a 
length equal to, or exceeding the sample length, and a width not 
less than the pipe contact width at the maximum deflection. Each 
pipe sample will have an ini t ia l  pipe stiffness test recording the 
load-deflection measurements continuously up to 10% of the original 
average I.D. The in i t ia l  pipe stiffness is calculated as per 
equation (I) above. 

Sixth, the pipe samples will be conditioned undeflected in the 
specified environment for one week. 

Seventh, after the one week environmental conditioning the pipe 
stiffness test is performed (this provides the effects on environ- 
ment exposed unstrained samples) the pipe samples are secured in the 
fixture at 5% deflection (Fig. 2). 
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FIGURE 2: TEST FIXTURE DIMENSIONS 

Eighth, the deflected pipe samples are returned to the environment 
and subsequent stiffness tests (based on a 5% through 10% deflection 
increment) are performed to the following schedule: One day, seven 
days, fourteen days, twenty-eight days, and every th i r ty days 
thereafter for a period of one year or more (Fig. 3). 

Ninth, the pipe stiffness and load relaxation of the samples are 
monitored by extracting the values from the load deflection curve 
taken during each pipe stiffness test over the time period. 
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FIGURE 3: PIPE STIFFNESS TEST IN PROCESS 

A note about the test environment; certain considerations in testing 
pipe in chemical environments must be resolved. The procedures for 
handling hazardous materials are clearly established by government 
standards and must be str ict ly followed (Fig. 4). The containment 
device should be surrounded by an adequate spillage area, and both 
must be resistant to the chemical environment. Set up the environ- 
ment in a well ventilated area and use proper safety equipment. The 
test fixture may be subject to corrosion in the particular environ- 
ment therefore protection must be provided. In this case, the 
sulfuric acid corroded the fixture. The best corrosion protection 
found for the sulfuric acid environment was acid resistant vinyl 
paint, manufactured by Carlon, reinforced with PVC plastic sheet 
glued to the steel plate by contact cement, the edges were caulked 
with silicon caulking. The steel rods were painted and placed 
inside small diameter PVC tubing, then f i l led with silicon caulking, 
and the ends were heavily caulked with the silicon and allowed to 
dry. Alternately, acid resistant stainless steel fixtures could be 
used. 
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FIGURE 4: SAFETY PRECAUTIONS FOR HANDLING 
ENVIRONMENT EXPOSED SAMPLES 

Specific Gravity Determination 

Each test was followed by a specific gravity test, and an ignition 
"burn out" test. ASTM D-792, Standard Test Method for Specific 
Gravity and Density of Plastics by Displacement describes the 
specific gravity test that was used. An analytic balance and 
d is t i l led water at a temperature of 72~ (23~ were used. The 
sample was cut such that each sample had a dry weight greater than 
50 grams; therefore, method A-3 of the standard was used. First ,  a 
dry weight of the sample was recorded, then a weight of the sample 
immersed in the water and suspended from the balance by l ight wire 
and a wire hook. Specific gravity of the sample is calculated by 
the relation. 

Sp gr (@ 23~ (a+w-b) (3) 

Where: 

a = dry weight (Ib) (grams) 
b : sample weight (Ib) (grams) i~ersed in the water 
w = weight of the wire and hook immersed in the water (Ibs) (grams) 
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Ash Content Determination 

The ash content of the sample was determined by the ignition burn 
out test, described in Sections 54 through 56 of ASTM D-229 Method 
of Testing Rigid Sheet and Plate Materials used for electrical 
insulation. The sample is cut into small pieces and dried in an 
oven for 2 hours at 105 ~ to 110~ After weighing the sample, i t  is 
placed in a crucible and then burned to a constant weight. The 
percent ash is based on the ratio of ash weight to dry weight. 

DEFINITION OF TERMS 

A complete understanding of results obtained from the foregoing test 
procedure is dependent upon the complete understanding of some basic 
definitions which are listed below and given in Figure 5. 

/ 

/r'xx" / 

~v A ~X 

5X n ~ % I A~L~z ~i~'tn (P$)APP~ENT)--( ~'sx/L)/A 5X (9) 
~n trl "~n 

i,~/~ ' (P$) TR1JE!:( FxX/L)/Z~xX 

t I 
A,  BEFLECTIFIN (percent) 

FIGURE 5: TRUE PIPE STIFFNESS VS. APPARENT 

The ASTM D-2412 test described in equation (1) above can be written 
in more complete terms by defining the time frame of the test, the 
deflection range over which the load and deflection are taken and 
the environment in which the sample is exposed as follows: 
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Air  Air  
(PS0_5%) t=O = [ FO_5%/L ] 

(4) 

S imi lar ly ,  additional def in i t ions for s t i f fness may be described by 
using d i f ferent  portions of the def lect ion curve (though for  the 
def lect ion range indicated the st i f fness is nearly l inear ,  the 
re lat ionship is non-linear) as given in equations (5) and (6) and 
shown of Figure 5. 

(PSo_I0%)t=o=Fo_IO%/L 

[/__~ 0-I0%] t:O 
(5) 

[/__~ 5-10%] t=n 

Each of the foregoing defines the true slope of the load-def lect ion 
curve and at a par t icu lar  period of time for  the addit ional 
def lect ion increment 5 to 7.5% or 5 to 10%. This is s ign i f i can t  
because the time dependent properties of p last ics are most often 
described by creep or st ress-relaxat ion constants. These u t i l i z e  an 
accumulated s t ra in /def lec t ion combined with a f ixed load for  creep 
properties or a decayed load with a f ixed def lect ion for  stress 
relaxat ion.  They are apparent properties which describe a mathe- 
matical relationship but do not describe the behavior of the 
material or its abil i ty to respond to a new load or deflection 
increment. For the specific case of stress relaxation (fixed 
deflection or strain) as demonstrated with this new test method, 
this apparent pipe stiffness is defined as: 

envir envir 
tn 

(PSapparent)t= n = f5%/L 
(9) 

t=n 
ZI 5% 

(8) 

(PS7.5-10%) t =0=F7.5- i0%/L (6) 
[ / k  7.5-10%] t=O 

Addi t ional ly ,  the pipe's response to a new increment of load and 
def lect ion may be characterized through the newly described 
procedure. This cal ls  for periodic def lect ion tests to be made from 
a f ixed def lect ion level (5% for these tests) to a new def lect ion 
level (7-1/2% and 10% for these tes ts) .  By th is  means a new time 
dependent but true (slope of an in process def lect ion and load 
increment) pipe st i f fness can be determined by equation (7) and (8). 

envir envir  
(PS5-7.5%) t=n = [ F5-7.5%/L ] (7) 

[ ~  5-7.5%] t=n 

envir envir 
(PS5_10%)t=n = [F5_10%/L] 
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This stiffness or slope is determined by the load required to 
maintain the deflection in the test fixture at time, n. I t  is shown 
as a dotted line in Figure 5. The value of this apparent stiffness 
reduces with time for all materials (plastics, metals at high 
temperature, etc.) that exhibit visco-elastic properties. I t  is not 
an indication that the material is softening or that i ts abi l i ty to 
withstand a new load increment has been decreased. 

TEST PROGRAM 

The test program i tsel f  consisted of monitoring the results of the 
pipe stiffness retention series for a time period exceeding one 
year. PVC sewer pipe samples have been chosen as representative of 
those currently commercially available through municipal distribu- 
tion channels. They represent products made by three different 
domestic pipe manufacturers. Each of the pipe products util ized a 
distinctly different PVC compound as characterized by its ash 
content. A basic description of the different samples is given in 
Table i. Four different environments were chosen to represent 
extremes of conditions found in typical domestic sewer system. Air 
environment has been chosen as a control with water, acid and 
caustic solutions used for the other cases. All tests were 
conducted at the laboratory at Utah State University in Logan, Utah 
under the direction of Dr. Owen K. Shupe and A. P. Moser. 

TABLE 1: TEST PROGRAM DESCRIPTION 
PIPE DESCRIPTION 

Pipe A Pipe B Pipe C 

Manufacturer A B C 

ASTM Product Standard D-3034 F-789 D-3034 

SDR (-) 35 b 35 

tmin. (in) a .240-.253 .212- .227 .251-.254 

tav e (in) a .248-.254 .235- .242 .257-.260 

OD (in) 8.390-8.400 8.390-8.400 8.390-8.42 

PVC Cell Class 12454B 12154A 13364B 
(ASTM D-1784) 

Specific Gravity (-) 1 . 4 1 - 1 . 4 2  1 .64-1 .66 1.53-1.54 
(ASTM D-792) 

Pipe Stiffness (PSI) a 54.1-60.95 65.7-70.79 44.91-48.34 
(ASTM D-2412) 

Ash Content (%) 14.5-16.3 39.7-41.4  29.7-30.7 
in burnout (ASTM D-229) 

a Ranges of results are based on measurements of 20 samples for 
each pipe. 

b SDR = OD/tmin. is not calculated by ASTM F-789. 



BISHOP ON RETENTION OF PiPE STIFFNESS 17 

TEST RESULTS 

Pipe Stiffness Retention 

Results p lo t t i ng  pipe s t i f fness  ra t io  defined as the time dependent 
true s t i f fness  from equation (7) divided by the ASTM D-2412 i n i t i a l  
s t i f f ness  at the same def lec t ion defined by equation (4) are given 
in Figure 6 as a funct ion in time. For a i r ,  th is  r a t i o  fo r  each of 
the pipe samples is nearly the same and has remained constant fo r  
the time periods exceeding one year or I0,000 hours. 

AIR 

2- 

t.5- 

0 

0.5. 

Legend 

mPc A 
p t ~ (  e__ _ 

PiPE C 

0 . . . . . . .  i ~  . . . . . . . .  T . . . . . . . .  i . . . . . . . .  , . . . . . . . .  l . . . . . . .  

0.1 I 10 100 I000 I0000 iO000C 

lIME IN HOURS 

FIGURE 6: The true Pipe Stiffness (TPS) does not significantly 
change from the Ini t ial  Pipe Stiffness (PSo) when 
subjected to constant strain in the air environment. 

The same data for samples exposed to tap water are given in the same 
format in Figure 7. Again, pipes designated A, B and C perform 
similarly and note a small decrease in the ratio of in i t ia l  pipe 
stiffness to pipe stiffness at 10,000 hours is evident. Results for 
the sulfuric acid environment are given in Figure 8 and for the 
sodium hydroxide environment, in Figure 9. Again, for both of these 
extremely different environments, the slope of the load-deflection 
curve as shown by the pipe stiffness ratio remains relatively 
unchanged for the 10,000 hours time duration shown and there is only 
slight variation among the PVC pipe formulations tested. 
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FIGURE 7: The True Pipe Stiffness (TPS) does not significantly 
change from the Init ial  Pipe Stiffness (PSo) w~en 
subjected to constant strain as demonstrated by the 
figure in the water environment. 

SULFURIC ACID 
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FIGURE 8: The True Pipe Stiffness (TPS) does not significantly 

change from the Init ial  Pipe Stiffness (PSo) in the H2SO 4 
environment. 
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SODIUM HYDROXIDE 
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FIGURE 9: The True Pipe Stiffness (TPS) does not change s ign i f i -  
cantly from the In i t ia l  Pipe Stiffness in the NaOH 
environment, as shown by the figure. 

CONCLUSIONS 

A new means for  evaluating the p last ic  pipe property of pipe 
s t i f fness has been presented, which provides several advantages over 
that method h i s to r i ca l l y  used and described in ASTM D-2412. A 
method of simulating the incremental def lect ion process actual ly  
seen by non-pressure pipe in underground ins ta l la t ions  has been 
presented. This technique provides a laboratory means of (1) 
determining a true pipe st i f fness at a given time, (2) evaluating 
the effects of various environments on the long term s t i f fness  of 
p last ic  pipes and conduits subject to f ixed stra in condit ions and 
(3) gathering data on rate of s t ress-re laxat ion of various pipe 
exposed to environmental condit ions. 

The speci f ic results of these long term pipe s t i f fness tests 
conducted on a var iety of PVC pipe having PVC compound formulations 
with ash contents of 15%, 30% and 40% by weight. Samples were made 
by three d i f ferent  manufacturers have shown only minor var ia t ions in 
true slope of the load-deflection curve for  the test  periods 
exceeding one year. Environments of a i r ,  water, 5% su l fu r i c  acid 
and 5% sodium hydroxide demonstrate the same patterns. 
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RECOMMENDATIONS 

The long term pipe stiffness test method described in this article 
is useful for screening pipe materials, products and processing to 
ensure the most crit ical design property is known in the "long 
term." Even though no reduction in true stiffness is revealed in 
these tests, i t  is suggested that an ASTM standardized test method 
based on this description be developed as a means of characterizing 
long term performance of thermoplastic and other pipe for buried 
non-pressure applications. The suitabil i ty of plastic pipe in a 
number of specific industrial environments will be best evaluated by 
such long term testing. 
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Society for Testing and Materials, Philadephia, 1990. 

ABSTRACT: A review of the literature on the physical and 
chemical aging of polyethylene piping has been undertaken. 
In typical uses the only types of aging mechanism that may 
limit polyethylene (PE) pipe's durability are photodegrada- 
tion, oxidative degradation, and slow crack growth under 
tensile stressing. 

Current generation PE pipe grade materials have superior 
resistance to these forms of aging. This resistance has been 
confirmed by accelerated aging testing, by fracture mechanics 
testing, and by evaluating pipes after long service histories. 

Appropriate requirements, test methods, and protocols have 
been incorporated into product standards to adequately protect 
commercial grade PE piping against aging over the long ser- 
vice life expected in public utility and similar applications. 

KEYWORDS: polyethylene piping, stress-rupture, long-term 
strength, aging, durability, slow-crack growth. 

INTRODUCTION 

Polyethylene piping has become a material of choice for many 
applications that benefit from its unique combination of proper- 
ties: heat-fusibility; excellent ductility; immunity to corrosion; 
and very high chemical resistance. Most of the gas distribution 
piping being installed in the U.S., Canada, and many other coun- 
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tries is made from PE. This pipe is increasingly used in industry 
and in municipal applications conveying water, sewer, and waste- 
water. And a number of methods for the trenchless installation of 
new and for the rehabilitation of old pipe are based on PE pipe. 

The growing acceptance of PE piping for engineering applica- 
tions has led to an increased interest and need to broaden our 
understanding of its engineering behavior and durability limits. 
In particular, designers and users of piping systems intended for 
long-term service wish to know how and under what conditions the 
life of PE piping may be limited by some mechanism analogous to 
corrosion of metal piping. Furthermore, these persons want to also 
know how to select and to specify an appropriately durable system. 

While the vast majority of the PE piping that has been in- 
stalled--some of it over 25 years ago--has heen trouble-free, some 
field failures have occurred in service as a result of aging. This 
paper reviews the various potential aging mechanisms for 
polyethylene and describes the measures that have been taken to 
ensure that they will not compromise the potential excellent 
durability of this material. 

AGING 

The durability of plastics may be limited by either chemical 
or physical aging. Chemical aging refers to the loss of perfor- 
mance properties caused by the gradual breakdown of polymer mole- 
cules into smaller units. Physical aging is the result of gradual 
adverse change in the physical state and order of a plastic. For a 
plastic to be durable it must resist both forms of aging under the 
anticipated service conditions. 

Chemical Aging 

As with all materials, the molecular structure of polymers may 
be altered by certain chemical reactions. Being non-conductors, 
plastics are immune to the galvanic and electrochemical effects 
which result in the corrosion of metals. Plastics are unaffected 
by most electrolytes such as acids, bases and salts. They are 
susceptible only to these chemicals when they are of sufficient 
concentration or are of such chemical nature to induce other than 
electrochemical activity. Outstanding corrosion resistance is, of 
course, a principal reason for the broad acceptance of plastics 
piping, particularly for underground applications. 

Some chemicals, generally strong oxidizing agents such as 
ozone, nitric acid, sulfuric oxides, and concentrated sulfuric 
acids, will attack many plastics. Plastics produced by condensa- 
tion-type polymerization may also be subject to the hydrolitic 
action of water. A plastic's susceptibility to a particular form 
of chemical attack primarily depends on the base polymer. It is 
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also affected by the nature of any additives, such as a property 
modifier which may be blended in with the base polymer, and on the 
type and quantity of antioxidant, or other additives, that have 
been incorporated into the plastics composition to protect the base 
polymer and additives against the fabrication and end use condi- 
tions. 

All polymers can be chemically degraded by the application of 
sufficient heat. Heat alone causes thermal degradation. But heat 
combined with an oxidizing agent, such as the oxygen in ordinary 
air, can dramatically accelerate oxidative degradation. Moreover, 
subjecting a polymer melt to excessive shear action can break 
polymer chains. High shear can be caused by too narrow a clearance 
between the cylinder walls and the screw of an extruder or of an 
injection molding machine. For these reasons manufacturers of 
plastic pipe and fittings use only properly stabilized plastic 
compounds and maintain very close tolerances on processing condi- 
tions, particularly those that affect thermal and mechanical energy 
history. 

Some polymer chains can be broken by micro-organisms, notably 
those made by nature, like the long cellulosic chains in cotton. 
Plastics piping is not made from any of these materials. 

Radiation can also chemically degrade a polymer just as it 
does vegetable and animal matter. The only radiation that is of 
practical concern for most plastic pipe applications is the ultra- 
violet (UV) segment in sunlight. Over sufficiently long-term 
exposure to sunlight, unprotected plastics can have their proper- 
ties adversely affected by photodegradation. Manufacturers of 
thermoplastic piping for underground service add sufficient levels 
of UV stabilizers, or UV blocks such as finely divided carbon black 
or titanium dioxide, to protect pipe and fittings during prolonged 
outdoor storage--generally, for at least two years. As has been 
demonstrated by over three decades of outdoor experience with 
polyethylene jacketed telephone cable, the addition of about 2 
percent finely divided carbon black to polyethylene results in more 
than 25 years of protection against sunlight. 

Of all these possible ways of chemical aging that can be 
encountered in natural gas, sewer and water service, polyethylene 
is susceptible only to photo, thermal and oxidative degradation. 
Polyethylene pipe material specifications require that proper 
levels of effective UV blocks or stabilizers, thermal stabilizers, 
and antioxidants be added to control these potential chemical aging 
processes. 

A number of studies attest to the excellent chemical-aging 
resistance of PE when it has been protected against photo, thermal, 
and oxidative degradation in accordance with the state-of-the-art 
and as prescribed by current piping standards. In a paper present- 
ed at the 1983 American Gas Association (AGA) Distribution Confer- 
ence, Palermo and DeBlieu [i] reviewed the results of evaluations 
of buried PE gas pipes with 18 years service at Philadelphia Elec- 
tric and 20 years at Wisconsin Public Service. In both cases no 
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significant change was observed in any of the physical or perfor- 
mance properties. 

Moreover, in a paper presented at the 1985 AGA Distribution 
Conference, Toll [2] reported on the weathering performance of a 
colored (i.e. non-carbon black containing) PE gas pipe protected 
for above-ground storage by the incorporation of a U.V. stabilizer. 
Two years of outdoor exposure in Florida resulted in no adverse 
effect on any of the performance properties. 

In addition, evaluations conducted on PE cable jacketing and 
PE sheet have yielded similar results. In a Bell Laboratories 
study of various PE wire and cable jacketing which had been buried 
in soil for eight years, it was found that the PE was completely 
intact as a coating [3]. There were no color changes and no 
discernible reaction with the metallic conductors and the soil. No 
significant change in physical properties was observed except in 
one case where embrittlement and other loss of properties were 
noted in a PE which did not contain anti-oxidant. Properly pro- 
tected PE has now been successfully used in this application for 
over 30 years. 

Polyethylene film has become a preferred encasement for the 
protection against corrosion of buried gray and ductile cast iron 
pipe. The introduction to AWWA C 105, the American Water Works 
Association standard for PE encasement, states the following: 

Tests of polyethylene used to protect tray and ductile cast 
iron pipe have shown that, after 25 years of exposure to 
severely corrosive soils, strenE~h loss and elongation 
reduction are insiEnificant. U.S. Bureau of Reclamation 
(BUREC) studies of polyethylene film used underground show 
that tensile strenEth was nearly constant and elonEation was 
only sliEhtly affected during a seven-year test period. 
BUREC'S accelerated soil-burial testing (acceleration 
estimated to be 5 to 10 times that of field conditions) shows 
polyethylene to be hiEhly resistant to deterioration. 

The problems that can be created by the use of an improperly 
protected PE unfortunately have visited a few water utilities. 
These utilities experienced many failures in PE service lines which 
seemed to be linked to an uncharacteristic embrittlement after a 
few years of service. In a study conducted for the Plastics Pipe 
Institute, the engineering consulting firm Simpson, Gumpertz & 
Heger determined that all of these failures were traceable to one 
defective material [4]. The defect was the lack of sufficient 
stabilizer: It probably was never added; or if it was, it was 
consumed during improper extrusion. That this problem could occur 
was unanticipated for it has been a long standing practice to make 
durable products, such as cable jacketing, pipe encasement, and 
pipe and fittings, only from PE material with adequate thermal 
antioxidant protection. To ensure that the lack of this protection 
will not recur, appropriate revisions have been made in AW-WA and 
ASTM standards for PE pressure piping. A minimum quality of ther- 
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mal stabilizer and ant~oxidant protection is now required not only 
for the starting material, but also for the finished product. The 
requirement on the finished product is sufficient to also protect 
PE against the added thermal exposure during the heat fusion 
process. 

Furthermore, two studies recently reported by the Gas Research 
Institute (GRI) attest to the long-term durability of PE gas 
piping. In one study conducted for GRI by Battelle Memorial 
Institute [5], the chemical and physical properties of different 
plastic gas pipes installed in 1963 and succeeding years in a 
service yard of Columbia Gas of Ohio were evaluated. In the other, 
conducted by L. J. Broutman & Associates [6], more than 40 gas 
companies submitted samples of different plastic pipes that were 
removed from service after from one to 20 years operation under 
very differing soil conditions. The results of both projects, 
which were conducted independently, show that commercially 
available PE gas pipe materials did not experience statistically 
significant changes in their chemical and physical properties for 
periods of up to 20 years. 

Overall, chemical aging of buried polyethylene pipe is not a 
concern as long as it has been properly stabilized. Current 
standards adequately cover this requirement. 

Physical Aging 

Some thermoplastics exist as entanglements of randomly coiled, 
interpenetrating molecular chains that form a relatively unordered 
amorphous structure. Examples of amorphous polymers include 
polyvinyl chloride (PVC), cellulose acetate butyrate (CAB) and 
acrylonitrile-butadiene-styrene (ABS). Other thermoplastics have a 
partly crystalline structure consisting of portions of molecular 
chains that lie beside portions of neighboring chains, thereby 
forming regular arrays of compact and very well ordered regions. 
In between these crystalline regions lie amorphous regions of 
disordered portions of polymer chains. Examples of crystalline 
polymers are polyethylene (PE), po!ybutylene (PB), polypropylene 
(PP), and nylon. 

Amorphous polymers are frequently formulated with property 
modifiers to improve some property, such as impact or flexibility, 
or with processing aids to facilitate molding or extrusion. If 
these additives are not carefully selected or are not properly 
incorporated, they could migrate from or coalesce within the 
plastic which would cause its properties to revert to their origi- 
nal unmodified state or to suffer in some other regard. This 
transition is a form of physical aging. Crystalline polymers, such 
as PE, generally do not contain property modifiers or extrusion 
aids. Therefore, they do not age by migration of additives. 

However, semi-crystalline polymers can very gradually increase 
in their crystalline order by a process akin to the annealing of 
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metals. In fact, minor increases in density, which reflect the 
degree of crystal order, have been noted in some of the aged PE's 
recovered for the previously referenced aging studies. But none of 
these changes led to a significant change in any of the physical 
and performance properties. 

Certain plastics, when subjected for a long time to tensile 
stresses substantially lower than those necessary to bring about 
short-time rupture, will develop crazes and small cracks which grow 
ever so slowly until eventually rupture occurs. This extended 
time-scale formation and growth of crazes and cracks is not caused 
by any chemical degradation of the polymer; it is the result of 
purely mechanical and/or thermal forces. The formation of cracks 
is initiated by the action of stress on defects in the plastic. 
Crack growth rate is accelerated by stress intensity, by cycling 
the stress (fatigue), by elevating the temperature, and often also 
by exposure to certain environments. The latter observation has 
led to the name "environmental stress-cracking". When no stressing 
is present or when it is present below a certain threshold value, 
the crack-producing agents have no discernible effect on the 
polymer. The sensitivity of a polymer to crack formation and 
growth under stress is greatly dependent on molecular structure 
parameters, such as molecular weight and the nature and frequency 
of polymer branching. 

Polyethylene is one of the plastics potentially vulnerable to 
reduced durability by the development and growth under tensile 
stressing of very slowly propagating slits, or cracks. When this 
mechanism--commonly referred to as slow crack growth (SCG)--is in 
play, the durability of PE is delimited by the time for the first 
slowly growing crack to run through the entire wall thickness of a 
product and, thereby, cause failure. 

Since the beginning of the industry, the importance of making 
pipe from high stress crack resistant polyethylene has been 
recognized and heeded. One of the earliest means for evaluating 
the stress crack sensitivity of PE is by the use of an environmen- 
tal stress-crack resistance (ESCR) test, such as ASTM D 1693, "Test 
Method for Environmental Stress-Cracking of Ethylene Plastics". In 
this test the time to fail by crack growth is greatly accelerated 
by subjecting a highly strained (i.e. stressed) specimen to the 
combination of an initial flaw (a razor produced notch), elevated 
temperature, and a powerful stress-cracking liquid. By empirical 
correlation with field performance, minimum ESCR requirements were 
established for PE pressure piping materials. The use of high ESCR 
materials greatly contributed to the generally very good perfor- 
mance record and the broad acceptance achieved by PE piping. 

O'Donoghue, et al., estimate that about 350,000 miles (560,000 
km) of plastic pipe are in gas distribution service in the United 
States, a substantial portion of which is PE [7]. Much more PE 
pipe has been installed through the years for other buried pressure 
uses, including water, sewer, and wastewater. The vast majority of 
these PE pipe installations have been trouble-free. 
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However, in some pipes failures have occurred after many years 
of service through the 'brittle' SCG mechanism. All these failures 
have been associated with the presence of external forces arising 
from rock impingement, excessive bending, differential settlement, 
and other causes. These seem to have acted in concert with 
internal pressure and residual stresses on defects contained in the 
pipe or fitting wall. This experience pointed out the need for 
improved methodology for material selection to ensure that none of 
the PE materials used for pressure pipe would be susceptible to SCG 
in properly installed pipe under the conditions typically 
encountered in gas, water, wastewater, and sewer services. 

This objective has been largely accomplished. The new tests and 
material requirements which have been put in place in the applicable 
product standards ensure superior durability and reliability of PE 
piping. 

The new methodology has also fostered the development of a new 
generation of pipe materials with outstanding SCG resistance. The 
next section reviews these developments and reports on some of the 
continuing work which promises to simplify future material selec- 
tion and quality assurance testing for optimum SCG resistance. 

HIGH RESISTANCE TO SLOW CRACK GROWTH: KEY TO DURABILITY 

One consequence of the viscoelastic nature of thermoplastic 
materials is that their breaking strength is significantly depen- 
dent on duration of loading and temperature. For trouble-free, 
long-term service the pressure rating of a thermoplastic pipe must 
be established based on the pipe material's long-term strength 
under the anticipated service conditions. 

In 1961 the Plastics Pipe Institute proposed a new method for 
forecasting the long-term strength of thermoplastic pressure pipe 
materials. Soon after industry adopted this method to stress rate 
its materials. In 1967, after the addition of some refinements, 
ASTM adopted the PPI proposal as D 2837, "Standard Method for 
Obtaining Hydrostatic Design Basis (HDB) for Thermoplastic Pipe 
Materials". This ASTM method, which has undergone a number of 
additional refinements through the years, is the backbone of the 
successful field performance history that has been achieved for 
over the past 30 years with all the major thermoplastic pipes, 
including PVC as well as PE. 
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Referring to Fig. I, method D 2837 establishes a pipe mate- 
rial's hydrostatic design basis (HDB) by essentially the following 
steps: 

i. Hoop stress versus time-to-fail data covering a time span from 
about i0 to at least I0,000 hours are developed by conducting 
sustained pressure tests on pipe specimens made from the mate- 
rial under evaluation. The required test procedure is ASTM 
method D 1598, "Time-to-Failure of Plastic Pipe Under Constant 
Internal Pressure". The test is conducted under specified 
conditions of external and internal environment (usually water, 
air, or natural gas inside and outside the pipe) and tempera- 
ture (generally 73OF (23oc) for ambient temperature design); 

2. The resultant data are plotted on log hoop stress versus log 
time-to-fail coordinates, and the 'best-fit straight line' 
running through these points is determined by the method of 
least squares; 

3. Provided the data meet certain tests for quality of correla- 
tion, the least squares line is extrapolated mathematically to 
the I00,000 hour intercept. The hoop stress value at this 
intercept is called the long-term hydrostatic strength (LTHS); 

4. Depending on its LTHS, a material is categorized into one of a 
finite number of HDB categories. For example, if a material 
has an LTHS between,l,200 and 1,520 psi (8.27 and 10.48 MPa), 
it is assigned to the 1,250 (8.62 MPa) psi HDB category. If 
its LTHS is between 1,530 and 1,910 (10.55 and 13.17 MPa) 
psi, it is placed in the next higher HDB category, 1600 psi 

F i g u r e  1 - The f o r e c a s t i n g  o f  t h e  h y d r o s t a t i c  d e s i g n  b a s i s  
i n  a c c o r d a n c e  w i t h  ASTH D 2 8 3 7 .  
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(11.03 MPa). By the D 2837 system, the value of each higher 
HDB category is 25 percent above the preceding one. This 
preferred number categorization was selected to reduce the 
number of material strength categories and, thereby, simplify 
pressure rating standardization. 

The HDB is the accepted basis for pressure rating thermo- 
plastic pipe. To safely pressure rate pipe, a hydrostatic design 
stress (HDS) is established from the HDB by multiplying the latter 
by an appropriate design factor (DF). In selecting the DF, due 
consideration is given to all variables in piping design and 
installation that result in other than pressure generated stresses. 
Consideration is also given to those variables that affect the 
material's capacity to safely resist these stresses. The con- 
vention in the U.S. is to use a DF of 0.5 or less for thermo- 
plastics pipe. Smaller design factors than 0.5 (that is, larger 
'safety' factors than 2) are specified for certain applications. 
For example, the Federal Code of Regulations mandates a design 
factor of 0.32 for thermoplastic pipe in natural gas distribution. 

In applying ASTM D 2837 to forecast a material's HDB the 
fundamental assumption of this method must be kept in mind; that 
is, the straight stress versus time-to-fail line depicted by the 
first i0,000 hours of loading will continue through at least 
i00,000 hours. If it does not, and if the departure from linearity 
takes a steep downturn around the end of the D 2837 mandated test 
period of I0,000 hours, then method D 2837 will yield an overes- 
timate of a material's actual long-term strength (See. Fig. 2). In 
such cases the design factor may not be adequate to offset the 
unanticipated downturn in strength, and failure could occur after 
considerably less time than projected. This scenario is believed 
to have happened in the few cases of premature service failures 
with certain polyethylene pipes. 

Figure 2 - Illustration of the possibility that ASTMD 2837 may 
overest~te the actual long-term strength in a case 
where downturning begins at, or after, the mandated 
10,000 hour test period.  
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To be sure, the assumption that when a stress versus time- 
to-fail line is straight for I0,000 hours it will continue to be 
straight considerably beyond this period has proved valid for most 
pipe grade thermoplastics, including PVC and CPVC. However, as 
demonstrated by some field experience, D 2837 left an open window 
to certain poorer long-term performing PE materials. 

About I0 years ago, two essentially different approaches were 
undertaken in the United States to close this window. The Plastics 
Pipe Institute (PPI) undertook the evaluation of elevated tempera- 
ture pressure testing as a means of determining in considerably 
shorter time a PE material's resistance to a downturning in its 
long-term strength at ambient temperature. Having noted that pre- 
mature field failures in PE invariably occur through the brittle- 
like SCG mechanism, the Gas Research Institute (GRI) initiated a 
series of research investigations directed at elucidating the 
fracture-mechanics principles behind this form of failure. Both 
avenues of exploration have yielded very fruitful and practical 
information. 

Fracture Mechanics Evaluation 

Along with other work done in the U.S. and abroad, the GRI 
work indicates that the SCG brittle-like failure process occurs in 
two stages [8]. First is crack initiation. In this stage a 
sustained tensile stress induces a micro-damage zone around an 
included flaw or degraded polymer or other defect which acts as a 
stress intensifier. This zone slowly grows until it attains a 
critical crack dimension at which very slow stable crack growth 
commences. Increasing flaw size has been noted to decrease 
initiation time. The period required for crack initiation can 
sometimes be substantial--times as long as one-half the time for 
complete failure by SCG have been noted [9]. 

The second stage is the propagation of the slow-moving, stable 
crack through the pipe or fitting wall. The crack grows in a 
direction perpendicular to the maximum tensile stress. Crack 
growth rate is raised by the increase of the applied stress or 
temperature. Polymer molecular weight and other molecular struc- 
tural parameters, such as type and frequency of branches exert a 
powerful influence on the time for initiation and on the rate of 
growth of slow moving cracks. 

The analytical evaluation of the kinetics of slowly propagat- 
ing cracks has been fraught with a number of challenges, among 
which are: 

In some PE piping materials crack initiation and SCG at 
ambient temperatures proceed at extremely slow rates 
making their study not only difficult but very time 
consuming; 

- Rates may be accelerated by increasing temperature or 
stress, but care has to be exercised not to change the 
fundamental mechanism being evaluated. For example, high 
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stress can induce blunting at the tip of a crack which 
dramatically slows its growth rate; 

The samples being evaluated should adequately represent the 
extrusion, molding, and other fabrication variables 
including the interface in heat-fused joints that can exist 
in installed piping systems. 

Notwithstanding these and other challenges, several SCG tests 
have been developed which are useful for evaluating the SCG resis- 
tance of PE materials. One of the most suitable is the three-point 
bend SCG test developed for GRI by Battelle [7]. In this test (See 
Fig. 3) a 120 ~ sector of a pipe section is centrally notched to a 
specified depth and placed in a three-point bending configuration. 
A predetermined load is applied and the crack growth is measured 
with a calibrated microscope. The measured crack depth is then 
plotted against time. These data are then interpreted on the basis 
of linear elastic fracture mechanics (LEFM) principles. At the heart 
of LEFM methodology is the following basic relationship: 

da _ AK m 

dt 

where: a ffi crack length 
K ffi stress intensity factor (depends on the stress and 

the geometry of the flaw) 
t = time 
A and m = material constants 

F i g u r e  3 - S c h e m a t i c  o f  the load ing  c o n f i g u r a t i o n  for  a 

pipe  section in  the slow crack growth test. 

By analyzing SCG data obtained on certain older PE materials 
O'Donoghue, et al. derived their LEFM constants [7]. Using this 
information, the authors applied the above relationship to forecast 
the failure time for pipes made of these materials when exposed to 
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a particular combination of initial damage and stress intensifica- 
tion conditions which had been observed to result in premature 
failure in actual service. Because of the presence of service 
induced damage, the extra time for crack initiation could be 
discounted. Under this condition, the authors obtained reasonably 
good agreement between the predicted and the actual failure times. 

However, this reference also reports that some of the new 
generation PE materials, which began to displace the older mate- 
rials in the early eighties, exhibit such tenacity against SCG that 
they do not lend themselves to LEFMprinciples and computational 
methods. To interpret SCG data for these materials, damage (failure) 
methods beyond LEFM remain to be formulated and validated. Never- 
theless, this fracture mechanics approach produces slow crack growth 
data that are very useful for evaluating and comparing PE pipe 
materials. But the most significant finding is that fracture 
mechanics studies attest that the current generation PE's are highly 
resistant to SCG. 

Elevated Temperature Pressure Testing 

Parallel to the work in fracture mechanics PPI undertook an 
exploration to determine if the long-term ambient temperature 
strength properties of PE could be quantitatively forecasted from 
shorter-term elevated temperature pressure testing of pipe. It has 
been recognized for some time that PE pipe under long-term pressure 
tests can fail by one of three distinct failure modes (See Fig. 4): 

F i g u r e  4 - P o t e n t i a l  modes  o f  f a i l u r e  o f  PE p i p e  u n d e r  l o n g -  
t e r m  p r e s s u r e  t e s t i n g .  
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The first (Mode I) is a ductile failure ~ereby the specimen 
ruptures as a consequence of a mechanism initiated by the 
gross yielding at some location, usually in a region of 
maximum tensile stress. A decreased test pressure results 
in a decreased tensile stress which inhibits circumfer- 
ential creep and delays yielding [i0]. No irreversible 
structural damage occurs prior to yielding. 

The second (Mode II) is by the slowly propagating slit 
mechanism which has been observed under service conditions 
and which is the subject of the fracture mechanics studies 
previously discussed. In the SCG zone, the failure stress 
regresses much more rapidly with time under load than in the 
ductile mode--hence the label the downturn region. Near 
the intersection of Modes I and II, commonly called the 
'knee', there is competition between failure mechanisms 
which is denoted by a scatter of failures by both modes. 

Below a certain threshold stress (denoted by lla), there is 
insufficient energy to initiate and propagate a slit. 

The third (Mode III) is the result of the chemical aging or 
molecular breakdown of the polymer. The regression of 
strength with time under load occurs most rapidly after a 
polymer has sufficiently degraded. 

Because ductile failures (Mode I) occur by gross yielding, 
they are relatively unaffected by very localized stress concentra- 
tions which tend to be relieved through deformation. The brittle- 
like slit failures (Mode II), on the other hand, are initiated and 
propagated in response to the maximum net stress, including the 
effect of localized stress risers. Accordingly, design for ductile 
materials is based on average stress; but for brittle behaving 
materials, design must consider the maximum tensile stress at any 
point along the pipe that could be generated by all potential 
loads. 

Thermoplastics piping design presumes ductile behavior. 
Clearly, if a pipe material's durability is delimited by its 
"brittle" strength, ductile design may result in premature failure. 
As previously pointed out, most in-service failures of PE piping 
systems have been by the brittle-like SCG mode and are in response 
to localized stress concentrations. Ductile or chemical-aging 
failures are very rare events. The inference is clear: For 
maximum durability PE piping materials should be so selected and 
used to ensure that over their entire design lifetime they will 
retain their ductile quality under the anticipated service condi- 
tions. In other words, optimum durability is attained by pre- 
cluding failure by Modes II and III. 

As previously pointed out, suitable protection against chemi- 
cal aging (Mode III) is effected through proper polymer stabili- 
zation. To exclude from pressure pipe applications those 
materials with inadequate resistance to SCG, PPI proposed in 1985 
that D 2837 be only used for the forecasting of a PE's ambient 
temperature long-term strength when independent pressure tests at 
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elevated temperatures validate the inherent assumption of D 2837: 
That the ductile performance exhibited by the first i0,000 hours of 
required testing shall continue through the extrapolation period up 
to at least i00,000 hours. PE materials that do not validate would 
be excluded from long-term pressure service. 

The fundamental relationship behind the PPI proposed valida- 
tion procedure is the following activated rate-process equation 
which has been found to relate the effects of temperature and 
stress on the SCG rate of many solids, including certain forms of 
silver, platinum, zinc, aluminum as well as various plastics [ii]: 

U 

t = Ae - KT 

where t = time-to-fail under load 
A = constant 
U = activation energy for the SCG mechanism (a 

function of stress) 
K = Boltzman's constant 
T = absolute temperature 
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F i g u r e  5 - E f f e c t  o f  i n c r e a s i n g  t e s t  t e m p e r a t u r e  on  t h e  t i m e  
r e q u i r e d  t o  f a l l  b y  t h e  b r i t t l e  s l o w - c r a c k  g r o w t h  

mode .  
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The possibility that rate-process principles may also be 
applicable to the evaluation of SCG failures in PE pipe was sug- 
gested by the observation that in pipe pressure testing elevating 
the test temperature greatly reduces the time required to reach the 
SCG, brittle-like failure region (Fig. 5). An evaluation of many 
sets of such elevated temperature data has shown that in this 
brittle region and at a condition of constant stress, the log 
time-to-fail is directly proportional to the reciprocal of the 
absolute temperature [12]. 

Based on further evaluation of such data, PPI determined that 
the following equation, which was derived from rate process theory, 
gave the best general correlation between stress, temperature, and 
time-to-fail in the SCG mode [13]: 

log t ffi A + B + C log S 
T T 

where t = time-to-fail 
T ffi absolute temperature 
S = hoop stress 

A,B,C = coefficients 

Based on this rate process method (RPM) equation, PPI adopted 
a test method for validating the use of ASTM D 2837 [14]. With 
reference to Fig. 6, this method is as follows: 

I. The log stress versus log time-to-fail line for the ductile 
failure zone for 23~ is established (line aa I) by applying 
method D 2837 on stress rupture data collected through i0,000 
hours; 

F i g u r e  6 - M e t h o d o l o g y  a d o p t e d  b y  A S T N D  2837  t o  v a l i d a t e  t h e  
a s s u m p t i o n  o f  t h e  c o n t i n u a n c e  t h r o u g h  a t  l e a s t  
1 0 0 , 0 0 0  h o u r s  o f  t h e  d u c t i l e  l i n e  e s t a b l i s h e d  b y  
t h e  d a t a  o b t a i n e d  t h r o u g h  1 0 , 0 0 0  h o u r s .  
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2. Line aa I is extrapolated in accordance with D 2837 to yield the 
LTHS, the ductile strength intercept at I00,000 hours (point 
I); 

3. The line for brittle-like failure at some higher temperature, 
for example 90~ is determined (line bb I) by conducting a 
series of tests at two stress levels and by averaging the 
log-failure times for each level (points II and III); 

4. To test the assumption inherent to D 2837, namely that line 
aa I continues straight from I0,000 through at least I00,000 
hours to point I, we make the hypothesis that, as a worst 
case, point I marks the location at which ductile failure line 
aa I downturns into brittle failure line ddl; 

5. This hypothesis is tested by obtaining brittle data at the same 
stress as for point II, but at some intermediate temperature, 
for example 75oc. The average of the log time-to-fail for 
these tests (point IV) is then compared to that predicted for 
this stress and temperature by the RPM equation in which 
coefficients A, B, and C are calculated from points I, II, and 
III; 

6. If the experimental log time-to-fail for point IV equals or 
exceeds that predicted by the RPM equation, the above hypoth- 
esis is considered validated and method ASTM D 2837 may be used 
to calculate the HDB for 23oc. If the experimental log time- 
to-fail for point IV is less than predicted, the use of D 2837 
is disqualified, and the material is not considered adequate 
for pressure pipe. 

To test the efficacy of this proposed validation test re- 
quirement, PPI applied it on elevated temperature data obtained on 
six pipe materials with varying histories of field experience. The 
materials that exhibited some problem with premature SCG failures 
did not validate. Those that did validate had as long as 20 years 
of satisfactory field performance [14]. 

In 1988 this validation requirement was added to ASTM D 2837. 
For the benefit of the user and industry, PPI publishes a listing 
of the HDB's of all thermoplastic pipe materials which have been 
established in accordance with ASTM D 2837 and the additional 
requirements in PPI TR-3, "Policies and Procedures for Developing 
Recommended Hydrostatic Strengths and Design Stresses for 
Thermoplastic Pipe Materials". Since January 1986, the only PE's 
that have been included in this list are those that satisfy the 
above validation requirement. 

By the adoption of the validation requirement the window in D 
2837, which allowed the selection of PE materials with less than 
satisfactory resistance to SCG, was closed. As demonstrated by 
fracture mechanics, elevated temperature, and other testing, 
current generation PE materials have outstanding resistance to SCG. 
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Q. c. TESTING FOR SLOW CRACK GROS~H RESISTANCE 

Assurance of excellent long-term durability requires more than 
just selecting an appropriate quality material. One of the most 
important benefits of the research that has been conducted on PE 
pipe materials is its reduction to better and faster quality 
control and quality assurance testing. For example, all current 
ASTM standards for PE pipe include elevated temperature require- 
ments to test for minimum SCG resistance in the finished product. 
In addition, the AWWA standards for PE pressure pipe have also been 
updated to include this and other tests that help ensure superior 
chemical aging and SCG resistance [15]. Additional, more effective 
Q. c. tests are under consideration by ASTM, AWWA and other 
standardization bodies. A discussion of these tests is beyond the 
scope of this report. 

CONCLUDING REMARKS 

Several types of chemical and physical aging can occur in 
polymers. For polyethylene the only type of chemical aging that 
could be encountered in gas, water, sewer, wastewater, and similar 
service are by photodegradation (when exposed to sunlight) and 
oxidative degradation. Current standards require that PE piping 
system materials include sufficient ultraviolet stabilizers and 
antioxidants to prevent, or delay these forms of aging. The 
adequacy of this protection has been documented by evaluation of 
pipes with long-term service history. 

The only type of physical aging to which PE compositions may 
be susceptible is the formation and very slow growth of cracks when 
PE is subjected to tension for very long periods. The extent of 
susceptibility to this form of stress-cracking is very much materi- 
al dependent. The current generation pipe grade PE's have out- 
standing resistance to SCG. New requirements have recently been 
added to standards which adequately ensure that pressure PE pipe 
and fittings are made only from such materials. In addition, 
elevated temperature pressure tests have been added to PE standards 
to confirm that the finished product has the anticipated resistance 
to SCG. 

No equivalent theoretically based protocol is yet in effect 
for establishing the SCG resistance requirements for PE materials 
used for non-pressure buried applications. As SCG only occurs in 
response to net tensile forces, it is less likely to afflict buried 
non-pressure pipe which, generally, is subject to net compressive 
stresses. However, even in non-pressure pipe tensile stresses may 
be generated by pipe bending, by diametrical deformation, by rock 
impingement, and by other loads. But unlike the case of pressure 
pipe where the tensile stress generated by internal pressure is 
persistently present, the tensile stresses induced by pipe reaction 
to external loads tend, generally, to decrease because of stress 
relaxation. However, since this relaxation is never complete, 
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there will always remain some level of tensile stress even in a 
non-pressure pipe. Because of this, some standards for non- 
pressure PE pipe take the very prudent course of requiring that the 
pipe be made only from ASTM D 2837 rated materials. 

Other standards rely on minimum stress crack resistance (ESCR) 
requirements for specifying PE materials with suitable resistance 
to SCG. The minimum acceptable levels for ESCR have been empiri- 
cally established based on field experience. The progress that has 
been made in the understanding of the fracture mechanics behavior 
of PE materials will be most useful for the future development of 
more theoretically based criteria for the SCG resistance require- 
ments for PE materials for non-pressure applications. 
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ABSTRACT: Widespread use of a piping product wil l  only 
be achieved when there are detailed comprehensive 
product performance standards that can be confidently 
uti l ized by the specifying engineer. These standards 
should establish the performance cr i ter ia and 
requirements so that products made by different 
processes and materials can be validly evaluated and 
compared on the most important basis -- performance. 

Fiberglass pipe product standards issued by ASTM and the 
American Water Works Association have undergone 
substantial changes over the past few years. Among 
these significant changes have been the expansion to 
multiple stiffness ranges, a 50 year design basis 
cr i ter ia,  increased deflection to crack- damage 
requirements, establishment of a long term ring bending 
strength test method, and updating and modification of 
test methods and performance cr i ter ia for strain 
corrosion and hydrostatic design basis. A major 
revision of the design appendix of AWWA C950 has been 
completed. AWWA and ASTM product standard requirements 
have been made consistent. 

This review of fiberglass pipe product standards, the 
major revisions, and the upgrading of performance 
requirements wil l  demonstrate that fiberglass pipe can 
be confidently evaluated, specified and used in a wide 
variety of applications. 

KEYWORDS: fiberglass pipe, performance standards, pipe 
design, shape factors, combined loading. 
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FIBERGLASS PIPE PRODUCT STANDARDS 

Is fiberglass pipe RTRP (reinforced thermosetting resin pipe) 
or RPMP (reinforced plastic mortar pipe)? Are the thermosetting 
resins used epoxy, polyester, or vinyl ester? Do you produce 
fiberglass pipe by filament winding or centrifugal casting? 

All are fiberglass pipe -- a very diverse and versatile class of 
engineering materials. Because of the variety in materials and manu- 
facturing processes possible with fiberglass pipe, i t  is most impor- 
tant to have standards that address performance, the proper basis on 
which to compare products. 

There are four key fiberglass pipe product standards that address 
performance regardless of material, process, or diameter. These are: 

ASTM D3262-88, Standard Specification for "Fiberglass" 
(Glass-Fiber- Reinforced Thermosetting-Resin) Sewer Pipe. 
ASTM D3517-88, Standard Specification for "Fiberglass" 
(Glass-Fiber- Reinforced Thermosetting-Resin) Pressure Pipe. 
ASTM D3754-88, Standard Specification for "Fiberglass" 
(Glass-Fiber- Reinforced Thermosetting-Resin) Sewer and 
Industrial Pressure Pipe. 
ANSI/AWWA C950-88, AWWA Standard for Fiberglass Pressure 
Pipe. 

Each of these standards has recently been substantially revised, 
with design basis and product performance requirements strengthened. 
Comparable requirements have been made consistent. There are also a 
number of other significant ASTM fiberglass pipe standards and fiber- 
glass pipe test methods and practices that have undergone revision and 
are continually being reviewed and revised based on current state-of- 
the-art. The space limitation of this paper does not allow addressing 
all of these supporting documents. However, a complete l is t ing of 
ASTM fiberglass pipe standards is given in Appendix A. 

In addition to performance requirements, AWWA C950-88 includes a 
very comprehensive design appendix for fiberglass pipe. A number of 
very significant changes in design philosophy and design approach have 
been introduced in a major revision of this appendix. These important 
design changes wil l  be reviewed. 

All of these standards are primarily directed at pipes used in 
buried municipal water and sewer applications. These pipes, 
however, are also used in other installations, such as slip 
l ining, pipeline rehabil itation, and aboveground. 

Product Ranqe - Requirements 

The range of fiberglass pipe products addressed by these four 
product standards is quite large. A l is t ing of the classif ication, 
designation, and performance requirements includes consideration of 
the following: 
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Types: RTRP, RPMP 
filament wound, centrifugally cast 

Liner: reinforced, unreinforced 

Grade: polyester, epoxy (note that for standardization 
purposes, vinyl esters are considered polyesters) 

Pressure Classes: gravity, 50, 75, 100, 125, 150, 175, 200, 
225, 250 psi (90, 135, 180, 225, 270, 315, 
360, 405, 450 kPa) 

Pipe Stiffness: g, 18, 36, 72 psi (62, 124, 248, 496 kPa) 

Workmanship: visual inspection cr i ter ia 

Diameters: i" to 144" (25 mm to 3658 mm) 

Lengths: 10, 20, 30, 40, 60 f t .  (3.05, 6.10, 9.15, 12.19 and 
18.29 m) 

Wall Thickness: minimum - average and single point 

End Squareness: • I/4" (• 6 mm) or 0.5% diameter 

Strain Corrosion: long term - 50 year 
annual control 

Hydrostatic Leak Testing: all pipe to 54" (1372 mm) to 
twice rated pressure 

Hydrostatic Design Basis: long term - 50 year 
reconfirmation 

Deflection: Level A - No damage 
Level B - No failure 

Hoop Tensile Load Capacity: minimum levels 

Axial Tensile Load Capacity: minimum levels 

Joint Tightness: twice rated pressure 
type of joint 

Long Term Ring Bending Strength: long term - 50 year 

This paper wil l  focus on several of the requirements which have 
undergone substantial change and strengthening in the areas which 
relate to long term design and performance -- pipe stiffness, 
deflection to damage/ failure, strain corrosion, hydrostatic design 
basis, and long term ring bending. 
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Pipe Stiffness 

Early versions of these standards were based on a single pipe 
stiffness category, reflecting general product usage at the time--t0 
psi. As products of higher stiffness became used and specified, in 
poor soil areas for example, accommodation of higher stiffnesses was 
necessary. 

Standardized pipe stiffness classes were established, each giving 
a doubling of stiffness over the previous category to reflect 
recognizable changes in product performance. Standard pipe stiffness 
classes are 9, 18, 36 and 72 psi (62, 124, 248, 496 kPa). 

In addition to meeting the specified stiffness category, fiber- 
glass pipes must now pass increased deflection without damage (Level 
A) and deflection without structural failure (Level B) requirements. 
These levels were established so that all pipes, regardless of 
stiffness, are required to exhibit a minimum level of strain tolerance 
(approximately 0.8% for Level A and 1.2% for Level B) consistent with 
practical handling and installation considerations. These 
requirements are shown in Table 1. 

TABLE 1 -- Deflection Without Damaqe/Failure Requirements 

Pipe Stiffness Deflection Wi thout  Deflection Without 
psi (kPa) Damage (Level A) Failure (Level B) 
9 (62) 18% 30% 

18 (124) 15% 25% 
36 (248) 12% 20% 
72 (496) 9% 15% 

Strain Corrosion 

While fiberglass pipe is an inherently very corrosion resistant 
material, i t  is not total ly immune to corrosive attack under strained 
conditions. In sanitary sewer applications, i t  is possible to gener- 
ate sulfuric acid droplets on the pipe crown. The effect of such acid 
is more severe at high strain levels. Fiberglass sewer pipes (D3262 
and D3754) must demonstrate long term resistance to the possible acid 
strain corrosion effects of 1.0 N (5%) sulfuric acid. This concentra- 
tion is representative of the most adverse conditions found in sani- 
tary sewers.[1] In such an environment, conventional materials are 
rapidly deteriorated. 

To establish the proper strain corrosion performance requirements 
for a broad range of stiffness classes, i t  was necessary to examine 
the influence of pipe stiffness on pipe behavior. Of primary interest 
is the strain level induced in a pipe when deflected in a buried 
condition. The general expression is: 
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E b = Df (T/D) (AD) 
D 

where: 

E b = 

T = 

D = 

•D = 

D f =  

bending strain, in/ in (mm/mm) 

total wall thickness, in. (mm) 

diameter, in. (mm) 

vertical deflection, in. (mm) 

shape factor (dimensionless) 

The shape factor (Df) has been emirically found to be a function 
of pipe deflection level and stiffness as well as the installation 
(for example, backfil l material and density, compaction method, 
haunching, trench configuration, native soil, and vertical 
loading).[2, 3, 4] While the Df value wil l  be larger at low pipe 
deflections, the product of Df and deflection (strain) wil l  be highest 
at higher deflections. Therefore, assuming, conservatively, that 
installations are achieved by tamped compaction with inconsistent 
haunching, and that long term deflections are in the order of 5%, the 
following values of Df were selected as real ist ic,  representative, and 
limiting for the establishment of standardized performance 
requirements. 

TABLE 2 - -  Df ,  Tamped compac ted  sand 

PIPE STIFFNESS 
psi (kPa) Df 
9 (62) 8.0 

18 (124) 6.5 
36 (248) 5.5 
72 (496) 4.5 

With Df defined as a function of stiffness class and with the 
common acceptance that pipes should be capable of 5% long term (50 
year) deflection, the maximum installed bending strain is expressed 
as: 

Eb max = 0.05 (Df) (T/D) 

Using a long term safety factor of 1.50, the minimum 50 year 
strain corrosion performance must be: 

~scv Z 0.075 (Df) (T/D) 

The minimum strain corrosion performance levels for the various 
pipe stiffness categories are then: 
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TABLE 3 -- Minimum strain corrosion performance 

Pipe Stiffnes Minimum 50 Year 
psi (kPa) ~scv Performance 
9 (62) 0.60 (t/D) 

18 (124) 0.49 (t/D) 
36 (248) 0.41 (t/D) 
72 (496) 0.34 (t/D) 

Strain corrosion performance is established by conducting a 
series of long term deflected corrosion tests with 5% sulfuric acid, 
according to ASTM D368] - Test Method for Chemical Resistance of 
Fiberglass Pipe in a Deflected Condition.(Figure 1) A minimum of 18 
tests is required. 

r~af.,~ THREADED ROD_ 

FLEXIBLE DAM.~.~ 

Figure 1 - Strain Corrosion Test Apparatus 

Test data (tests must be conducted beyond 10,000 hours) are 
extrapolated to 50 years to establish long term strain corrosion 
performance.(Figure 2) Previously, long term performance was defined 
at 100,000 hours. The data are s tat is t ica l ly  analyzed for acceptabil- 
i ty .  An alternative test procedure allows establishment of a minimum 
50 year strain corrosion performance value even for products where 
actual test failures are d i f f i cu l t  to obtain. Again, a minimum of 18 
samples must be tested and data must be generated to over 10,000 
hours. 
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Figure 2 - Strain Corrosion Data Analysis 

Because of the long term nature of the strain corrosion test, i t  
is a qualification test -- that is, a test used to prove product 
performance. However, standards D3262 and D3754 also include 
requirements for annual control or reconfirmation tests to demonstrate 
continued product compliance. Test Method D3681 has been revised to 
include standard reconfirmation testing and analysis procedures. 

Hydrostatic Design Basis 

Fiberglass pressure pipes (D3517, D3754 and ANSI/AWWA C950) 
require establishment of a long term hydrostatic design basis in 
accordance with ASTM D2992 - Standard Practice for Obtaining 
Hydrostatic or Pressure Design Basis for "Fiberglass" (Glass-Fiber-Re- 
inforced Thermosetting-Resin) Pipe and Fittings. This qualification 
test requirement involves the testing of at least 18 samples to over 
10,000 hours and extrapolating the results to determine long term 
hydrostatic design stress or strain from which pressure ratings may be 
established. 

The long term rating point for hydrostatic design basis, l ike 
strain corrosion, has been increased from 100,000 hours to 50 years 
reflecting a more typical project l i fe .  
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Figure 3 - HDB Data Analysis 

Figure 3 shows a typical set of HDB data and the analysis re- 
quired to establish a 50 year HDB. This example analysis is on a 
stress basis, but i t  could also be done on the strain basis that is 
becoming common practice, as i t  more lends i t s e l f  to a range of 
compositions and is fe l t  to better ref lect material l imi ts .  

The pipe pressure rating or pressure class is determined by 
application of a design factor (inverse of service factor) to the long 
term, 50 year value. The minimum design factor at 50 years as given 
by AWWA C950-88 is 1.8. Pressure classes may be developed on either a 
stress or strain basis as follows: 

Pc < (HDBso) (2t) (stress basis) 
F.S. D 

or 

Pc ~ (HDBso) (~t EH) (strain basis) 
F.S. D 

Pc = pressure class - psi (kPa) 

HDB50 = hydrostatic design basis at 50 years in psi (kPa) for 
stress or in/ in (mm/mm) for strain 
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t = reinforced wall thickness - inch (mm) 

O = mean pipe diameter - inch (mm) 

E H = hoop tensile modulus - psi (kPa) 

Standard Practice D2992 now includes detailed test and analysis 
procedures for the reconfirmation of the hydrostatic design basis. 
Standards D3517 and D3754 require reconfirmation at least once every 
two years to demonstrate continued product compliance. Significant 
changes in materials or the manufacturing process should also warrant 
a reconfirmation test. 

Long Term Rinq Bendinq 

AWWA C950-88 includes the qual i f icat ion test requirement to 
develop a long term ring bending strength (Sb). The long term ring 
bending strength is used in conjunction with HDB to evaluate the 
combined stress (strain) behavior of buried fiberglass pipe. Consis- 
tent with the requirements for strain corrosion and hydrostatic design 
basis, long term ring bending strength is established at 50 years. 

Presented in AWWA C950-88 is a new test method to establish Sb. 
A series of constant load, creep to fa i lure tests are conducted with 
the test samples to ta l ly  immersed in environments controlled at pH4 or 
pHlO (to simulate the range of soil conditions). Change in deflection 
with time is monitored to fai lure or to an abrupt slope change as 
shown in Figure 4. 
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Figure 4 - Long Term Ring Bending Test Data 
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At least 18 tests are required to establish a regression line. 
The data must be distributed and analyzed in accordance with ASTM 
D3681 as shown in Figure 5. A minimum design factor of 1.5 is applied 
to the 50 year ring bending strength value. 
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Figure 5 - Sb Determination 

STRUCTURAL ANALYSIS 

In addition to performance requirements, ANSI/AWWA C950-88 
includes a very comprehensive appendix on the structural design and 
analysis of buried fiberglass pipe. I t  is widely referenced and used 
around the world and has been substantially revised and upgraded. 

Deflection 

The prediction of buried pipe deflection is addressed by a form 
of the Iowa Formula, f i r s t  published by Spangler[5] in 1941, the most 
widely recognized deflection prediction method. As used in AWWA 
C950-88, modifications from the work by Howard[6] are incorporated to 
improve re l iab i l i t y  and accuracy. 

A very significant change in design philosophy has been made in 
the use of the predicted deflection values for product design and 
analysis. Deflection is calculated to demonstrate that the selection 
of pipe and installation procedures are such that the allowable or 
l imiting deflection of the product (usually 5%) is not exceeded. 
However, i t  is the manufacturer's maximum allowable deflection for the 
product that is used in all subsequent design calculations. For 
example, vertical pipe deflection might be predicted to be 2.4% long 
term. I f ,  however, the product's allowable long term deflection is 
the more typical 5%, then 5% must be used in all design calculations. 
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This has a substantial impact on product analysis and design. I t  
is a conservative position as i t  assumes that the pipe is always used 
at the maximum l im i t ,  generally not the case, but i t  ensures that the 
product is analyzed at the allowable l imi ts .  

Buckling 

The design appendix of AWWA C950-88 contains a buckling analysis 
method that is based on a modification of Luscher[7], as a result of 
extensive testing and analysis of fiberglass pipe.[8] The effects of 
vacuum, ground-water and soil loading are related to the stiffness 
provided by the pipe-soil system. This buckling analysis method, 
f i r s t  developed in AWWA C950-81, has been widely adopted by other 
piping systems -- for example, steel pipe in the AWWA M-11 manual. 

Combined Loading 

The combined effects of internal pressure and ring bending from 
pipe deflection is a most important design consideration for buried 
pipe. AWWA C950-88 introduces several modifications in the analysis 
of combined strain. 

The pressure portion of combined loading is compared to the long 
term (50 year) hydrostatic design basis (HDB) and the bending portion 
of the loading is compared to the long term (50 year) ring bending 
(Sb) strength. A design factor is then applied to the combination. 

The following i l lust rates the combined loading approach. Only the 
more common strain basis is covered, however, an analogous stress 
basis is included in AWWA cg50-88. 

The strain due to internal pressure is: 

C p = PD 
2 E H t 

where: 

~p = pressure strain (mm/mm) 

P = pressure - psi (kPa) 

D = diameter - inch (mm) 

t = reinforced wall thickness - inch (mm) 

EH = hoop tensile modulus (kPa) 

The maximum allowable strain is related to hydrostatic design 
basis by: 

Cp < l 

HDB50 1.8 
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I t  is assumed that the pipe is i n i t i a l l y  deflected to i t s  maximum 
allowable or l im i t ing  deflect ion. As the pipe is then pressurized, 
th is  deflection is reduced as the internal pressure tends to reround 
the pipe and in turn reduce bending stra in.  

The effects of rerounding are addressed by the introduction of a 
rerounding coef f ic ient .  This approach is based on rerounding tests 
conducted on f iberglass pipe.[g] 

r c = ( i  - P ) or r c = (! - PN) 
435 30 

where: 

rc = rerounding coeff ic ient  (dimensionless) 

P = pressure - psi 

PN = pressure - bars 

The l im i t ing  deflection is mult ip l ied by the rerounding 
coef f ic ient  to obtain rerounded deflect ion. The bending strain is 
then: 

Eb = Df rc (T/D)(AYa/D) 

where: 

Eb = bending stra in,  i n / in  (mm/mm) 

Df = shape factor 

rc = rerounding coeff ic ient  

T = total  wall thickness, in. (mm) 

D = diameter, in. (mm) 

Aya = l im i t ing  def lect ion, in. (mm) 

AWWA C950-88 presents a comprehensive l i s t i n g  of shape factors. 
In addition to being a function of pipe s t i f fness,  the shape factor is 
also influenced by the type of backf i l l  and backf i l l  compaction level.  
This recognizes that gravel backf i l ls  generally require less compac- 
t ion ef for t  resul t ing in a more uniform pipe shape (lower Df). For a 
given backf i l l  material, higher compaction forces w i l l  give a less 
uniform shape and higher Df values. 

This detailed tabulation of Df (Table 4) is desirable to allow 
analysis of a wide range of pipe projects and conditions. However, 
for the sett ing of a product standard performance level ,  as was 
described ear l ie r  for strain corrosion resistance, the maximum or 
l im i t ing  Df value is used. 
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Table 4 - -  Shape Factors 

Pipe Zone Backfill Material & Compaction 
Gravel Sand 

Dumped to Moderate Dumped to Moderate 
Sliqht to Hiqh Sliqht to Hiqh 

Pipe Stiffness 
psi (kPa) Shape Factor Df (dimensionless) 
9 (62) s.5 7.0 6.0 8.0 

18 (]24) 4.5 5.5 5.0 6.5 
36 (248) 3.8 4.5 4.0 5.5 
72 (496) 3.3 3.8 3.5 4.5 

The maximum allowable bending strain is related to long term ring 
bending strength by: 

b < I 
Sb50 = 1.5 

The combination of the two strains is further limited by an 
overall combined safety factor of 1.5 as follows: 

~p + ~b < I/1.5 
HDB Sb50 - 

Figure 6 graphically represents the interaction of pressure and 
bending strain. A straight line relationship has been used. Recent 
published work by Bar-Shlomo[]O] strongly indicates this straight line 
relationship to be conservative and that fiberglass pipe more l ikely 
behaves in a manner similar to that developed by Schlick[11] for cast 
iron pipes. 
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COMBINED STRAIN INTERACTION 
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Figure 6 - Combined Strain Design 

SUMMARY 

The standardization process is an ongoing act iv i ty  with existing 
documents under continual review and new needs being addressed. As 
new information and technology is available, i t  must be evaluated and 
incorporated into product standards. 

The recent modification of these four significant ASTM and AWWA 
fiberglass pipe standards is a prime example of the standardization 
process at work. Product performance requirements were substantially 
upgraded and strengthened. Included were multiple stiffness ranges, a 
50 year design basis, increased deflection to crack-damage, increased 
strain corrosion levels, and establishment of a long term ring bending 
strength. A major revision of the AWWA C950-88 design appendix 
addressed design at l imiting deflection, accommodation of multiple 
pipe stiffness, rational pressure rerounding, and combined strain 
revisions. 

Fiberglass pipe can be confidently specified and used in a wide 
variety of municipal and industrial applications. These major product 
standards allow this versatile, highly corrosion resistant material to 
be evaluated, compared and designed on the one important basis -- 
product performance. 
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APPENDIX A 

American Society for Testing Materials (ASTN) 
Fiberglass Pipe Standards 

Pipe Product 
Standards 

D2310 

D2517 

D2996 

D2997 

D3262 

D3517 

D3754 

Title 
Standard Classification for Machine-Made 
Reinforced Thermosetting-Resin Pipe 

Specification for Reinforced Epoxy Resin Gas 
Pressure Pipe and Fittings 

Specification for Filament-Wound "Fiberglass" 
(Gl ass-Fiber-Reinforced-Thermosetting Resin) 
Pipe 

Specification for Centrifugally Cast "Fiber- 
glass" (Glass-Fiber-Reinforced-Thermosetting 
Resin) Pipe 

Specification for "Fiberglass" (Glass-Fiber- 
Reinforced-Thermosetting Resin) Sewer Pipe 

Specification for "Fiberglass" (Glass-Fiber- 
Reinforced-Thermosetting Resin) Pressure Pipe 

Specification for "Fiberglass" (Glass-Fiber- 
ReinForced-Thermosetting Resin) Sewer and 
Industrial Pressure Pipe 

Fittings & Joints 
D1694 

D3840 

D4024 

D4161 

Specification for Threads (60 o Stub) for 
"Fiberglass" (Glass Reinforced Thermosetting 
Resin) 

Specification for "Fiberglass" (Glass-Fiber- 
Reinforced-Thermosetting Resin) Pipe Fittings 
for Non-Pressure Applications 

Specification for Reinforced Thermosetting Resin 
(RTR) Flanges 

Specification for "Fiberglass" (Glass-Fiber- 
Reinforced-Thermosetting Resin) Pipe Joints 
Using Flexible Elastomeric Seals 
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Test Hethods & Practices 

D2105 Test Method for Longitudinal Tensile Properties 
of Reinforced Thermosetting Plastic Pipe and 
Resin Tubes 

D2143 Test Method for Cyclic Pressure Strength of 
Reinforced Thermosetting Plastic Pipe 

D2924 Test Method for External Pressure Resistance of 
Reinforced Thermosetting Resin Pipe 

D2925 

D2992 

D3567 

D3681 

D383g 

Test Method for Beam Deflection of Reinforced 
Thermosetting Plastic Pipe Under Full Bore Flow 

Practice for Obtaining Hydrostatic or Pressure 
Design Basis for "Fiberglass" (Glass-Fiber- 
Reinforced Thermosetting-Resin) Pipe and Fit- 
tings 

Practice for Determining Dimensions of 
Reinforced Thermosetting Resin Pipe (RTRP) and 
Fittings 

Test Method for Chemical Resistance of Fiber- 
glass (Glass-Fiber-Reinforced Thermosetting- 
Resin) Pipe in a Deflected Condition 

Practice for Underground Installation of Fiber- 
glass (Glass-Fiber-Reinforced Thermosetting- 
Resin) Pipe 
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ABSTRACT: The German specification ATV A 127 for static 

calculation of buried gravity pipes made of rigid and flexible 

materials is introduced. To show the handling of this 

regulation only for flexible pipes the set of equations is 

reduced to what is needed for those materials. Rules are given 

to work out the different types of loading and support 

conditions. Finally it is stated where the weak parts are and 

what should be done to modify it for flexible gravity and 

pressure pipes. 

KEYWORDS: flexible pipe, static calculation, load condition, 

design, buckling 

ABBREVIATIONS 

The abbreviations used in the report are listed ~n the order as they 

appear in the following text: 

E13 

Dpr 
G 

PE 

eB 

T13 
h 

Po 
e O 

~oB 
b 

qo* 
K 1 
6 

13 

= soil modulus [N/mm 2] 

= Standard Proctor Density [%] 

= number of soil group/type [-] 

= vertical pressure due to soil load [kN/m 2] 

= soil load reduction factor, Silotheory [-] 

= ~ recalculated to trench angle 13 

= specific gravity of the soil [kN/m 3] 

= cover depth [m] 

= vertical pressure due to area load [kN/m Z] 

= area load reduction factor, Silotheory [-] 

= ~o recalculated to trench angle 

= trench width [m] 

= internal friction angle [o] 

= ratio of lateral to vertical soil pressure [-] 

= wall friction angle (see Eq. 6) [o] 

= trench angle (see Fig. 2) [o] 
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a F = 

d a = 

cl i = 

d m = 
r a = 

r i = 

r m r~ 

PF = 
F A, F E = 

r A, r E = 
p = 

PV = 

E R = 

o R = 

YR = 

a R = 
e = 

YURD/dm = 
f = 

a B = 

E 2 = 

E20 = 
a' = 

E 1 = 
max I = 

)~R = 

V S = 

S R = 

I = 

CV* = 

C 1 = 
K ~ = 

Chl = 

2~ = 

VRB = 

SBh = 
= 

E 3 = 

lfu, lfo = 

~RG = 

1 B = 

qv = 

q h .  = 

qh = 
2B = 

correction factor due to a pressure distribution of approx- 

imately 2 : 1 [-] 

external diameter of the pipe [m] 

internal diameter of the pipe [m] 

mean diameter of the pipe [m] 

external radius of the pipe [mm] 

internal radius of the pipe [mm] 

~nean radius of the pipe [m m] 

pressure according to Boussinesq [kN/m 2] 

design loads [kN] 

design radii [m] 
soil pressure on top of the pipe due to road traffic load- 

ing [kN/m 2 ] 

impact factor [-] 
relevant soil pressure on top of the pipe due to road traf- 

fic loading [kN/m 2] 

elasticity modulus of pipe material [N/mm 2] 

flexural strength of pipe material [N/mm 2] 

specific gravity of pipe material [kN/m 3] 

extreme fiber bending strain [%] 

wall thickness of the pipe [mm] 

ultimate ring deflection [%] 

reduction factor due to ground water [-] 
reduction factor due to narrow trenching resp. to removal 

of sheeting [-] 
effective soil stiffness/modulus to the side of the pipe 

(backfill surround) [N/mm 2] 

deformation modulus [N/mm 2] 

active relative projection [-] 

soil modulus of fill over the pipe crown [N/mm 2] 

maximum value of concentration factor for load distri- 

bution [-] 
concentration factor for load distribution (pipe) [-] 

stiffness ratio [-] 

ring stiffness of the pipe [N/mm 2] 

moment of inertia, I = e3/12 [mm4/mm] 

coefficient for vertical deflection [-] 

coefficient for vertical deflection as a result of qv [-] 

coefficient for reaction pressure [-] 

coefficient for horizontal deflection as a result of qv 
[-] 

support angle (see Table 4, Fig. 7) [o] 

system stiffness [-] 
horizontal bedding stiffness [N/mm 2] 

Leonhardt factor [-] 
modulus of native soil to the side of the pipe [N/mm 2] 

lower, upper limits of concentration factors for load dis- 

tribution [-] 

concentration factor for load distribution 

(pipe/trench) [-] 
concentration factor for load distribution (soil) [-] 

total vertical load [N/mm 2] 

total lateral load [N/mm 2] 

total lateral reaction pressure [N/mm 2] 

angle of lateral bedding reaction pressure (see Fig. 9; 

estimated to be 120 ~ [o] 
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mxx = 

Mxx = 

nxx = 

Nxx = 

oi, a = 

aki,k a = 
A = 

W = 

s a = 
Ad v = 

6v = 

~D = 

krit qv = 

FOSqv = 
krit Pa = 

FOSqv = 

Pi 

Pa = 

u = 
h W = 

FOScomb" = 

bending moment coefficients [ ] 

bending moments due to various loads [kNm/m] 

normal force coefficients [-] 

normal forces due to various loads [kN/m] 

pipe wall stress [N/mm 2] 

correction factor for extreme fiber behaviour [-] 

cross section of pipe wall [rm~2/mm] 

resistance of pipe wall to bending [mm3/mm] 

pipe wall strain [%] 

vertical deflection [~n] 

relative vertical deflection [%] 

tightness coefficient for critical external water pressure 
[-] 
critical vertical load against buckling [N/mm 2] 

safety factor against buckling due to vertical load [-] 

critical external (water) pressure against buckling [N/mm 2] 

safety factor against buckling due to vertical load [-] 

internal pressure [N/mm 2] 

external (water) pressure [N/mm 2] 

specific gravity of fluid [kN/m 3] 

level of water table [m] 

combined safety factor against buckling [-] 

THE CALCULATION SYSTEM 

The German specification for static calculation and design of bur- 

ied pipes ATV A 127 [i] is founded upon experience, studies on soil be- 

haviour and pipe material properties. Based on this work, the analy- 

tical model on the pipe/soil interaction was then worked out mainly by 

Leonhardt. The evaluation of this method started in the early sixties 

and the first issue was published in 1984. People started to work with 

the specification immediately and fed back their results and experien- 

ces. New and better knowledge on various materials was evaluated. All 

this led to the second edition, which was published in 1988. One of the 

most important modifications is the inclusion of fiberglass pipes. 

Minor modifications within the calculation system were necessary to 

cover the behaviour and the mode of design of GRP pipes. The determina- 

tion of load concentration factors ~, is more precise now compared to 

the first edition. The original ATV specification is valid for rigid 

and flexible materials, which necessitates a wide variability of the 

system to cover all the different behaviours. Those variability prob- 

lems are solved by a lot of tables and other conditions such as various 

load cases, bedding angles etc. 

The title of this paper only refers to pl~stics pipes. In it the 

author reduces the amount of tables and formulas and simplifies the 

application of the specification demonstrated. 

Knowing that a static calculation can only be done correctly if the 

loads on the pipe, the ambient conditions and the material behaviour is 

well known the ATV system can basically be divided into three steps: 

i. Consideration and specification of loading and ambient conditions 

2. Determination of deformation and stability behaviour 
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3. Determination of actual stress and/or strain data and stress/strain 

analysis 

These calculation steps have to be worked out for plastics piping 

systems on short term and long term behaviour. 

This mandatorily encludes, that the various steps of analysis have 

to be done using short term material/pipe properties for short term be- 

haviour and using long term material/pipe properties for long term be- 

haviour (i.e. stress/strain, deflection, buckling). 

All loads have to be taken into account initially as well as long 

term. Only for the short term strain and deflection analysis the traf- 

fic load could be assumed to be "O". 

For all cases where no soil expertise for a specific project is 

available ATV requires to distinguish the soil properties from the four 

following soil groups/types. 

Group i: Non Cohesive Soils 

Group 2: Slightly Cohesive Soils 

Group 3: Cohesive Mixed Soils, Silty Clays, Cohesive Sand and Fine 

Gravel, Cohesive Stony Weathered Soil 

Group 4: Cohesive Soils (Clay, Loam) 

The soil moduli are dependant on the Standard Proctor Density (SPD) 

which can vary between 85 % and i00 % (according to ATV A 127) and on 

the soil group/type. The reference values shall be calculated according 

to Eq i. 

EB = 2 , 7 4  .1 0 -~  . eO,t88 op~ ( 1 ) 
G 

This results for group 1 in a range of modulus between 2 N/mm 2 and 

40 N/mm 2, for group 2 between 1,2 N/mm 2 and 20 N/mm 2, for group 3 be- 

tween 0,8 N/mm 2 and 13 N/mm 2 and for group 4 between 0,6 N/mm 2 and i0 
N/mm 2 . 

These soil moduli are confined moduli and serve as base values for 

a stress range between 0 N/mm 2 and approximately 0,i N/mm 2. 

The specific gravity ~B, of the soil is assumed to be constant and 

to result in a value of 20 kN/m 3. (Author's recommendation: In cases of 

water table assumptions could be made to reduce the value of soil spe- 

cific gravity from 20 kN/m 3 to a lower value depending on the level of 

water table. ATV only permits this, if measured data from a soil exper - 

tise are available.) The angle of internal friction, ~*, ranges between 

35 ~ (Group i) and 20 ~ (Group 4) in 5~ 
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L O A D I N G  

Soil Load 

Pipes independent of the material type are subject to different 

modes of circumferential loading, such as 

- soil load 

- traffic load 

- other area loads 

- dead load (own weight) 

- liquid filling 

- internal pressure 

The three loading modes mentioned first are handled to create pipe 

vertical deflection, pipe wall stress/strain and buckling (see Fig. 7, 

Fig. 8 and Fig. 9). 

The others are only taken into account in case of the determination 

of pipe wall stress/strain. 

The pressure in the soil is determined independently of the pipe 

materia~ in the first steps. In a later stage it will be shown that 

flexible pipes do activate a positive load distributing behaviour of 

the soil which may decrease the pressure over the top of the pipe. 

Frictional forces against the trench walls may lead to a reduction of 

soil pressure and in those cases justify the use of the so called 

SILOTHEORY. In the actual issue of ATV A 127 it is assumed that the 

trench walls are maintained even long term. Taking the silotheory into 

account the mean vertical pressure due to the soil load may be deter- 

mined according to Eq 2: 

PE = ~B " 7B " h ( 2 ) 

For a uniformly distributed limited area load Po the mean vertical 

pressure is to be calculated by Eq 3: 

PE = mOB " PO ( 3 ) 

Further assumptions for the use of these reduction factors are: 

E 1 S E 3 (for e) 

E 1 < E 3 (for ~o) 

If one or both of these assumptions are not fulfilled or under 

embankment conditions the reduction factors a and ao approach "I". 

The reduction factors can be calculated according to Eq 4 resp. 

Eq 5 

i - e(-2"h/b'Kl "tan 6) 

~ = (4) 
2 " h/b " K 1 " tan 6 

a O = e(-2"h/b-K l.tan 6) ( 5 ) 
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Four conditions for fill above the pipe zone are discerned: 

AI: Compacted fill undisturbed against native soil without analysis of 

degree of compaction. Condition A1 also applies to supporting sheet 

piling 

A2: Vertical sheeting or lightweight sheet piles 

or 

installation sheeting to be removed after fill in stages 

or 

uncompacted fill 

or 

sluicing of the fill (valid for soil groups i) 

A3: Vertical sheeting to be removed after filling 

A4: Equal to A1 but with analysis of degree of compaction. This con- 

dition must not be used with soil group G4. 

For these standardized conditions the soil pressure ratio K 1 is 

assumed to be "0,5". Therefore the Eq 4 and Eq 5 can be reduced as 

follows 

1 - e( -h/b'tan 6) 

= (4a) 

h/b �9 tan 6 

~O = e(-h/b'tan 6) (5a) 

The appropriate relationship between internal friction angle~ * and 

wall friction angle 6 is defined as follows depending on the fill con- 

dition: 

A I :  & = Z/[.~ �9 ~'"  ( 6 a )  

A 2 : 6  -- I / S  �9 "4 :'~ ( 6 b )  

A 3 :  ~' = 0 ( 6 c )  

A4: & ---- ~" ( 6 d )  

In case 6 = 0 the silo reduction factors are 

a=~o=l 

Several trench shapes are described in ATV A 127 (for example 

Fig. 1 and Fig. 2) and the silo factors have to be adapted to the 

trench angle B according to Eq 7 resp. Eq 8 

m B = 1 - B/90 + m �9 S/90 ( 7 ) 

mOB = 1 - B/90 + m O �9 S/90 ( 8 ) 
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FIG. i -- Trench with parallel walls 

FIG. 2 -- Trench with sloping walls 

Various standardized traffic loads are defined in ATV, such as: 

Road Traffic Load 

with three different vehicles: 

SLW 60: wheel load I00 kN 

SLW 30: wheel load 50 kN 

LKW 12: wheel loads 20 kN, front 

40 kN, rear 

The soil loads resulting from road traffic loading can be cal- 

culated according to Boussinesq as an approximation with Eq 9, Eq 
i0 and Eq Ii: 

a r- ~- 1 - 
0 , 9  

9 , 9  + ( 4 " h  2 + h 6 ) / 1 , 1 . d ~ 2 / s  

PF i l l  F ~  1 3 / 2  3 ' F E ,, ( r E / h ) - 2  
r~, �9 ."~ " 1 -  1 + (~"A,,"h) 2 - + Z ' ~ " h  - - ~ "  1 + 

( 9 )  

( 1 0 )  

p = a[ " PF (ill ) 
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Depending on the road traffic load class the soil pressure p has to 

be multiplied by impact factors ~ (see table 1 and Eq 12) 

Pu = "P " P ( 1 Z )  

TABLE i -- Design Loads, Radii and Impact 

Factors for Standard Vehicles 

Standard F A F E r A r E 
Vehicle kN kN m m 

SLW 60 i00 500 0,25 1,82 1,2 

SLW 30 50 250 0,18 1,82 1,4 

LKW 12 40 80 0,15 2,26 1,5 

Railway Traffic Loads 

The rail load is based on the UIC 71 load pattern describe in spe- 

cifications of the German Federal Railway. The soil pressure depends on 

the number of tracks, the cover depth and an impact factor (see Eq 13) 

which is related to the cover depth. The soil presure p shall be taken 

from table 2 where a linear interpolation can be done between two given 

cover depth values. 

TABLE 2 -- Soil pressure p due to railway traffic load 

1,50 

2,75 

5,50 

a I0,00 

P 
1 track 

48 

39 

20 

i0 

in kN/m 2 

2 or more tracks 

48 

39 

26 

15 

The relevant impact factor ~ shall be calculated according to Eq 13: 

= 1 , 4  -- 0 , 1  �9 (h  - 0 , 5 )  ~ 1 , 0  ( 1 3 )  

The relevant soil pressure Pv on top of the pipe due to railway 

traffic loading then is to be calculated according to Eq 14: 

p~ ~ ~ �9 p 

Aircraft Traffic Loads 

The soil pressure PV resulting from a design aircraft may directly 

be obtained from Fig. 3. 

Using these values of soil pressure an impact factor of ~ = 1,5 is 

included for the main landing gear and the load distributing actions. 
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10 

Ira: 

15 

50 100 [kNlm 2] 150 

D2Z[2 T_ 
I I I l i l l  _ 

FIG. 3 -- Soil pressure PV due to aircraft traffic loads 

Any other area loads could be taken into account whenever some spe- 

cial regulations can be considered (for example: pressure propagation 
2:1). 

MATERIALS 

In principle the ATV 127 worksheet is applicable for all plastics 

materials for which the long term behaviour is known. The characteris- 

tics of all pipe materials are influenced by aging, creep, fatigue 
loading and temperature. 

This report only deals with plastics of which three are standardiz- 

ed in the worksheet, namely 

Polyethylene, high density (PE-HD) 

Polyvinylchloride (PVC-U) 

Glass fiber reinforced plastic (UP-GF) 

The properties mentioned below are taken from German application 

standards and valid for the following limiting conditions: 

Aging 

Long Term Behaviour 

Cyclic Loading 

Temperature 

50 years 

50 years 

2 �9 106 load cycles 

45 ~ for DN S 400 

35 ~ for DN > 400 
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TABLE 3 a -- Properties of thermoplastic materials 

Property PE-HD PVC-U 

Short term Long term Short term Long term 

E R in N/mm 2 

o R in N/mm 2 

R in kN/m 3 

i000 150 

30 14,4 

9,5 
l 

3600 1750 

90 50 

13,8 
) 

TABLE 3 b -- Properties of glass fiber reinforced plastics 

(pipes centrifugally casted, filled) 

Nominal 

Stiffness 

SN 

Relative ultimate 

Ring Deflection 

YURI 
Short Term 

~/dm 
Long Term 

ISpecific 

Gravity 

R 

Minimum 

Ringstiffness 

SR=E I "I/rm3 

Short Term LT Gravity 

LT Pressure 

N/mm 2 N/mm 2 

0,008 

0,02 

0,016 

0,04 

0,02 

0,032 

0,08 

0,04 

- % % kN/m 3 

2500 25 

20 

15 

5000 

15 

12 

i0000 

17,5 

For GRP pipe materials the calculation values for the extreme fiber 

bending strain shall be determined according to Eq 15: 

e >/uPm ( 15 ) ~R == +4 �9 ---- 
dn . d m 

Note: The relationship between strain and deflection is depending on a 

deflection coefficient. For a two lines load condition and 0 % deflec- 

tion the value is 4,28. For increasing deflection the coefficient de- 

creases. By using the value of "4" in Eq 15 this decrease and a simpli- 

fication is taken into consideration. 

LOAD DISTRIBUTION 

The load distribution on the pipe crown and to the side of the pipe 

is described by concentration factorsl . The different values forl are 

depending on bedding requirements B1 through B4, the soil pressure ra- 

tio K 2 to the side of the pipe and the relative projection a' of the 

pipe shape. The bedding requirements are equal to the fill requirements 
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which means: B1 is equivalent to AI, B2 to A2 etc. The soil moduli in 

the following equations are used with the below mentioned definitions 

(see Fig. 4) 

E 1 = fill over the pipe crown 

E 2 = backfill/soil to the side of the pipe 

E 3 = native soil to the side of the pipe 

E 4 = native soil under the pipe 

E~ 

FIG. 4 -- Definition of soil moduli 

Some special circumstances during or post installation have to be 

taken into account for the determination of E 2. This shall be done by 

reduction factors. 

Ground water: 
<IG ) f ---- (�9 - 3"5])/20 < I 

Narrow trench: 

with: 

o<~ -- I - (4 - b/d~.) �9 (I -- c<Bi)/3 S I 

~Bi = 

~Bi = 

aBi = 

~Bi = 

2/3 for bedding requirement Bl 

1/3 for bedding requirement B2 

0 for bedding requirement B3 

1 for bedding requirement B4 

(17) 

This results in an effective soil stiffness to the side of the pipe 

to be determined according to Eq 18: 

The soil pressure ratio K 2 in the soil to the side of the pipe is 

laid down taking into account that the system stiffness VRB (see Eq 26) 

for plastics pipes (normally) is less than "0,i" as follows: 

For soil group GI: K 2 = 0,4 

G2: K 2 = 0,3 

G3: K 2 = 0,2 

G4: K 2 = 0,i 

For normal installation conditions all plastics pipes are laid ac- 

cording to Fig. 5. Therefore the relative projection a is equal to "I". 
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19: 

FIG. 5 -- Relative projection 

for plastics pipes 

The active relative projection a' can be calculated according to Eq 

a" = a �9 E i / E  2 = Ei /E  2 > 0 , 2 5  ( 1 9 )  

Note: For values a' < 0,251 use the value a' = 0,251 

The calculation of the maximum concentration factor max ~ is based 

on the consideration of a pipe of infinite ring stiffness on an abso- 

lute elastic soil in a wide embankment. Eq 20 reads as follows: 

m e x  a = 1+ h / d =  

3 , 5  Z , 2  ~ 0 , 6 2  1 , 6  J h / d =  ( 2 Q )  --+ ~ --+ ~ -  �9 

a"  E 4 / E l ' ( a "  -- 0 , 2 5 )  a "  E , / E i ' ( a "  - 0 , 2 5 ) 9  

The relevant concentration factor over the pipe cross section IR is 

calculated according to Eq 21: 

m a x  x . V  s + a ' .  - - 4 " K  2 . max_.. ;k -- I 

3 a" - o , Z 5  , ( 2 1 )  
3 + K 2 max  ;k -- 1 

V S 4- e l "  �9 - 
3 a"  - 0 , 2 5  

Stiffness ratio to be calculated according to Eq 22: 

SR 
Vs ---- I C v  ~1 " E2 

�9 E R  �9 e 3 
S R 3 12 �9 r m 

c v  ~ = c v t  + 0 , 0 6 4  �9 K ~ 

Chl 

Ves + 0 , 0 6 5 8  

( 2 2 )  

( 2 3 )  

( 2 4 )  

( 2 5 )  

(for thermoplastic pipes E R has to be taken from table 3 a) 

(for thermosetting pipes S R directly has to be taken from table 3 b) 
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TABLE 4 ---- Coefficients for 

vertical deflection 

Support 

Angle 

2a 

60 ~ 

90 ~ 

12Q ~ 

180 ~ 

Cvl 

- 0,1053 

- 0,0966 

- 0,0893 

- 0,0833 

Chl 

+ 0,1026 

+ 0,0956 

+ 0,0891 

+ 0,0833 

By the system stiffness VRB (according to Eq 26) the degree of de- 

mand of horizontal bedding reaction pressure is considered. 

Vp,.e = S R / S ~ h  
( 2 6 )  

• h  = 0 , 6 "  .~ ' E2 
( 2 7 )  

The Leonhardt factor (see Eq's 28a and 28b) takes into account the 

difference in moduli of deformation between the backfill and the native 

soil to the side of the pipe. 

b /do .  - 1 ( 2 8 e . )  
z '~f  = S I , 4 4  

1 , 1 5 4  + 0 , 4 4 4  �9 (b /d .=  -- 1) 

,t ---- 1 , 4 4  

~ , f  + ( 1 , 4 4  - ~f) �9 E z / E  3 

(2  E4b) 

In cases of narrow trenches (b/d a s 4) instead of the concentration 

factor ~R the factor IRG has to be used. Its value may be limited by 

Ifu (lower limit) or Ifo (upper limit) (see Eq's 29a, 29b, 29c and 29d). 

,.k~. u i'. x~( i 5 .k{. o ( 2 9 a )  

I -- e--h/do - tan 6 

Xf,., = h / d a  " t a n  6 
('2gb) 

FoF h S 1 0  rn: X r o  = 4 , 0  --  0 , 1 5  �9 h ( 2 g o )  

F o r  h > 1 0  rn: xf ,= = 2 , 5  = c o n s t .  ( 2 9 d )  

For narrow trenches the concentration factor IRG shall be calculat- 

ed according to Eq 30a ~esp. Eq 30b 

,'k R - -  1 .~ - -  X ~  ( 3 0 a )  
F o r  1 < b / d a  S 4"  ""Ra = - 3  b/d, : ,  + 3 

F o r  4 < b / d o  -< co: XRG ---- ~"R ( 3 0 b )  
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The concentration factor XB is independent from the trench width 

and shall be calculated according to Eq 31. 

4 - >,R ( 3 1  ) " ~ " ~  - B 

In cases where IR G is limited by Ifu or Ifo the value of 1 B has to 

be calculated according to Eq 32a resp. Eq 32b. 

b / d c ~  - ~ f u  
.;x, B -- 

th/d<~ -- 1 

(32L~) 

l~ ~-P,(i = ifo t h e n  

b/dQ - Xro 

>"~- = - ~ ' , / d , ~  - 1 

(32b) 

The distribution of soil presures and relating concentration factors is 

demonstrated in Fig. 6 

I I 
t h 
, ~ ' <  I"-- IB'pE PE 

kR-p E 

FIG. 6 -- Distribution of soil pressures 

Now the total loads on the pipe can be calculated according to Eq 

33 

qv = ~RG ~ (eB " ~B " h + ~OB " PO) + PV (33 

Lateral (horizontal) pressure according to Eq 34 

Clh = K2  ' ( A B  " I:'E + "~'B ' d~/2) (34 

Lateral (horizontal) reaction pressure according to Eq 35 

qi~ =~ f q~ _ qh ) K ~ (35 

In the ATV A 127 are two relevant support cases for plastics 

(flexible) pipes defined: 
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Support Case I: Supported in soil. Vertical reactions with rectangular 

distributions (see Fig. 7). 

FIG. 7 -- Support case I 

Support Case III: Support and bedded i~ soil with vertical and 

rectangular reaction distribution (see Fig. 8) 

FIG. 8 -- Support case III 

The lateral pressure on the pipe consists of a contribution qh from 

the vertical load and the reaction pressure qh due to pipe deflection 

(see Fig. 9). 

(3 ~ 
h 

FIG. 9 -- Lateral pressure for support 

cases I and iII 

INTERNAL FORCES, STRESSES, STRAINS 

The internal bending moments M and the internal normal forces N 

shall be calculated according to Eq's 36a, 36b, 37a, 37b, 38a, 39a, 

39b, 40a, 41a and 41b whereby table 5 shall be taken into account. 
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Vertical Load 

Mqv = U~qv " qv " r ~  

Nqv = nqv " qv ' rm 

Lateral Pressure due to qv 

2 Mqh ~ ~)qh �9 qh " ~in 

~h -~ nqh ' qh ' rm 

Lateral Reaction Pressure due to Deflection 

k,'f,~ h = m,~ h �9 q ~  �9 r 2  

N~h • n~h �9 qh  ~ �9 r m 

Own Weight 

, �9 . 2 ~49 ~ ms, 3"R e r m 

N9 -~ Ds, " ?'IR " e �9 rr~ 

Weight of Fluid 

�9 3 
Mw ~ mw " ~/M rm 

Nw ~-- n w ' ~Et4 " rn~ 

Internal/External (Water) Pressure 

t v lp ,  = (P l  - P,:,) ' r i  " r,~ ' 0 , 5  - r ~  r:~ 

Npw = Pi " ri -- P~ ' r a 

( 3 6 a )  

( 3 6 b )  

( 3 7 a )  

( 3 7 b )  

(.?.-~8a) 

( 3 B b )  

C 3 9 a )  

( 3 9 b )  

(40a) 

(40b) 

1 C4 la) In @a/r i ) 

(41b) 

All coefficients "mxx,, and "nxx" are support case and bedding angle 

dependent and have to be taken from table 5. 
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TABLE 5 -- Bending moment and normal force coefficients 

Support 
Case/ 
Bedding 
Angle 

1/60 ~ 

1/90 ~ 

1/120 ~ 

III/180 ~ 

1/60 ~ 

1/90 ~ 

1/120 ~ 

III/180 ~ 

Position 
at 
Circum- 
ference 

Crown 
8pringline 
Bottom 

Crown 
Springline 
Bottom 

Crown 
Springline 
Bottom 

Crown 
Springline 
Bottom 

Bending Moment Coefficients 

mqv mqh 

i+0,286 -0,250 
-0,293 +0,250 
i+0,377 -0,250 

+0,274 -0,250 
+0,279 +0,250 
+0,314 -0,250 

+0,261 -0,250 
i-0,265 +0,250 
+0,275 -0,250 

+0,250 -0,250 
-0,250 +0,250 
+0,250 -0,250 

mqh* 

-0,181 
+0,208 
-0,181 

-0,181 
+0,208 
-0,181 

-0,181 
+0,208 
-0,181 

-0,181 
+0,208 
-0,181 

mg 

+0,459 
-0,529 
+0,840 

+0,419 
-0,485 
+0,642 

+0,381 
-0,440 
+0,520 

+0,345 
-0,393 
+0,441 

mw 

+0,229 
-0,264 
+0,420 

+0,210 
-0,243 
+0,321 

+0,190 
-0,220 
+0,260 

+0,172 
-0,196 
+0,220 

Normal Force Coefficients 

nqv nqh nqh* ng n w 

Crown 0,080 -i,000 -0,577 +0,417 +0,708 
Springline -i,000 0 0 -1,571 +0,215 
Bottom 0,080 -i,000 -0,577 -0,417 +1,292 

Crown 0,053 -i,000 -0,577 +0,333 +0,667 
Springline -i,000 0 0 -1,571 +0,215 
Bottom 0,053 -i,000 -0,577 -0,333 +1,333 

Crown 0,027 -i,000 -0,577 +0,250 +0,625 
Springline -i,000 0 -1,571 +0,215 
Bottom 0,027 -i,000 -0,577 -0,250 +1,375 

Crown 0 -i,000 I-0,577 +0,167 +0,583 
Springline -I,000 0 0 -1,571 +0,215 
Bottom 0 -i,000 -0,577 -0,167 +1,417 

Signs denote: Moment: + tension on inside, 
- tension on outside of pipe wall 

Normal Force: + tension, 
- compression in pipe wall 

All coefficients apply only to circular pipes having a 
constant wall thickness over the circumference 

The stress and/or strain determination shall be done as follows. 
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Stress determination only for thermoplastic materials has to be 

done with support case I and bedding angle 90 ~ . 

~Ji = N/A + <<~:i '. M/W (4Za.l 
c ~  ~ N / A  - ~kcL " M/ ' r  ( 4 2 b )  

~ k i  ---- 1 + 1 / 3  �9 e / d ~  (43a) 

: C o K ~ ' e c t i o n  s  1:Or e x t K e m e  t : ide~ t, eba . . ' i ouK ( i n s i d e )  

~:<k~, = 1 - 113 " e /d i n  L'~Sb) 

: C o K r e o t i o n  f a c t o }  f oK  e x t t ' e r n e  [ i [ )eK b e h a . . i o u ~  (OLItSi{Je)  
f -= e 

( ' - 4 )  
---- CKosS s e c t i o n  ~:Jf t h e  p i p ~  w a l l  

W -- e 2 / ~  (~:E, ) 

--: R e s i s t a n c e  t o  ben ,J lng  o~ t h e  p i p e  w e l l  

Strain determination only for thermosetting materials has to be 

done with support case III and bedding angle 180 ~ 

_ e | e . N + o k ~  M ]  
~i : 2"K~ ,%,  [ . j - - S  " ' 

PIPE DESIGN 

The calculated existing stresses or strains at any of the three po- 

sitions of the pipe have to be compared with the applicable calculation 

values (see table 3a resp. table 3b and Eq 15) 

T h e ~ m e p l a s t i c :  F e S  = GR/o" k 2 , 5  (Safe t .> . ,  C l a s s  A )  ( . 4 7 a )  

- F h e r m o s e t t i n g :  F o S  ---- E.R/c. ~ 2 , 0  ( S a 1 : e t y  C l a s s  A )  ( 4 7 b )  

VERTICAL DEFLECTION, BUCKLING 

The deflection and buckling analysis worked out with the backfill 

material properties to the side of the pipe (E2) result in mean values 

for these behaviours. To take into account unavoidable dispersion in 

soil properties it is strongly recommended (mandatory) in ATV (see 

clause 8.4 of [i] to reduce the E2-value by multiplying the result of 

Eq 1 with 2/3. 

Therefore the values for 

~"~ Smh, "/P.B, ~-~ , rr,~• 7., S~,.,, F( ~, o(;, k,'s, >"R, "\fo, ~fu, 

"X~G ' q v ,  qh ~ n d ,q~ 
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have to be recalculated. Deflection and buckling analysis have to 

determined with support case III and bedding angle 180 ~ for all plastic 

materials. 

/~. d v G~ qv  - qh  . . . . . .  2 �9 r ~  (Z+Ss 
SR 

�9 * qv -- Oh 
Sv : a v  ' 1 0 0  ( 4 8 b )  

SR 

The allowed vertical deflections are: 

Short Term: 4 % 

Long Term: 6 % 

For buckling analysis the following calculations have to be done. 

Critical Vertical Load 

Fo~:~,tv : :  k l ' i t  q v / q v  ( 4 !-~ b ) 

External Water Pressure 

( S O a ~  

with ~D according to Fig. i0. 
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-- ~ VRS = SR /S~h 

FIG. I0 -- Tightness Coefficient a D for the 

critical external water pressure 

Pc= ---- '7"~4 " (hr.  I + c:1~/2) ( B O b )  

F o S p ~  ---- k r i t  p ~ / p ~  ( 5 0 o )  

Combination of vertical soil load and external water pressure 

F o S c o m h , .  = R ( 1 / F o ~ q v )  + ( 1 / F o S p Q )  ~ 5 1  ) 

Any single FoS and also the combined FoS has to be equal or greater 
than 2,5 for all plastic materials. 

CONCLUSION AND PROSPECTS 

A lot of calculations compared to measured data show that the re- 

sults of static calculations according to ATV A 127, especially on 

plastics pipes, are higher than the real measured values. Compared to 

some other calculation systems it easily could be demonstrated that 

data determined by the ATV system are most close to practical observa- 
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tions. But even ATV A 127 is not perfect. Hereinafter some recommenda- 

tions are given by the author to improve the system. 

i. Equations should be incorporated into ATV A 127 to consider ver- 

tical deflections due to own weight before installation and horizontal 

deflections due to compaction during installation to be taken into ac- 

count not only for deflections but also for stresses/strains. 

2. It is clearly mentioned in ATV A 127 that soil moduli determined 

according to Eq 1 are only valid for a stress range between 0 N/mm 2 and 

0,i N/mm 2. Nowhere in the system an indication is given how to deal 

with soil moduli in cases of higher stresses or cover depths. 

3. The system used in ATV A 127 indicates that traffic loads are 

continuously acting loads for 50 years life time. This is not very re- 

alistic. The load case "Traffic" should be reviewed and time periods 

without any traffic load should be estimated and taken into account. 

Here possibly assumptions could be made similar to those made for 

the temperature "history". For example on roads with high traffic fre- 

quency the resulting traffic load could be as calculated according to 

Eq ii~ For medium traffic frequency the load could be rerated by x % 

and for low frequency by y %. 

4. Basically ATV A 127 is relevant only for solid wall pipes. But 

now pipes with profiled wall constructions are getting more and more 

applied. Therefore the system has to be expanded for those construc- 

tions. 

5. ATV A 127 was elaborated for buried gravity piping systems. 

Therefore minor efforts were made to determine the behaviour of buried 

pressure pipes very carefully. No difference is made between flexural 

stresses/strains due to life load and tensile stresses/strains due to 

internal pressure. Nowhere in the document is mentioned that the values 

for bending and tensile failure strains or for bending and tensile 

strength for some materials might be different. 

No "Rerounding"-Effect is taken into account although equations for 

that benefit are laid down in several ISO documents. A combined safety 

analysis seems to be necessary. 

6. The effective angle, 2B, of the bedding reaction pressure is 

estimated in A 127 to be 120 ~ . Many observations on buried pipelines 

and a lot of soil box tests showed the necessity of a slight modifica- 

tion of this angle. The angle has to be increased to 170 ~ through 180 ~ 

[2]. It could even be necessary to establish the angle depending on in- 

stallation cases. 

Various coefficients will be influenced by changing that angle 2B. 

The coefficient for horizontal deflection due to the bedding reaction 

pressure Ch2 , the moment and normal force coefficients due to bedding 

reaction pressure mqh*/nqh* and the Leonhardt factor ~ has to be adapt- 

ed. 

7. More variations on support case/bedding angle combinations 

should be incorporated in the system. The combination III/180 ~ for 
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example seems not to be sufficient to cover all installation cases. 

This should be enlarged to III/120 ~ and III/150 ~ for example. In that 

case modifications on the coefficient for horizontal deflection due to 

the vertical load Chl and the moment and normal force coefficients due 

to vertical load mqv/nqv have to be adapted. 
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ABSTRACT: The NSF Drinking Water Additives Program is the 
model for health effects evaluation of products and materials 
in contact with drinking water, including buried plastics 
pipe. One of the standards developed by the program, ANSI/NSF 
Standard 61 (Drinking Water System Components - Health 
Effects), covers the toxicology of indirect additives to 
drinking water for all types of potable water contact products 
and materials, including plastics pipe. For many years, NSF 
Standard 14 (Plastics Piping Components and Related Materials) 
has been the model toxicological and performance standard for 
plastics pipe, serving regulators, users, industry, and the 
public. Although it remains a viable standard, health effects 
in NSF Standard 14 are now addressed by reference to ANSI/NSF 
Standard 61. 

How these Standards address potential health effects of 
plastics pipe and their impacts on specifiers, users, and 
designers is addressed. Extraction testing and toxicology 
requirements are provided special emphasis. NSF's product 
Certification (Listing) program for plastics is explained, 
along with a discussion of the problems and opportunities 
presented by consensus standards and third-party product 
certification programs. 

KEYWORDS: plastics, health effects, standards, certification, 
toxicology, testing, additives, third-party, drinking water. 

The National Sanitation Foundation's (NSF) Drinking Water 
Additives program has drawn much interest since its inception in 1985. 
This program addresses the health effects implications of water 
treatment chemicals and other products used in conjunction with drinking 
water treatment, storage, transmission, and distribution. One of two 
standards developed as part of the program, ANSI/NSF Standard 61 
(Drinking Water System Components - Health Effects), addresses the 
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toxicology of indirect additives to drinking water, including plastics 
and other types of pipe materials. 

This Standard was originally adopted in October 1988, and revised 
in 1990. For over 25 years, NSF Standard 14 (Plastics Piping Components 
and Related Materials) has been the premier health and performance 
standard for plastics pipe, serving regulators, users, industry, and the 
public. Although NSF Standard 14 remains a viable standard, the health 
effects requirements of NSF Standard 14 are now addressed by reference 
to ANSI/NSF Standard 61. 

This paper addresses how both Standards address health effects 
issues related to plastics pipe, and their impacts on specifiers, users, 
and designers. Special emphasis is placed on the extraction testing and 
toxicological requirements in ANSI/NSF Standard 61. NSF's third-party 
product certification program for plastics is also discussed, along with 
the problems and opportunities presented by consensus standards and 
product certification programs. 

NSF STANDARD 14 

NSF Standard 14 for plastics piping system components and related 
materials was originally adopted by NSP in 1965. For potable water 
applications, the Standard addresses both health effects implications and 
performance requirements. All components of plastics piping systems are 
covered by the Standard, including pipes, fittings, valves, lubricants, 
and solvent cements. In addition, the Standard has specific requirements 
for plastics materials, and for certain specified generic ingredients, 
including calcium carbonates, calcium stearates, hydrocarbon waxes, 
oxidized polyethylene waxes, and titanium dioxides. 

Physical testing requirements are addressed by reference to 
American Society for Testing and Materials (ASTM), American Water Works 
Association (AWWA), and Plastics Pipe Institute (PPI) performance 
standards. In December 1988, Standard 14 was revised to reference 
ANSI/NSF Standard 61 for health effects requirements for covered potable 
water components. 

ANSI/NSF STANDARD 61 

ANSI/NSP Standard 61 was developed by a consortium of organizations 
and other interested parties under a cooperative agreement from the U.S. 
Environmental Protection Agency (EPA) to establish standards for all 
chemicals, materials, and other products used in conjunction with 
drinking water treatment, storage, transmission, and distribution. 

For many years, EPA had in place an informal advisory program for 
evaluating various types of products and materials used in public 
drinking water systems. Under this program, manufacturers who marketed 
products intended for use in drinking water systems could submit 
information to EPA for its review. For products which passed the EPA 
review process, a letter of acceptance was issued to the manufacturer, 
and the products were placed on a list maintained by the Agency. 
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Although its official position was that this activity and the list were 
not regulatory functions but "technical advisory" functions, the process 
became the generally accepted "standard" for products used in drinking 
water contact. 

One exception to the EPA review process was plastics pipe. For 
plastics products and materials, EPA relied entirely on NSF Standard 14 
and directed inquiries for review to NSF's Plastics Listing Program. 

The ultimate regulatory responsibility for accepting various 
chemicals, materials, and products for use in public drinking water 
systems rests with the state drinking water programs with primary 
enforcement authority (primacy). Most state drinking water programs, in 
the past, have relied upon the EPA list (and the NSF Listing of certified 
plastics products) as the basis for accepting or denying various products 
for use in public drinking water systems. Some states, such as New York 
and Ohio, developed their own evaluation criteria and programs for 
selected types of products. 

In 1984, following a review of its program, the EPA determined that 
there were a number of serious deficiencies, and that it either had to 
invest substantial resources to correct the deficiencies, or it should 
discontinue the program. Neither option was a good one. The cost to 
totally revamp the program in terms of requirements and manpower was 
extremely high at a time when EPA's resources were becoming more and more 
scarce. Further, this was an area where the agency did not have a 
mandated responsibility to provide a service. However, if it simply 
dropped the program, it would have transferred a tremendous burden to the 
individual state drinking water programs. Under this scenario, each 
state program would be responsible for evaluating drinking water 
additives products and materials. This had the potential of fostering 
over 50 different sets of requirements across the country for drinking 
water additives products. 

After rejecting these two options, EPA decided to foster 
development of national voluntary consensus standards for drinking water 
additives products, and to insure the availability of a third-party 
mechanism for product certification against the standards. The goal was 
to establish a single set of uniform national standards and a third-party 
certification program that would be acceptable to state drinking water 
programs, water utilities, and manufacturers. 

In 1984, EPA issued a request for proposals (RFP) from 
organizations interested in developing national, voluntary, consensus 
standards to address the health effects of drinking water additives 
products, and to offer a program of third-party certification against 
those standards. It was really asking for a program equivalent to what 
NSF had provided for plastics piping system components for over 20 years! 
NSF viewed the proposed drinking water additives standards and 
certification program as a natural extension of its program for plastics. 
To appropriately respond, NSF formed a consortium of organizations which 
jointly developed a proposal in response to the EPA RFP. Included in the 
consortium at that time were the American Water Works Association 
Research Foundation (AWWARF), the Association of State Drinking Water 
Administrators (ASDWA), and the Conference of State Health and 
Environmental Managers (COSHEM). 
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EPA awarded the NSF-Ied Consortium a cooperative agreement, and a 
$185,000 grant of "seed money." The standards development activity alone 
cost over $1.6 million, and, in addition to EPA, was funded by NSF, 
manufacturers, and the consortium members. 

About midway through the standards development activity, another 
organization, the American Water Works Association (AWWA), joined the 
Consortium. COSHEM has since ceased operations. 

Using the established NSF consensus standards development process, 
the three year development activity resulted in the adoption of two new 
consensus standards. ANSI/NSF Standard 60 (Drinking Water Treatment 
Chemicals - Health Effects) addresses direct additives. Direct additives 
are water treatment chemicals, such as lime, chlorine, and alum, that are 
added directly to water. 

On the indirect additives side, ANSI/NSF Standard 61 covers a 
diverse variety of products that have incidental contact with drinking 
water, and that may indirectly impart contaminants to the water. 
Included are products and materials such as pipes, coatings, gaskets, 
valves, and process media. Only this Standard, as it affects plastics 
pipe, is addressed in this paper. 

Both Standards were developed consistent with American National 
Standards Institute (ANSI) voluntary standards development guidelines, 
and were adopted by NSF in October 1988 and approved as American National 
Standards in May 1989. Both are copyrighted, like most consensus 
standards, to protect their integrity. However, the copyright does not 
in any way restrict their use by any individual or organization. 

Now that ANSI/NSF Standard 61 has been adopted and an NSF 
certification program implemented, all types of piping materials can now 
be evaluated for health effects implications under a single national, 
voluntary, consensus standard. Although the specific testing 
requirements vary from material to material, a single approach to pipe 
evaluation is used under the Standard. Specific requirements for pipe 
products, and plastics in particular, are addressed in the remainder of 
the paper. 

ANSI/NSF STANDARD 61 REQUIREMENTS 

Pipe Testing Requirements - Extraction, Analysis, and Normalization 

ANSI/NSF Standard 61 requirements are based on health effects as 
they relate to the consumer "at the tap," and address two specific 
concerns: 

I. Do any contaminants leach or migrate from the product into the 
drinking water? 

2. If so, is the level of migration acceptable from a public 
health and toxicological viewpoint? 

Plastics pipe and fittings are evaluated under Section 4, "Pipes 
and Related Products." Information on the size and intended use of the 
product is required, as is confidential information on the material 
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formulation and ingredients used in water contact surfaces. A 
toxicological review of the information is required to determine 
potential contaminants of interest and to identify a specific testing 
regime. Testing is then performed, results analyzed, and a final 
toxicological assessment made. 

The Standard also supports the evaluation of preblended potable 
water materials. Evaluation of these materials is done in the form of 
typical finished products, and they are evaluated fully to the 
requirements of the Standard. Certified materials can be used 
interchangeably in Certified finished products (pipe/fittings), so long 
as the alternate material is of the same generic type and meets 
designated end use requirements. 

Chemical extraction is performed on the finished pipe or fitting 
using either an "in product" or "in vessel" exposure protocol. "In 
product" exposures involve filling the sample with extraction water, and 
are limited to products where this is practical. The intent is to expose 
only the water contact surfaces. 

For "in vessel" exposures, a less costly option for homogeneous 
products (e.g., PVC pipe), product samples are cut to sizes that can be 
placed in exposure vessels and covered with extraction water. Under this 
option both the inside and outside of the product, as well as cut 
surfaces, are exposed to extraction water. In either case, the surface 
area to water volume ratio tested represents the smallest size produced. 
In some cases, for analytical sensitivity and convenience, the surface 
area to water volume ratio is exaggerated. 

Once testing has been completed, extraction results are 
"normalized" to "at-the-tap" values based upon the intended use (e.g., 
water main, multiple user service line, service line, residential). 
Normalization mathematically adjusts measured laboratory contaminant 
concentrations to expected field use concentrations by factoring in 
surface area to water volume ratio differences and typical water flows. 

The extraction protocol consists of three basic steps--washing, 
conditioning, and final exposure, followed by analysis and normalization. 

Washing: To remove any extraneous debris or contamination that may 
have occurred from shipping and handling, the sample is first rinsed with 
cold tap water, followed by a deionized water rinse. 

Conditioning: To simulate pre-use flushing and/or disinfection 
procedures, the sample is conditioned by exposing it at room temperature 
to pH 8 water for 14 days (or less if requested by the manufacturer). 
The water is changed I0 times over the 14 days, but no single exposure 
is less than 24 hours. During the first day of conditioning, the water 
contains 50 mg/L of available chlorine. During the remaining 13 days of 
conditioning, the water contains 2 mg/L of available chlorine. Hot 
application products are further conditioned with two, one-hour exposures 
at 82~ 

Final Exposure: The final exposure begins immediately after 
conditioning ends, and lasts for 16 hours. Based on the extraction 
program for contaminants of concern established during toxicological 
review, several final exposures are usually required, each under 
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different exposure conditions (e.g., pH 5, I0, or 8; chlorinated or 
nonchlorinated). Only the final exposures are analyzed for contaminant 
extraction. 

Analysis: Analyses are formulation dependent. The exposure waters 
are analyzed for the contaminants of interest using methods referenced 
in the Standard (typically EPA methods or methods from Standard Methods 
for the Analysis of Water and Wastewater) or by using alternate methods. 
The Standard specifies criteria for validating and using alternate 
methods. 

For PVC and CPVC products, the Standard requires analysis for 
residual vinyl chloride monomer in the product. This method was adopted 
first in Standard 14, It involves dissolving products in a solvent and 
measuring vinyl chloride concentration in the headspace by gas 
chromatography. Prior studies have established a correlation between 
this measurement (ppm range) and the concentration of vinyl chloride 
extracted into water (ppb range) [1-6]. 

Normalization: The analytical results are mathematically adjusted 
to determine the maximum allowable levels of each contaminant. This step 
relates laboratory results to projected "at the tap" levels; i.e., the 
levels that would be experienced by the consumer under these conditions. 
The calculations and assumptions for pipe and related products are 
discussed in Appendix B, Table B.I, and Section II of the Standard. 

Pipe Testin~ Reauirements - Microbiological Growth Suppor~ 

The Standard also requires that products not adversely affect water 
quality by supporting microbiological growth. Evaluation for the support 
of microbiological growth is generally not required on rigid plastics 
pipe and fitting products, but is generally required on products using 
plasticizers, solvent-containing products (e.g., cements), lubricants, 
gaskets, and similar materials. 

The test method for the evaluation of microbiological growth 
support potential is detailed in Section D of the Standard. In brief, 
the protocol involves exposing a product sample to dechlorinated tap 
water inoculated with a fresh aliquot of water from a surface source 
(i.e., river) of suitable quality for treatment as drinking water. The 
uptake of dissolved oxygen (DO) is measured and compared with the uptake 
of an inert control (e.g., glass slide). Measurements are made during 
the fourth, fifth, and sixth weeks. The mean of DO values from the 
sample is subtracted from the mean DO value of the control. The result 
is the mean dissolved oxygen difference (MDOD), and is descriptive of the 
level of microbiological activity in the product. 

In addition, during the final week of the test, samples are 
analyzed for the enumeration of pseudomonas species and total coliforms. 
At this time, there is no pass or fail level established for 
microbiological growth support testing. Results are required simply to 
be reported. However, the Joint Committee for Drinking Water Additives 
plans to revisit this issue in late 1990, once additional data is 
available, to determine whether or not a pass/fail level should be 
established. 
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Toxicology Requirements 

Overview: The primary focus of the Standard is on potential 
contaminants extracted into drinking water from water contact surfaces 
of pipes, gaskets, coatings, and similar products. The first step in 
toxicology review is for product manufacturers to provide the reviewing 
toxicologists with detailed information about chemical composition, 
leachability, and toxicity. For the majority of plastics products, 
information on composition and toxicology is most often available from 
ingredient suppliers, occasionally available from formulators, and seldom 
available from end-product manufacturers. Ingredient supplier 
information is critical to the process. 

The information is reviewed by qualified toxicologists, according 
to Appendix A of the Standard. Only contaminants of toxicological 
concern are identified for analysis. Desired limits of detection are 
specified based on the information needs of the reviewing toxicologist. 
For example, epichlorohydrin, a known carcinogen, ideally would be 
analyzed at a limit of detection below the target value (normalized for 
man's likely exposure), determined to be an acceptable level of risk for 
carcinogenicity. Not infrequently, artificially aggressive test systems 
(e.g., high surface to volume ratios) may be necessary to achieve 
required detection limits. 

Selection of plastics ingredients or impurities for analytical 
testing is usually based on known toxicity, solubility, and 
concentration. Chemicals of unknown toxicity may be selected based on 
concentration, solubility, or knowledge of relationship to known toxic 
contaminants. Potential by-products, such as amines generated upon 
hydrolysis of isocyanates, may be selected for analysis when they are of 
toxicological concern. Plasticizers, solvents, dyes, and other 
components likely to extract may be chosen for analysis. Low molecular 
weight monomers typically receive priority attention. In addition, the 
Standard specifically requires that certain analytical tests be performed 
(Table i). 
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TABLE 1--Testing Requirements for Plastics 

PVC and CPVC 

All Other Plastics 

Regulated Metals a 
Tin 
Antimony 
Phenolics 
Volatile Organic Chemicals 
Residual Vinyl Chloride Monomer 
Plus Formulation Dependent Parameters 

Regulated Metals a 
Phenolics 
Volatile Organic Chemicals 
Plus Formulation Dependent Parameters 

aArsenic, Barium, Cadmium, Chromium, Lead, Mercury, Selenium, Silver 

Regulated Contaminants: EPA-regulated contaminants are evaluated 
by comparing the normalized analytical test result with one-tenth the 
EPA-specified maximum contaminant level (MCL). The one-tenth factor 
accounts for multiple sources of the contaminant in the water system. 

Risk Assessment for Unregulated Contaminants: Table 2 details the 
minimum toxicological studies necessary to support certification of 
products leaching unregulated contaminants. They are determined by the 
normalized "at-the-tap" concentrations. Higher concentrations require 
more toxicology data. Concentrations less than I0 ppb are evaluated for 
potential mutagenicity; concentrations of 10-50 ppb are evaluated for 
both mutagenicity and subchronic toxicity. Similarly, reproduction and 
carcinogenicity data are required when normalized contaminant 
concentrations are 50-1000 ppb, and greater than 1000 ppb, respectively. 

TABLE 2--Minimum Toxicity Studies 

0-i0 ppb 

�9 Ames assay 
�9 Chromosomal 

aberration 

Normalized Leachate Concentrations 
10-50 ppb 50-1000 ppb 

�9 Ninety-day 
rodent study 

�9 Teratology Studies 
(2 species) 

�9 Multigeneration 
Study 

I000 ppb+ 

o Two-year rodent 
cancer bioassay 

In addition, supplemental studies may be required at the discretion 
of the reviewing toxicologist. For example, in determining mutagenicity, 
a weight-of-evidence approach takes into account not just the core 
minimum Ames assay and chromosomal aberration study (Table I), but can 
be based on supplemental studies such as unscheduled DNA synthesis, DNA 
adduct studies, and/or dominant lethal studies. Similarly, 
neurobehavioral studies, immunotoxicity studies, pharmacokinetic studies, 
etc., can be cited. Given the difficulties in extrapolating animal data 
to man, epidemiological or case control studies may be of obvious utility 
in making an informed scientific decision. Although virtually any study 
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may be relevant, it is noteworthy that the Standard requires that core 
minimum studies be of design reflecting the most recent version 
acceptable to the EPA, the U.S. Food and Drug Administration, or the 
Organization for Economic Cooperation and Development, and conducted 
according to Good Laboratory Practices [7, 8]. 

Unregulated contaminants determined to be unequivocally mutagenic 
(a non-threshold response) are required to undergo a two-year rodent 
cancer bioassay. Tumor data is then extrapolated using a linear 
multistage mathematical model. Exposures to carcinogenic substances do 
not preclude certification, provided the level of exposure is associated 
with an acceptable level of risk. 

Subchronic and reproduction studies (threshold phenomena) are 
commonly evaluated by identification of no-observable adverse effect 
levels in animal studies. An appropriate safety (uncertainty) factor is 
then applied to achieve a maximum drinking water level (MDWL). This 
process parallels EPA's procedures for developing proposed MCLs. Again, 
pass criteria are based on one-tenth this level (the Maximum Allowable 
Level or MAL) to allow for multiple sources of the same contaminant. 

Toxicology Summary: To summarize the toxicological approach, 
potential contaminants extracted from water contact surfaces are first 
identified, then quantified. Complete formulation information, to the 
ingredient supplier level, is critical to the evaluation. Regulated 
contaminant concentrations are compared with EPA MCLs. Unregulated 
contaminants are evaluated against animal and human toxicity data. For 
unregulated contaminants, the approach used requires higher levels of 
toxicology data as contaminant concentrations increase. An MDWL is 
established. Following normalization, a product or material may not 
contribute more than the MAL to drinking water (i.e., one-tenth the MCL 
or one-tenth the MDWL). 

NSF CERTIFICATION OF PLASTICS PIPE AND FITTINGS 

Overview: The National Sanitation Foundation offers a product 
certification program for plastics pipe and fittings under ANSI/NSF 
Standard 61. The Certification (Listing) program provides for 
independent, third-party evaluation and includes provisions for: 

- toxicological evaluation performed by degreed, 
toxicologists. 

- confidential business information safeguards. 
- quality assurance audits of production facilities. 
- sample collection by NSF's field staff. 
- sample preparation and testing. 
- Listings of Certified products. 

experienced 

(Listing books or catalogs of Certified products are widely 
distributed to regulators, utilities, and industry. Listing 
information is also available on-line, or by phone.) 

registered Mark authorized for use on products, on packaging, and 
in advertising. 
ongoing follow-up (audit, testing) to ensure continued compliance 
with the Standard. 
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- new contracts for Certification Services are signed annually with 
each company. 

- regular review and updating of the Standard. 

The NSF Mark identifies products that have been evaluated b jr NSF 
and found to be in full compliance with the requirements of the Standard 
and with NSF's Certification policies. 

~grtification: Because it is not practical for public health 
agencies, water utilities, or consumer groups to evaluate the hundreds 
of health- and environmentally-related products and materials, they 
typically depend on the NSF Mark and Certification as evidence that the 
requirements of the Standard have been satisfied. The NSF Certification 
process for plastics pipe and fittings is illustrated in Figure 1 and 
proceeds as follows: 

- a company applies to have products Certified under the Standard, 
providing information on the sizes, styles, end uses (e.g., use 
in watermain, multiple user service lines, single user service 
lines, and/or residential applications, as well as end use 
temperature). In addition, information is provided identifying 
the material (or formulation) used. All information is kept 
strictly confidential. 

- formulation, processing, and manufacturing information on each 
material/ingredient used is provided directly from the material 
formulators and ingredient suppliers. 

- the preliminary toxicology review examines every 
ingredient/material supplier. The review identifies contaminants 
of toxicological concern, and specifies the analytical testing 
required. 

- a regional or program representative schedules an initial audit 
at the manufacturing plant. Subsequent audits may be unannounced 
or announced. During the audit, formulation information such as 
batch tickets, suppliers, lot numbers, shipping records, and 
other related documents are examined and confirmed. The 
representative examines QA/QC programs in place, and inspects for 
potential contamination and cross contamination problems. 

- product is sampled and shipped to NSF's laboratories for testing. 
Chain-of-custody records are maintained. An inspection report 
is left with the plant contact, itemizing the items of 
noncompliance (if required) requiring a response within an 
established time period. 

- the samples are tested for leveling of chemical and 
microbiological contaminants, as specified by the toxicologist 
from the initial toxicological review. 

- the laboratory results are "normalized," based on end use 
information provided by the product manufacturer and the basic 
assumptions provided in the Standard. 

- normalized concentrations are compared with MALs--generally one- 
tenth of EPA's MCLs--to account for multiple sources of 
contaminants. 

- unregulated contaminants are reviewed in conjunction with the 
toxicological information provided to arrive at an MCL 
equivalent, the MDWL. The MAL for unregulated contaminants is 
set to one-tenth of the MDWL, again, to account for multiple 
sources of contaminants. 



Figure 1 

CERTIFICATION PATHWAY 

regulated 
contaminants 

I Applicati~ I 

I Preliminary Toxicology Review t 

I Plan~Audit I 

I Sample~Obtained I 
I Lab i~esting I 

I Normalization I 

F I 

J 

I Listings Contract I 

unregulated 
contaminants 

d Evaluate Against MALs I., 
P 

loo.oto ..,l 
J up Program I Follow 
"1 

J Toxicology Evaluation 1 
"1 

I, etMA' l 

c u  1 9 j ' ~ . G P ,  I e 

"rl 
m 
G) 
O 
.-i.1 

m 

~> 
(-- 

O 
z 
~> 
z 

z 

-rt 

z 
o 
-i-i 
o 

GO 
t,D 



90 BURIED PLASTIC PIPE TECHNOLOGY 

- when contaminant concentrations exceed the MAL, product rejection 
can result. When contaminant concentrations fall below the MALs 
and a product is eligible for Certification. 

Once all the requirements of the Standard are satisfied when all 
the technical requirements have been satisfied and a contract executed, 
the product is Certified, and the Listing published. The Listing appears 
periodically in Listing books, is available electronically through NSF's 
on-line electronic Listings access service, or can be confirmed by 
directly by contacting NSF. Ongoing follow-up Certification procedures 
are implemented based on product types, the sources and types of 
materials used, and whether or not they are compounded/modified at the 
production plant. 

Implications: The major perceived disadvantages to industry are 
the time and costs associated with Certification. Plastics products 
currently Certified under NSF Standard 14 are being reevaluated under the 
requirements of ANSI/NSF Standard 61 in order to maintain their NSF 
Certification. This effort will be completed by year end. New products, 
of course, must be evaluated at the outset for health effects under the 
ANSI/NSF Standard 61 requirements. 

Once attained, however, the NSF Certification eliminates the need 
for multiple testing under various regulatory programs and provides for 
uniform interpretation of the Standard for equivalent types of products 
in the marketplace. All types of materials can be equally treated in 
terms of an independent health effects evaluation, demonstrating ongoing 
conformance with an established consensus Standard. 

The NSF Mark adds credibility to products in the marketplace by 
demonstrating independent conformance with the Standard. Certified 
products generally meet the needs of water utilities' and other 
specifiers' contracts and specifications, By screening out products that 
are not appropriate for use in drinking water systems, the program may 
help utilities and other users avoid high removal and replacement costs. 

Federal, state, and local regulatory agencies recognize and use 
NSF's Standard and Certification program as a basis for product/material 
acceptance in public drinking water systems. This third-party program 
frees regulatory agencies from the burden of maintaining redundant 
standards, testing, and evaluation programs. The Mar~ signifies to 
regulators that the audit, sampling, testing, and toxicological 
evaluation were performed by NSF, and that the product is part of a 
credible ongoing, third-party evaluation program. 

For utilities, engineers, and other specifiers and users of the 
Standard, the NSF Certification program provides a means to clearly 
specify product requirements. For the first time, uniform health effects 
requirements are available for all types of pipe materials. 

CONCLUSION 

ANSI/NSF Standard 61 (and NSF Standard 14 by reference) and the NSF 
third-party Certification program provide a cost effective method for 
evaluating plastics and other types of piping materials. This Standard 
is the only widely accepted health effects consensus standard for pipe 
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materials in the U.S., and is rapidly becoming incorporated into state 
regulations and water utility specifications. 

It provides for comprehensive toxicological review and assessment, 
extraction testing, and microbiological growth support evaluation (when 
appropriate). Both regulated and unregulated contaminants are addressed. 
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ULTRASONIC EVALUATION OF POLYETtlYLENE BU~I~ FUSED JOINTS 
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ABSTRACT: Technology in ultrasonic inspection of polyethylene 
heat fused joints is rapidly improving. Subtle flaws that 
could not be detected previously can now be found. Sophis- 
ticated methods of destructively testing the fusions appear 
to confirm these ultrasonic evaluations. Further study could 
reveal the possibility of predicting long term fusion joint 
reliability using state-of-the-art ultrasonics. It has been 
proven that the use of ultrasonic testing of fusion joints 
in the field and for requalification can greatly improve the 
quality of workmanship. 

KEYWORDS: Ultrasonic, high speed tensile, pulse-echo, pitch- 
catch emulation, bend ~est. 

Since its introduction in the 1960's the acceptance of 
polyethylene piping in the gas industry has been phenomenal. Many 
other industries such as municipal sewer and water, mining and 
industrial plant piping have been using polyethylene piping in 
increasing amounts. This growth in the usage of PE pipe has lead to 
greater numbers of employees who are required to be proficient in 
joining pipe materials. 

The number of resin and pipe manufacturers has grown 
accordingly in order to meet this ever increasing demand for PE 
pipe. Unfortunately, nearly every pipe manufacturer has a different 
set of parameters to join the pipe he manufactures. 

The basic parameters are consistent with each manufacturer. 
They are: Clean 

Face 
Heat 
Join 
Hold 

Mr. Striplin is Sales Manager for Fusion 
Manager for Ultrasonic Development at McElroy 
833 North Fulton, Tulsa, Oklahoma 74115. 
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The critical variables in the process are heating and cooling 
times, heating temperature, and heating and joining forces. The 
recommended time, temperature and force values are seldom reproduced 
by different pipe manufacturers. Even those manufacturers using the 
same resins feel that their method produces slightly better results 
than the other manufacturers method. Because of these differences 
in procedure, plus the difference in design and performance of the 
fusion equipment a simple process has been made somewhat confusing. 

Although failure in butt fused joints is not common, several 
sets of interacting circumstances can result in short term or long 
term failure. Some of these include poorly maintained joining 
equipment, dirty or poorly maintained heater plates, or failure to 
follow proper joining guidelines. Environmental conditions such as, 
wind or water preventing proper melt, cooling melted surfaces before 
joining, or dirt or debris falling on the prepared joint surfaces 
can also cause lack of integrity. The heat fusion process, although 
simple to perform and extremely reliable, like many other things we 
do frequently, can be thought to be infallible. Then we are shocked 
when we discover that it, and all processes, are not infallible. 

These and other factors lead to the necessity of increased 
field inspection of fusions and qualification and requalification of 
operators. The only method available to us initially to 
nondestructively test butt joints was visual inspection of the 
outside diameter bead. If the bead appeared to be in accordance 
with the pipe manufacturer's recommendations it was assumed that the 
fusion was good. Generally this was the case. However, some of the 
joint failures that occurred had beads which passed visual 
inspection. Therefore, it was determined that there could be lack 
of bonding, voids or inclusions in the interfacial area of the joint 
which could not be visually detected. 

The obvious solution to this dilemma was X-ray and ultrasonics. 
X-ray was expensive, bulky and failed to show the subtle flaws in 
the PE pipe joints. Ultrasonics, hopefully, is the answer. 

Principles 

Basic ultrasonic technology has not changed much in the last 50 
years. 

A short pulse of electric current excites a transducer 
(crystal) which vibrates at a high frequency such as 20 Mhz or 
20,000,000 cycles per second. As this mechanical energy passes 
through the material being inspected (medium) the energy causes the 
individual particles in the medium to vibrate. The particles in the 
medium do not move as the sound wave does, but react to the energy 
of the sound wave. If the sound wave comes in contact with a 
discontinuity in the medium, the energy is disturbed and part of it 
will be rerouted in direction. The discontinuity can be voids or 
cracks, inclusions or any change in the basic mediums' acoustic 
impedance. 
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Methods 

There are several methods of ultrasonic testing. Of them, 
Pitch-Catch and Pulse-Echo are the most popular. Pitch-Catch 
utilizes a sending transducer and a receiving transducer. The 
sending transducer transmits a sonic wave through the medium and 
expects to receive a certain amount of energy at the receiving 
transducer. If no flaws are found a strong signal is expected. If 
flaws are present, the signal received will be significantly reduced 
because the sound wave pattern is disturbed and fragmented. 

Pulse-Echo utilizes one transducer which both sends and 
receives the sonic wave. The sonic wave is sent out in pulses and 
travels through the medium continuing uninterrupted unless flaws are 
present. If flaws are present a reflected sound wave will return to 
the transducer and is received between the pulses. The amount and 
strength of the reflected energy is dependant strictly on the size 
of the flaws and their geometric pattern. 

Of these two methods, the most preferred is Pitch-Catch. Its 
ability to detect flaws is not dependant on flaw size and geometry. 
In fact, small flaws are better detected by the disturbance they 
create than the reflection they give. 

However, before selecting a method for inspecting a particular 
material two things must be considered: 

Shape of Material: The shape of the material we are discussing 
(pipe) is obviously cylindrical. Since the area of concern is the 
fusion, we want to pass the sonic wave through the fusion zone. 

Acoustic Properties of Material: Polyethylene is a p6or 
thermal, electrical and sound conductor. Because of this it is a 
difficult material to inspect ultrasonically. 

Because the pipe is cylindrical, placement of transducers for 
Pitch-Catch poses a problem. (We obviously cannot place them 
against the pipe's inner wall.) Because of this and PE's poor 
conductivity Pitch-Catch becomes impossible. We are left with only 
one method, Pulse-Echo. 

Traditionally Pulse-Echo inspection of PE pipe is accomplished 
by: Mounting a focused beam transducer on a lucite block which is at 
an angle to the centerline of the pipe. The bottom of the block is 
machined to the same radius as the pipe's outside diameter. A 
liquid couplant is placed between the transducer block and pipe, 
then the inspection begins. 

The sonic wave is pulsed through the lucite block then refracts 
when it contacts the pipe, which has a different acoustic 
independence than the lucite. The sonic wave then travels through 
the pipe wall and eventually through the fusion zone. If no 
discontinuities are found, the sonic wave will continue through the 
pipe wall until it is absorbed. If discontinuities are found, a 
reflected sonic wave will return to the transducer. The energy 
which returns is then quantified. (The intensity is dependent on 
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(i) flaw size and geometry and (2) location in relation to the 
center of the sonic beams.) Once a value is given to the reflected 
energy, then the value is compared to a set threshold and a decision 
is made as to whether the flaws, which are detected, are too large 
to pass the inspection. Unfortunately, subtle flaws and sometimes 
obvious flaws may go undetected. Until recently, highly trained 
technicians were required to interpret the waveform which was 
generated from the reflections. Now products are available which 
automate this process. 

A new concept has been introduced which operates primarily as a 
Pulse-Echo System, but emulates the Pitch-Catch method. Unlike 
conventional Pulse-Echo Systems, a sonic beam is transmitted through 
the pipe wall and spreads outward from the center. The transducer 
angle is such that not only the fusion zone is bombarded, but the 
inside diameter fusion bead is inspected as well. Each butt joint 
has an inside diameter bead and if properly formed, through proper 
joining practices, that bead will reflect a significant amount of 
energy which will return to the transducer. When the small flaws or 
discontinuities are present, the disrupted sound waves interfere 
with the sonic wave which would normally be reflected to the 
transducer. Therefore, small flaws or discontinuities can be 
detected, not from the reflections they give but from the 
disturbances they create. This technology provides more information 
about the joint which can be used to not only determine if the 
fusion is good or bad, but perhaps provide insight as to long term 
strength of the joint. This is probably the advantage this new 
technology has over standard technology possible long term 
prediction. 

Destructive Testing 

The primary method of distructively testing butt joints in 
the field or for operator qualification is the bend back test. 
There are several sophisticated tests, although researchers do not 
agree on which is the best test to determine long term performance 
of the fusion joint. High temperature bath tests do not necessarily 
expose possible problems with impact or point loading. Tensile 
tests do not simulate impact or point loading stresses. 
Tensile-impact testing is probably the best of this group for 
determining fusion joint quality; however, it does not allow the 
tensile properties of the pipe to add to its strength. We have 
developed a machine which we feel gives an accurate evaluation of 
joint strength and reliability. "McSnapper" is a high speed tensile 
test with impact. While the standard tensile-impact tests are more 
impact than tensile, this test is more tensile than impact. Perhaps 
it should be called an Impact-Tensile Test. 

Again, it appears that this test can be a useful tool in 
determining long term joint reliability. Figure i shows a typical 
load/time relationship that the McSnapper provides. The X-axis 
shows the time sequence with each plot point in milliseconds. The 
Y-axis shows the load in kilograms that the sample withstands. As 
shown, the sample withstands a load of 1605 kilograms and tapers off 
to 1206 kilograms. This pull shows good ductility. Several control 
samples (samples with no fusion) are pulled and used to compare with 
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F i g .  i - - Un fused  C o n t r o l  Sample 

F i g .  2 - - Good Fus ion  
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the fused samples. If the control samples do not exhibit good 
ductility the pipe lot is not used for the ultrasonic evaluation. 
Figure 2, represents a good fusion, and Figures 3, and 4 represent 
two bad fusions. 

The good fusion (Figure 2) exhibits good ductility as all good 
fusions should. The initial load is 1605 kilograms and tapers 
down gradually to about 1043 kilograms in the 200 millisecond 
span. 

Figure 3 shows a bad fusion which builds up to a load of 1285 
kilograms and holds for only I/I0 of a millisecond before brittle 
failure. This failure could be readily detected using the bend back 
test. However, Figure 4 shows a bad fusion (cold joint) which 
illustrates some interesting characteristics. The sample withstands 
a load of 1605 kilograms initially and tapers off slightly for 3 
milliseconds. Then in just over 6 milliseconds after the pull was 
initiated it fails in the brittle mode. Our testing has found this 
type of brittle failure to be the way a cold joint typically fails 
in this high speed tensile test. Notice that the control sample 
(Figure i), good fusion (Figure 2), and the bad fusion - passed bend 
test (Figure 4) all had an initial load of 1605 kilograms. However, 
the bad fusion (Figure 4) began dropping rapidly until brittle 
failure at 6 milliseconds. Therefore, while not conclusive, it 
appears that the failure type in Figure 4 initially withstands the 
same load as the pipe or a good fusion joint, which is sufficient to 
pass a bend back test but not the high speed tensile test. 

While it is a simple task to find gross flaws which will not 
pass a bend test, the challenge is to establish parameters in the 
ultrasonic test system's programming to detect minute flaws. Since 
detection of these subtle flaws is quite difficult, it is a 
painstaking and timely process. But, hopefully, the result of this 
task will be well worth the effort. 

Field Use 

Although ultrasonic testing of fusion joints has been performed 
for several years, highly trained technicians with considerable 
judgement were required to read the wave form. The process was 
slow, tedious, and open to interpretation. Recently, more automated 
versions of both old and new technologies have become available. 
These developments allow the average person with minimal training to 
perform field inspections of fusion joints on a productive basis. 

Random Field Testin~ 

Ultrasonic testing can be used to supplement visual field 
inspections currently being carried out by an inspection staff. 
Random inspections of field fusions will insure long term 
reliability of the PE pipeline. Most bad fusions are a result of 
worn or faulty equipment or use of incorrect fusion procedures. 
Random field testing can quickly expose these conditions because 
they will be consistent from joint to joint. 
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Total Inspections 

I00~ ultrasonic inspection of fusion joints in pipes laid in 
more critical applications should be considered. Road crossings, 
insertions and installations in highly populous areas are some of 
the applications which apply. 

Qualification of Operators 

Qualification and requalification of fusion operators can be a 
very important function of ultrasonic testing. This task, as it is 
performed now, is a time consuming and costly operation. The time 
involved in cutting straps from a fusion joint then performing the 
bend test can be from 5 to I0 minutes. And then, only 40~ (2" IPS 
pipe) or 14~ (6" IPS pipe) of the joint area is required to be 
tested according to Pipeline Safety Regulations Part 192,285. If 50 
operators were to be qualified in one day, this procedure alone 
could take over 8 hours. Using state-of-the-art ultrasonics, I00~ 
of the fusion area can be inspected in about one hour and without 
the risk of injury related to band saw operation. 

State-of-the-art ultrasonic testing equipment has the 
capability of recording the inspection so a permanent record can be 
maintained. 

Improved Performance 

A gas utility used ultrasonics, in January, 1989, to requalify 
the fusion operators. The results were reported as follows: 

I. Only 57~ of the fusion joints passed visual inspection. 

2. Only 22~ of the fusion joints passed ultrasonic inspection. 

These figures probably do not represent the industry. Two 
factors were responsible for these staggering results: 

I. Operators were using improper fusion procedures. 

2. The fusion equipment was in need of repair. 

The utility involved initiated a program to repair the 
equipment to the manufacturer's standards and began immediate 
retraining of their fusion personnel. After this program was 
implemented, retesting revealed an impressive i00~ passing the 
visual inspection and over 98~ passing the ultrasonic inspection on 
the first try. As a company official said "Overall quality of 
workmanship has improved since we began using ultrasonic testing". 

Although fusion problems are rarely evident, ultrasonics can 
help provide quality and reliability to all industries that use 
polyolefin piping. 
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THE FATIGUE RESPONSE OF POLYVINYL CHLORIDE AND POLYETHYLENE 
PIPE SYSTEMS 
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ABSTRACT: Fluctuating internal pressures induce fatigue stresses 
in pipes and fittings. The influence of these fatigue loadings on 
the strength of unplasticized polyvinyl chloride (UPVC) and 
polyethylene (PE) pipe systems is examined. The fatigue response 
of UPVC pipe is well defined. For PE pipe systems elevated 
temperature fatigue tests identify fittings and joints as the 
prefered failure sites. The literature indicates that PE pipe 
systems, jointed by butt fusion in particular, have the best 
projected fatigue lifetimes, and are capable of withstanding 
significant surge fatigue stressing at 20/23~ 

KEYWORDS: Plastic pipes, plastic pipe fittings and joints, 
polyvinyl chloride, polyethylene, fatigue behaviour. 

INTRODUCTION 

The low pressure and low temperature pipe markets have come to be 
dominated by plastics, and in particular by unplasticised polyvinyl 
chloride (UPVC) and the two linear polyethylenes, medium (MDPE) and 
high (HDPE) density polyethylene. Both UPVC and MDPE/HDPE are used for 
buried potable (drinking) water systems, for sewer pipes and pipe 
systems in chemical plants. In these applications internal pressure 
fluctuations and traffic loading can induce fatigue stresses. It is 
important to assess if these fatigue loadings induce such damage that 
pipe systems failure becomes either a possiblility or a reality. 

The paper examines the fatigue behaviour of UPVC and MDPE/HDPE 
pipe systems subject to fatigue arising from internal pressure 

Dr. Jeremy Bowman is processing and development manager at Fusion 
Plastics Ltd, Carrwood Road, Chesterfield, Derbyshire England. 
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fluctuations. The first section identifies and discusses the four 
different fatigue failure modes exhibited by thermoplastic materials. 
The second and third sections discuss the fatigue behaviour of UPVC, 
and MDPE/HDPE pipe systems respectively; consideration is given both 
to the response of pipes and the behaviour of joints and fittings. The 
final section attempts to quantify the fatigue damage pipe systems 
sustain in service. From the comparison of the laboratory studies and 
the expected in service fatigue damage, recommendations follow on the 
prefered materials and jointing methods for fatigue tollerant plastic 
pipe systems. 

FATIGUE FAILURE MODES FOR THERMOPLASTIC MATERIALS 

Definitions of Fatigue Test Variables 

With dynamic fatigue it is possible to impose one of three well used 
loading profiles, see Figure I. The variables associated with these 
different fatigue loading profiles can be divided into two groups, one 
associated with stress, the second with time. 

The stress variables are defined for the sinusoidal loading profiles, 
see Figure 1 (a) and (b). From the minimum (O'm• and maximum (Cr=~) 
stresses, the mean stress, stress ratio, stress range and stress 
amplitude can be calculated: 

(a) 

i, ~ 

' 'R< 0" (1:7) 

(c) 

Io 

�9 N 

=- Time 

~- Time 0 

?:~0 

= Time 

/"~" (E 

~ ,  _ i , 

= Time 
Figure I. Schematic presentation of different loading profiles; 
(a) and (b) sinusoidal, (c) trapezoidal and (d) sawtooth. 
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Mean Stress ((9" .... ); Cr .... = �89 (O-m~ + 0~• 

Stress Ratio (R); R = ~• / CI'~_~ 

Stress Range (Z~CY); /kCF = CT-'~ - O '~m•  

Stress Amplitude ( O-,); (~, = �89 (O-~ - C~• 

Convention regards tensile stresses as positive and compressive as 
negative, so if compressive stresses are present R < O. With pipe 
systems the internal gage pressures are usually positive, so R > O. 

For pipe fatigue, stresses arise from varying internal pressures. 
The minimum (P m• and maximum (P ~._~) pressures give Z~P, as 
A P =P ~a~ - P ~• Knowing Z~P, the hoop stress range in the pipe, 
A(Y,, can be calculated, for thin walled pipes, by 

A O-. 
AP.dov 

2t 

1 (a) 

and for thick walled pipes by 

Z~CY. 
L k P . ( d o m  - t )  

2 t  

l (b) 

where doD is the outside diameter and t the wall thickness. 

The time variables are annotated in Figure 1 (c) for 
the trapeziodal loading profile, and discussed individually below. 

(i) 

(ii) 

(iii) 

(iv) 

Cycle time (t ~y=1~) is the time required for one 
complete cycle. The test frequency (f) is given by 
f = I/t = y ~ l ~  

Time at maximum stress (t max) is the time at or close to 
the maximum stress. 
Time at minimum stress (t mi~) is the time when the 
applied stress is at the minimum. 
Rise (t r• and Decay (t ~ay) times are the times 
required to raise and lower the stress. 

For sinusoidal loading only the cycle time is clearly 
identifiable. For trapezoidal profiles all times are identifiable. 
Note for the square wave t r• and t d~ay-~O, while for the 
sawtooth profile t max = O, see Figure 1 (d). 

Having identified the fatigue loading variable's the fatigue 
failure modes will be discussed. 

Thermal Failure 

Fatigue thermal failure of thermoplastics is due to the 
accumulation of hysteretic energy and the poor heat transfer 
characteristics of polymers (I). The temperature of a plastics 
component subjected to high frequency fatigue can rise by up to 70~ 
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For most thermoplastics strength declines with increasing temperature, 
so fatigue induced temperature increases precipitate the failure of 
the component, usually in a ductile mode. 

The possibility of a buried plastics pipe system exhibiting 
thermal failure is remote. This is because the fluids within and 
around the pipes conduct away heat, the pressure fluctuations are 
generally of a low frequency, and the applied stress ranges small. 
However, laboratory tests should avoid the significant self-heating by 
keeping the frequency of loading to 2Hz or below. 

Cumulative Creep Damage Failure 

A plastics pipe system can experience a fatigue profile such that 
in each cycle the time at maximum stress (t max) is both measureable 
yet significantly less (<0.001) than the static stress lifetime. If 
the number of loading cycles (n) required to induce failure is equal 
to Ne , then the time under maximum stress, "~FAT, is given by 

Ne 2 (a) 

n = ] 

For a loading profile with each cycle equivalent, equation 2 (a) 
simplifies to 

" C ' F ~ T  = Nr msx 2 (b) 

Equations 2 (a) and (b) define the creep damage introduced into 
the pipe system when subjected to fatigue. If sufficient creep 
damage is introduced, pipe system failure follows when 

~FAT ~ ~S~ 

where ~sR is the creep or stress rupture lifetime for the same test 
temperature (T) and at O" = CT .... This form of fatigue failure 
Js thus creep controlled, and the test may be termed an interrupted 
creep or interrupted stress rupture test. 

Figure 2 illustrates an example of creep controlled failure of a 
HDPE pressure pipe, tested at 80~ under fatigue with R = O and 
5C~= 4.9MPa. As t max was varied, ~FAT was largely constant, with the 
variable value for N~ predicted from a knowledge of the static 
stress lifetime (2). The fatigue failure of UPVC pipes, at high value 
of CT .... can also arise from the accumulated creep damage (3). 

Cycle Dependent Fatigue Failure 

In cycle dependent (or true) fatigue failure the repeated 
application of the stress induces damage which manifests itself by the 
cycle controlled propagation of a crack (I), Since the 
application of the stress induces damage, the time at maximum 
stress, t .... should not effect the number of cycles to failure, N~. 

For a small diameter, butt jointed, HDPE equal tee (4), Figure 3 
shows N~ was essentially constant as the creep time per cycle was 
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increased from about I to 30 seconds; the accumulated creep damage, 
"~rAT was not constant and changed with t ~._~, see Figure 3. 

For cycle controlled fatigue failure it is usual to present data 
as a double logarithmic plot of stress range (~o) against Nf, where 
straight line plots are usually observed (I). This implies Nf, is 
related to ~O" by a power law relationship of the form 

Nf e( ( ~ ' ) -  b 3 

where b>l. Decreases in /S6 extend the fatigue lifetimes, with N~ 
not influenced by t m,_~, unlike the case of creep controlled failure. 

Combined Creep and Fatigue Damage 

For metals, it is known that combined creep and fatigue loading 
can introduce damage, either independantly or synergistically~ to 
induce failure (5). This topic must be considered since both constant 
and fluctuating internal pressures are observed with pumped 
pipelines. A code has been devised by the American Society of 
Mechanical Engineers (ASME) to separate and quantify the creep and 
fatigue damage (5). The measured fatigue life, Nt, is normalised 
using N~ the fatigue lifetime for a cycle with little or no creep 
damage. The cumulative creep damage ~rAT, is normalised using the 
stress rupture lifetime, q~-sm, measured at the same temperature and 
maximum stress used in the fatigue test. The normalised fatigue damage 
(Nt/N~ and the normalised creep damage ('~rAT/~nm) can be added to 
give the combined damage: 

_,~176 F 
3 0  3 u,, 

a. 10 B IO* - 

~- 11- '0~i 

Peak Load " 

N I 

fo Failure 

63ram HOPE Equal Tee 
Tesf Temperature 80~ 
Pipe Z~(y.=4 6MPa 

,m.. e" 

. , '><-.  

0 2 4 6 8 
Frequency of Load Application (cycles per rain.) 

I t I 
81 27 9 3 

~me af Peak Load in One Cycle (s), ~o.,, 
Figure 4. The failure of a different HDPE equal tee (from that in Figure 
3) showing combined creep and fatigue failure mechanism. Both NCand~r 
varied as~was changed. 
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Nf J~'FAT 
C o m b i n e d  Damage  = + 4 

Nt "~s~ 

For the combined damage greater than I, the mixing of creep and 
fatigue is beneficial. For the combined damage equal to unity the 
fatigue and creep loading introduce damage in direct proportion to 
their contribution. For the combined damage less than I, mixing creep 
and fatigue is deleterious, with the lifetime shorter than that 
predicted from Nt and ~s~. For the combined damage less than 1 a case 
case was seen for an injection molded HDPE equal tee fatigue 
tested at 80~ (6). Figure 4 shows both Nf and ~FAT varying as t m~x 
was changed, this implying that both the creep and fatigue elements of 
loading contributed to the failure process. 

This brief review of the fatigue failure modes for unreinforced 
thermoplastic resins is used to interpret the data on the fatigue 
performance of UPVC and MDPE/HDPE pipe systems. Separate consideration 
is given to the behaviour of pipes, fittings and joints. 

FATIGUE BEHAVIOUR OF UPVC PIPE SYSTEMS 

UPVC Pipe 

The fatigue behaviour of UPVC pipes, loaded by internal pressure 
fluctuations, has been examined in depth by Joseph and Leevers (3)(7). 
Un-notched pipes, with an outside diameter of about 60mm and with a 
nominal wall thickness of either 3.4 or 4.2mm, were subjected to a 
trapezoidal loading profile, at a frequency of 1Hz at 20~ with a 
fixed minimum pressure of 0.4 MPa. Figure 5 presents data on the 
60mm pipe as log (~'.) versus log (Nf), with Figure 6 replotting the 
data as log (~ ~.) against log (~rAT). 

From Figures 5 and 6 it can be seen that 
(i) at high stress ranges the fatigue strength is controlled by 

the static stress lifetime; (creep controlled failures): 
(ii) for &o~. ~ 30MPa, the failures are "brittle", true fatigue 

failures; 
(iii) a reasonable straight line plot was obtained when using 

double logarithmic axes forUM against N~ (see equation 3); 
(iv) the fatigue strength of the thicker walled pipes was 

similar to the thinner walled; 
(v) the was no clear evidence of a fatigue limit. 

In addition to the above, Joseph and Leevers (3) showed that 60mm 
UPVC pipe from different manufacturers had very similar fatigue 
strengths, that mean stress had little influence on fatigue strength 
(7), and that the performance of 168mm diameter pipe was very similar 
to the 60mm (7). 

Two other studies on the fatigue strength of UPVC pipes are 
considered. Hucks (8) tested 2" and 4" pipes at 24~ using a base 
pressure of 0.35 MPa and a range of frequencies between 0.0017 and 
0.38Hz. No clear influence of frequency on Nf was observed (8), 
despite fracture mechanics studies showing crack growth rates 
accelerating with decreasing frequency (1)(9). Vinson (I0) tested 6" 
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SDR 17 UPVC pipe at 23~ using a sawtooth profile, with frequencies 
between 0,I and 0.17 Hz using a base pressure of between 0.35 and 0.48 
MPao When this data of Vinson (I0) and Hucks (8) is compared to that 
of Joseph and Leevers (3), the agreement between the different studies 
is good, see Figure 7. The fatigue strength of conventional UPVC 
appears to be well defined and little influenced by the manufacturer 
of the pipe, the pipe diameter or the frequency of the test. 

The good agreement of the data cited above allows the projection 
of a lower bound value (II), see Figure 7. This can define the 
influence of A~t'N on the fatigue lifetime (N~) of UPVC pipe 
subjected to pulsating internal pressure loading at about 20~ 

N, = 2.85 x lO a (&O-H) -3-35 S 

Finally the behaviour of oriented UPVC pipe is commented on. 
Rings taken from pipe were subjected to fatigue to reveal an enhanced 
fatigue strength (12). Previous studies have shown pipe rings 
and complete pipes gave similar fatigue strengths (II). Molecular 
orientation is therefore seen as a route to enhance the fatigue 
strength of UPVC pipes, 
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Other Factors Influencing the Fatigue Strensth of UPVC Pipe 

In the transportation and laying of plastic pipe, surface 
scratches can be introduced. Vinson (I0) introduced a single long 
(610mm) scratch at the minimum wall. Those scratches 4.7% of the wall 
deep were not deleterious to the performance of the pipe; they were 
not the focus for failure. Scratches that were 9% deep initiated 
failure and reduced performance. But the reduction in fatigue 
lifetime was due to reducing the effective wall thickness, rather 
than the scratches acting as stress raisers. Care should be exercised 
with this conclusion, since different scratches will have different 
root radii to influence strength in different ways (I). 

Studies (13) with buried pipes have revealed that some plastics 
pipes can deform due to surface loading. Christie and Phelps (14) 
examined how external compression influenced fatigue lifetime, when 
the UPVC pipe under test was internally notched. Small external 
compressions reduced fatigue strength markedly; at 5% compression the 
fatigue lifetime was down to one tenth of the lifetime of pipe not 
subjected to compression. This appears to be an area worthy of further 
study using un-notched pipe or pipe notched on the outside wall. 

Finally, it is noted that fracture mechanics studies on 
fatigue crack growth have explored the influence of polymer molecular 
weight and temperature. High molecular weights retard crack growth 
(1)(15), which should extend fatigue lifetimes of pipes made from 
higher molecular weight resins. Second, for UPVC plates it has been 
shown fatigue lifetimes decrease with increasing temperature (16). 
Since to date data has been obtained at temperatures between 20 and 
24~ lower fluid temperatures should enhance fatigue strength. For 
higher fluid temperatures (> 25~ down-rating is needed, the level 
of which has not been clearly identified. 

UPVC Fittings and Joints 

Jacobi (17) has examined the fatigue strength of equal tee 
fittings designed for 90mm outside diameter pipe, having a 7.5mm pipe 
wall. The fittings were solvent jointed to pipe and the system 
subjected to sinusoidal pressure amplitudes superimposed on a constant 
line pressure, Tests were conducted at 20~ and a frequency of 1.33 
Hz. Figure 8 presents the data from Jacobi as log (pipe hoop stress 
range) against log Nt. Two curves are included, one for the original 
design of fitting and a curve for the re-designed fitting. Tested 
under constant pressure no failures were seen in the fittings. Under 
fatigue, the original design of the fitting failed in a brittle 
manner, the cracks initiating at the through section/branch arm 
intersection. Re-design of the fitting enhanced the fatigue strength. 
However, for both the original design and the re-design, the fitting 
was weaker than the pipe. Menges and Roberg (18) also identified 
fittings as a point of weakness under fatigue loading, with the 
fitting failing before the pipe. 

For the strength of UPVC joints under fatigue, Onishi et al (16) 
have shown that hot plate joints have lower fatigue strengths. 
However, UPVC pipes are more usually joined by solvent jointing or the 
use of rubber 'O' rings. No published information was found on the 
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strength of solvent joints under dynamic fatigue, although a recent 
paper showed creep loading could induce joint failure (19). This 
appears an area worthy of further study. 

FATIGUE BEHAVIOUR OF MDPE/HDPE PIPE SYSTEMS 

MDPE and HDPE Pipes 

L~rtsch (20) explored the fatigue strength of HDPE pipes at 20~ 
using high valves for ~'mL~ so as to induce failure in reasonable 
times. Under these conditions there was no evidence of a fatigue 
weakness; rather there was evidence "that pulsation increases the 
strength of the pipe". Barker et al (2), using older, low stress 
crack resistant HDPE pipes (Lifetimes at 80~ and 4.5 MPa of about 60 
hours under constant pressures) showed again that 80~ fatigue induced 
failures were controlled by the static stress lifetime. These pipes 
therefore did not exhibit a fatigue weakness, even when tested at 
80~ there failure was due to the accumulated creep damage as 
defined in equation 2. This is illustrated in Figure 2 where ~'~ZrAT is 
largely constant for varying values of t max. 

Modern MDPE pipes have improved stress crack resistance; under 
constant internal pressure loading, lifetimes in excess of I0,000 
hours at 80~ and O'N = 4.5 MPa are recorded. For these extra-tough 
MDPE pipes, recent evidence shows fatigue can induce brittle failures 
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Figure 9. lhe 80 e fa t igue response of  125mm SDR11 MDPE pipes (21) f a i l i n g  
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at 80~ in reasonably short times. Tests with un-notched 125mm SDRII 
pipes at 80~ with R = 0 and ~O-~ = 4.5 MPa, showed fatigue induced 
brittle failures after about 250 hours of testing when using a 
trapezoidal loading profile with a frequency of about 0.083 Hz (21). 
These were fatigue induced failures. Work on externally notched MDPE 
gas pipes like-wise found that 80~ fatigue induced brittle failures 
in short test times (22). 

The influence of pipe hoop stress range on the 80~ fatigue 
lifetime of un-notched MDPE pipes is shown in Figure 9. All failures 
were brittle (23), the substantial damage was from the fatigue element 
of loading (21)(23), and the influence of log ~O-~ on log Ne was 
approximately as described by equation 3. Thus the 80~ data shows 
that the fatigue life of an MDPE pipe can be extended by reducing the 
pressure change, so reducing the chance of a "brittle-like" failure. 
Estimates of the 20~C strength are covered later in this paper. 

MDPE~HDPE Butt Fusion Joints 

Parmar and Bowman (24)(25) have examined the 80~ fatigue strength 
of butt fusion joints in 63, 90 and 125mm SDRII blue water grade MDPE 
pipe. The focus of the work was to explore the influence of axial 
misalignment at the butt joint. It was shown that axial misalignments 
of 10% or greater (of the pipe wall thickness) induced failure at the 
joint (24), with increasing misalignment progressively reducing the 
80~ fatigue strength (25), see figure 9. Work on aligned butt joints 
showed failures at (24) and remote (21)(23)(24) from the join. Thus 
the work on the fatigue strength of butt joined polyethylene pipes 
supports the 80~ constant stress studies (26)(27) that well made butt 
joints are as strong as the pipe itself. 
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The publications referred to above cite the fatigue response of 
complete butt joints. Other studies have compared the fatigue 
strength of base resins to butt joints using notched tensile samples. 
It was observed that the polyethylene at the butt joint was weaker 
than the base resin (28). However, as indicated above, correctly made 
butt joints are as strong, or stronger, than the pipe when the fatigue 
tests evaluate the total joint. Care should therefore be excercised 
with data obtained on notched samples taken from butt joints. 

MDPE and HDPE Pipe Fittings 

Published literature shows 80~ fatigue stressing can induce HDPE 
(4)(6) and MDPE (21)(29) pipe fittings to fail, with the fittings 
failing prior to the pipe, see Figures I0 (a) and (b). The failures 
were brittle (4)(21), the accumulated creep damage small (4)(21)(29) 
and the plots of log~O-, against log Nf gave reasonable straight 
line plots over the substantial range of ~. values investigated, 
see Figure I0. These observations infer that these HDPE and MDPE 
fittings are failing by a fatigue mechanism, with the consequence that 
reductions in ~o-, substantially extended the fatigue lifetime. An 
additional point should be observed from Figure I0, and that is there 
is some evidence for a fatigue limit at low values of ~.. This is an 
important point, and it needs resolving as to whether there is a 
fatigue limit per se, or whether the material ages during testing and 
in so doing become stronger. 

In studies on electrofusion couplers (29), socket couplers 
(21)(23) notched pipes (22) and notched tensile samples (28) it is 
well documented that different grades of polyethylene, and different 
batches or lots within a single grade, give different fatigue 
strengths. For the elecrofusion couplers the value of Nf could vary 
by a factor of ten (21). This demonstrates clearly that for MDPE or 
HDPE pipe grade resins there is no well defined fatigue strength, 
unlike the case of UPVC pipes where the fatigue strength is well 
defined despite the pipes being sourced from companies on different 
sides of the Atlantic ocean. Thus the fatigue strength of MDPE and 
HDPE pipes and fittings is grade specific with some having 
significantly better fatigue strength. This variation in fatigue 
strength with the grade of resin means no single equation can describe 
the fatigue strength of polyethylene pipe systems. 

The Influence of Notches~ Temperature and Combined Loading 

For a single batch/lot of 125mm SDRII MDPE pipe, the influence of 
the depth of external notches on the 80~ fatigue strength of pipes 
has been assessed (23). Notches of a depth of 4.1% of the pipe wall 
thickness did not act as focus for failure, while notches 9.3% deep 
and above did focus the failure. At about 19% deep the fatigue 
lifetime was down to one tenth of the pipe alone. Interestingly these 
results are similar to those cited above, from Vinson (IO), for UPVC 
pipes, where 4.7% notches had little influence while deeper notches 
did focus failure and reduce the fatigue strength of UPVC pipes. 

The substantial work undertaken to date on the fatigue response of 
polyethylene pipe systems has been at 80~ For most applications it 
is necessary to estimate to 20 or 23~ fatigue strength. For a single 
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grade of MDPE, estimates of the 20~ fatigue strength of butt, socket 
and electrofusion jointed 125mm SDRII systems have been made, based on 
data obtained at 80, 70 and 60~ (21)(23). The relationship, for a 
fixed~value, between the fatigue life (N~) and the test 
temperature (T), measured in degrees Kelvin, was proposed to be 

log Nz = A - B.T -i 

where A and B are experimentally determined material constants. 
Equation 6 implies a log N~ versus T -i plot should give a straight 
line, and this was observed (21) for the socket coupler failures, as 
shown in Figure II. Using the log N~ versus T -I plots, and equation 
6, estimates of the 20~ fatigue strength for the various failure 
sites were calculated (21)(23), and are presented in Table I. 

TABLE I. THE MEASURED 80~ AND ESTIMATED 20~ FATIGUE STRENGTH OF 
BUTT, SOCKET AND ELECTROFUSION JOINED MDPE PIPE SYSTEMS 

JOINTING METHOD 

BUTT SOCKET ELECTROFUSED 

I 
Failure Site in the pipe socket fitting electrofusion fitting 

Nominal (N) or 4.38 MPa(A) 4.65 MPa (N) 4.65 MPa (N) 
Actual (A) ~(TH 

Mean Measured 80~ 82,300 39,300 39,800 
Fatigue Life Cycles Cycles Cycles 

Estimated 20~ 271 x 106 21.1 x 106 19.0 x 106 
!Fatigue Life Cycles Cycles Cycles 

I 
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Figure 11. lhe i n f l u e n c e  os s163 s on s measured mean f a t i g u e  
l iFeEime oF 125mm MOPE sockes coup lers .  DaEa From Bowman (21).  
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The observed good 80~ fatigue strength of butt joined pipe is 
preserved at 20~ Other studies on butt joined MDPE pipe (30) also 
indicate good fatigue strengths at lower and the more realistic 
service temperatures. 

Potable water, sewerage and other pipelines can, in service, be 
subjected to mixtures of constant and fluctuating pressure loadings 
(31). To simulate this form of loading, creep ioadings have been 
interspersed between discrete packets of fatigue. The fatigue packets 
have been of either I0 or I00 cycles, and the creep intervention times 
have varied between 0.I and 11.6 hours. The maximum fatigue pressure 
(8 bar gage) has been equal to the creep pressure loading, with the 
frequency of the fatigue cycles at about 0.068 Hz for a trapezoidal 
loading profile with R = O. The samples tested were 125mm MDPE socket 
couplers (21)(23), tested at 80~ till failure. The concepts of 
fractional damage, described by Bowman and Barker (6) and referred to 
earlier, have been applied to interpret the data. The total number of 
loading cycles to induce failure, together with the accumulated creep 
damage (from the creep intervention periods only) and the combined 
damage (Equation 4)are recorded below on Table II. 

TABLE II 80~ PERFORMANCE OF 125mm SDR II SOCKET JOINED MDPE PIPE 
SYSTEMS TESTED UNDER ALTERNATING CREEP AND FATIGUE LOADING 

Creep Total Fractional 
Inter- Mean Fatigue 
ventionFatigue Damage 
Time(h) Cycles 

(xl0 -4) 

N~ 

Pure 9.97 
Fatigue 

0.1 8.48 

0.3 5.38 

1.0 4.93 

II .6 1.43 

Pure 0 
Creep 

Total 
Mean 
Creep 
Loading 
(h) 

Fractional 
Creep 
Damage 

Combined Total 
Fractional Mean 
Damage Test 
(Equation 4) Time 

(h) 

N~/N~ I~T ~wT/~sm Nt/N~+TF~T/zsm 

1.0 0 0.0 1.0 

0.850 84.8 0.027 0.877 

0.540 161.5 0.052 0.592 

0.495 493.1 0.159 0.654 
I 

0.144 !1657.8 0.533 0.678 

0 3100.0 1.0 1.0 

407.0 

421.5 

383.5 

696.8 

1715.5 

3100.0 

Note I00 loading cycles in each fatigue packet. 

Table II shows that the introduction of periods of creep loading 
between packets of fatigue reduced the number of cycles of fatigue 
required to induce the socket coupler to failure. Or viewed the other 
way, the more frequent application of fatigue progressively reduced 
the total creep intervention time. But it should be noted, first that 
the combined damage was less than one when both creep and fatigue were 
present, and second that the total test time to failure was not 
markedly reduced by combining the two loading modes. 
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In addition to the data reported above, Bowman (21)(23) also 
investigated varying the number of fatigue cycles per packet, reducing 
it from I00 to I0. This was more deleterious, reducing N~ to 
2.16 x 104 for a creep intervention period of 18 minutes. It can thus 
be concluded that for some polyethylene pipe systems the mixing of 
creep and fatigue loading is deleterious, reducing by a significant 
margin the total fatigue damage a system can sustain without 
precipitating failure. 

Having examined the available literature on the fatigue response 
of UPVC and MDPE/HDPE pipes and fittings, it is now relevant to 
explore the fatigue loading seen in service. The in-service fatigue 
stressing is then compared to the capability of the UPVC and MDPE/HDPE 
pipe systems to sustain those loadings. Recommendations then follow on 
preferred materials for pipe systems likely to experience fatigue 
loading in service. 

THE FATIGUE STRENGTH OF UPVC AND MDPE/HDPE PIPE SYSTEM 

Some Sources of Fatigue Loadin$ 

Fluctuations in the pressure of fluids within buried plastic pipe 
systems can arise from a number of sources, but two are considered to 
be widespread in their action and therefore of interest. First, in 
potable water pipelines demand variations can induce, in a typical 
day, two to five low pressure (~ 4 bar) changes. These demand induced 
pressure changes (diurnal fatigue) see the line pressure decrease 
below the maximum value (which is usually found at night). For a 50 
year design life the demand induced fatigue loadings would number 
between 3.7 x 104 and 9.0 x 104 cycles. In addition to these fatigue 
cycles there would be creep (constant pressure) loadings. 

The second major source of internal pressure fluctuations arises 
from the operation of pumps and valves. These have been observed to 
induce pressure changes of 6 bar and above (31), and calculated to be 
of the order of 7.2 bar for HDPE and about 9 bar for UPVC (32), 
the difference being due to the different wall thicknesses and elastic 
moduli~ of pipes and materials respectively. These larger pressure 
fluctuations have the line pressure rising above the normal line 
pressure, with the fatigue loadings occurring in small packets which 
may number up to 6 packets per hour (31). Joseph, (II), for UPVC 
pipelines, analysed these discreet packets of fatigue, and concluded 
that a single decaying pressure par cumulatively equal to 
two large pressure pulses. Thus, in a 50 year life a pumped pipeline 
could experience up to 5 x 106 cycles of high pressure, surge 
fatigue loading. In addition to the fluctuating pressue there will be, 
between the p~ckets of fatigue loading, periods of constant pressure. 

Estimated 20~ Fatigue Strength of UPVC and MDPE Piye Systems 

Estimates of the mean 20~ fatigue lifetime of UPVC pipes of 
differing SDR values are contained in Table III. The fatigue strength 
lifetime is based on the work of Leevers and Joseph (3). Also included 
in Table III is an estimate of the likely fatigue strength of oriented 
UPVC pipe, based on the data of Dukes (12). For UPVC pipe systems no 
allowance has been made for the strength of the fitting, despite 
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these appearing, in some studies, to be weaker than pipe under fatigue 
(17)(18). A review of the failures in UPVC pipe systems did not 
identify fittings as a particular problem (33), hence they are not 
considered here. 

TABLE III 20 ~ C FATIGUE PERFORMANCE AND EXPECTED SERVICE LIFE OF UPVC 
PIPES AND MDPE PIPE SYSTEMS FOR FATIGUE INDUCED FAILURES 

I UPVC PIPES 

4" 4" 
SDR 15 SDR 19 

ORIENTED 
PIPE (6") 

125mm SDR II MDPE SYSTEMS 

BUTT SOCKET ELECTROFUSED 
FUSED FUSED [ 

IV(a) DIURNAL LOADING, Pressure change 4 bar, 5 cycles 

Equivalent 2.0 

AO--~ (MPa) 

Nf for 
Continuous 27.7 
Loading 
(x 10 -6) 

N~ for 
Alternating 
Creep and 
Fatigue 
(x 10 -6) 

Expected 
Service >104 
Life (yrs) 

3.6 

, 14.8 

>10 ~ 

7.3 

>15.0 2175 

- 543 

> I 0 3 > ~  

242 

> 1 0  4 

,er day 

2.0 

528 

104 

> 1 0  5 

IV (b) SURGE FATIGUE, Pressure change 8 bar, 12 cycles per hour 

Equivalent 5.9 
~O-'H (Mma) 

Nf for 
Continuous 2.7 
Loading 
x 10 -6) 

N~ for 
Alternating 
Creep and 
Fatigue 
(x 10 -6) 

Expected 
Service 26 
Life (yrs) 

7.2 

1.47 

14 

14.6 4.0 

7.0 354 

66 

71 

673 

4.0 4.0 

32.6 34.3 

6.5 

62 

6.9 

65 
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For the assessment of the fatigue strength of MDPE/HDPE pipe 
systems, separate consideration is given to the behaviour of butt, 
socket and electrofusion joined systems. Bowman (21) has taken 80~ 
data and, using the Arrhenius relationship (equation 6), estimated the 
20~ fatigue lifetime.This data is contained in Table III where it can 
be seen that the fatigue strength of the MDPE pipe systems has been 
down-rated due to the possibility of creep and fatigue loading being 
present together. The data in Table III clearly shows a different 
response for the different methods of joining MDPE pipe systems. 

Resistance of UPVC and MDPE Pipe Systems to Diurnal Fatigue Loading 

Estimates of the likely fatigue loadings arising from diurnal 
fatigue have been made for a pipe design lifetime of 50 years, and 
range from 3.7 x 104 to 9 x 104 cycles of low pressure fatigue. 
This fatigue loading is compared with the expected fatigue strength of 
UPVC pipes and MDPE pipe systems, as annotated in Table III. 

The available evidence shows diurnal fatigue, that is pressure 
changes resulting from demand variations in buried potable water 
lines, will not cause UPVC pipes nor MDPE pipe systems to fail for 
the 50 (or I00 year design) lifetimes. However, fatigue loading has 
been shown to reduce the creep strength when the two are combined, 
see Table III. But the residual creep strength, as measured at 
80~ is considered more than sufficient so as not to cause these MDPE 
pipe systems to fail due to the accumulated creep loadings. Therefore, 
UPVC pipes and MDPE pipe systems are highly tolerant of damage arising 
from pressure fluctuations that result from demand variations; 
diurnal fatigue poses no problems. 

Resistance of UPVC and MDPE Pipe Systems to Surse Fatisue 

The pressure changes associated with surge fatigue are both more 
frequent and of a larger stress range. Yet at the same time, it is 
more difficult to estimate the likely fatigue damage. In one of the 
preceeding sections an estimate of 5 x 106 cycles in a 50 year life 
was given, and it is noted that in some cases this may be an 
overestimate, in others an underestimate. This caluclated fatigue 
damage is compared to estimates of the fatigue strength of UPVC pipes 
and MDPE pipe Systems contained in Table III. 

For conventional UPVC pipe, it appears that surge fatigue loading 
is capable of inducing premature failure. This is in-line with 
conclusions of Joseph (II), although it should be noted that this 
study has used an estimate of the mean fatigue life of pipe, while 
Joseph used the minimum life (see equation 5). Oriented UPVC pipes, 
appear to have an improved fatigue strength such that they are capable 
of withstanding the estimated surge fatigue damage in a 50 year life~ 
see Table III. Further work does, however need to be undertaken on 
complete pipes to confirm the initial data obtained on pipe rings. 

For MDPE pipelines the evidence is that all three methods of fusion 
jointing give systems capable of withstanding the damage induced by 
surge fatigue loading, with butt jointed systems the best. This 
statement is made with an allowance made for creep-fatigue 
interactions (6), see Table II. It should also be noted that the 
fatigue strength of MDPE and HDPE pipe resins differ grade to grade. 
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Some of the most modern polyethylene pipe grade resins have fatigue 
strengths significantly in excess of those used for the study by 
Bowman (21)(23). 

Concluding, it should be noted that the number of buried pipelines 
seeing significant surge fatigue loading is small. Furthermore, it is 
possible to suppress the amplitude of the pressure pulses associated 
with the operation of pumps and valves. But for those pipelines where 
surge fatigue is likely to be present the evidence is that MDPE pipe 
systems offer good fatigue strength. And in particular, pipe systems 
made with good fatigue resistant MDPE and HDPE resins, and jointed 
using good butt fusion equipment (34), will give low pressure pipe 
systems tollerant of the damage arising from surge fatigue. 
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LOAD-DEFLECTION FIELD TEST OF 27-INCH (675-mm) PVC (POLYVINYL 
CHLORIDE) PIPE 
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(675-mm) PVC (Polyvinyl Chloride) Pipe," Buried Plastic: Pipe Technology, 
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ABSTRACT: The Bureau of Reclamation constructed a special test section of 
27-inch (675-mm) diameter PVC (polyvinyl chloride) pipe in November 1987 
near Elba, Nebraska. Measurements were made of pipe deflections, pipe invert 
elevations, soil properties, and in-place unit weights. Pipe deflections will be 
continually monitored for several years. This paper describes the installation 
and pipe deflection measurements through the 2-year reading. 

KEYWORDS: pipe, PVC pipe, flexible pipe, deflection, test section, soil 
mechanics, soil tests, time factors, soil-structure interaction 

INTRODUCTION 

This paper reports the results of a test section of buried 27-inch (675-mm) PVC 
(polyvinyl chloride) pipe installed near Elba, Nebraska, during November 1987. The 
Bureau of Reclamation constructed the test section at a special site to evaluate the 
short- and long-term behavior of PVC pipe installed with three different bedding 
conditions. Measurements made during installation of the test section and through 
2 years following installation are reported. Measurements are to be made for 5 years 
following installation. 

The test section was not made part of a functioning distribution system in order 
to gain access to take pipe diameter measurements whenever required. Results 
include measurements of pipe diameters as the pipe deflects, pipe invert elevations, 
and unit weights and physical properties of the soils used in construction. 

BEDDING CONDITIONS 

"Bedding" refers to placement of soil beneath and beside the pipe up to a height 
of 0.7 of the outside diameter of the pipe or up to the top of the pipe. "Backfill" 
refers to placement of soil over the pipe, and "cover" is the vertical distance from the 
top of the pipe to the top of the backfill. 

Mr. Howard is a Research Civil Engineer with the U.S. Bureau of Reclamation, 
PO Box 25007, Denver CO 80225. 
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The three pipe bedding conditions examined for this study are illustrated on 
figure 1. The three conditions will be referred to as "dumped," "95 percent," and 
"85 percent" sections, and are described as follows: 

D u m p e d  s e c t i o n .  - Native soil from the trench excavation was dumped into 
the trench beside the pipe without any compaction. The backfill over the 
pipe to the ground surface was also dumped native material. 

95  p e r c e n t  s e c t i o n .  - Native soil from the trench excavation was placed in 
8- to 9-inch loose lifts beside the pipe and compacted to at least 
95 percent compaction. These lifts were placed until the compacted 
bedding was up to at least 0.7 of the outside diameter of the pipe. The 
remainder of the backfill up to the ground surface was dumped native 
material. 

85 p e r c e n t  s e c t i o n .  - Native soil from the trench excavation was placed in 
loose lifts and compacted to about 85 percent compaction for the whole 
trench section, that is, from the trench bottom to the ground surface. 

/1 ~-X\\ 

JFu f l  
/ trench 

sectzon 

95~ . . . . . .  ~.\  \ / / ~--o. 
Cornpoction ~ "  x I ) ~ \ \  \ / i T 

Outs ide  Dio. 

85% 
Compocl 

.... Full 

trench 

section 

FIG. 1 -- Bedding and backfill conditions. 
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TEST SITE 

The typical trench section is shown on figure 2 and pipe diameter 
measurement locations are shown on figure 3. The original trench section was to 
have about 18 inches (450 ram) of clearance on each side of the pipe, or a total 
bottom width of 5 feet 4 inches (1600 mm). The total depth was to be 18 feet (5.5 m) 
so there would be 15 feet (4.5 m) of cover over the pipe. At a depth of about 13 feet 
(4 m), a layer of dean, fine sand was encountered. As the sand dried, it began to 
slough creating vertical walls in the sand. Since the sloughing would undercut the 
overlying clay material, the excavation was terminated at a depth of about 15 feet 
6 inches (4.7 m). Another result of the sloughing was that the trench width at the 
spring line of the pipe was 11 to 13 feet (3.4 to 4 m). This trench width is about 
5 pipe diameters, which means the pipe was installed in a nontypical condition. In 
order to obtain as much cover (load) as possible over this pipe, the soil was mounded 
over the trench to create a final cover over the pipe of 15 feet (4.5 m). 

Poor/y I 
graded l 
sand I 

4'-8" tO 5 "6 "  'i 4 ' -0" tO 5'- 6" 
I f  to 13' 'i 

FIG. 2 -- Typical trench section for test section. 
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FIG. 3 -- Diameter measurement locations. 
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PIPE 

The PVC pipe was 27-inch (675-mm) nominal inside diameter, SDR-51, 
pressure rated to 80 lb/in ~, and the pieces were 20 feet (6.1 m) long. The pipe was 
made with an integral boll to utilize a gasket for sealing, meeting the specifications 
defined in ASTM F 477. 

The pipe is described in a catalog as "Agricultural PVC Pipe" having the 
following properties: 

Outside diameter = 27.953 inches 
Inside diameter = 26.857 inches 
Wall thickness = 0.548 inch 
Modulus of elasticity = 400,000 lb/in ~ 

Several measurements of the pipe wall thickness were made at the cut end of 
the outlet pipe using a vernier caliper. The measurements ranged from 0.595 to 
0.629 inch (15.11 to 15.98 mm) with an average of 0.617 inch (15.67 mm). 

The pipe stiffness factor for use in the equation for predicting the pipe 
deflection under load is expressed as: 

where: 
E ~--- 

I = 

r --  

P S =  

pipe stiffness factor, lb/in 2 = 
EI 

- 0.149 PS 

modulus of elasticity, lb/in 2 
moment of inertia of section of pipe wall, in'/in 
pipe radius, inches 
pipe stiffness (term most commonly used) 

The moment of inertia for a straight wall pipe is equal to t3/12 where "t" is the 
pipe wall thickness. Using the following nominal values, the pipe stiffness factor, 
EI/r  ~, was calculated to be 2.2 lb/in 2 (15.2 kPa). 

E = 400,000 lb/in 2 (2760 kPa) 
t = 0.55 inch (13.97 mm) 
D = 27.0 inches (686 mm) 

If the measured wall thickness of 0.62 inch (15.67 mm) was used, the pipe 
stiffness factor would be 3.2 lb/in 2 (22.1 kPa), or about 50 percent higher. However, 
measurements were made on only one pipe at one section and may or may not be 
representative of the entire test section. In addition, because predictions of pipe 
deflection are generally based on nominal values, the nominal pipe stiffness factor is 
used in this study for comparison purposes. 

SOIL PROPERTIES 

Foundation and Trench Walls 

The soil in the foundation and in the trench walls from the trench bottom up 
to about the top of the pipe was classified as a POORLY GRADED SAND. Four 
in-place densities were measured in this material. Relative densities ranged from 61 
to 88 percent with an average of 72 percent. Trench wall conditions would be 
considered trench type I as used in Reclamation [1]. 
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Native Soil 

The native soil excavated from the trench above the POORLY GRADED 
SAND was classified as LEAN CLAY. The soil classifications are in accordance with 
ASTM D-2487. 

CONSTRUCTION SEQUENCE OF TEST SECTION 

Dumped Section 

The soil was placed in two loose lifts beside the pipe, one lift from trench 
bottom to pipe spring line and the other from spring line to the top of the pipe. For 
each lift, loose soil was leveled using garden rakes and shovels. 

The backfill over the pipe was placed in 3-foot (l-m) thick loose lifts up to a 
final cover height of 15 feet (4.5 m). These lifts were leveled using the hydraulic 
excavator bucket. 

85 Percent Section 

From the trench bottom to the top of the pipe, the soil was placed in 8-inch 
(200-mm) loose lifts and compacted with one pass of a mechanical compactor to 
about 6 inches (150 mm). This was continued over the pipe up to a cover height of 
3 feet (1 m). Then progressively thicker lifts were used, and these were compacted 
using wheel traffic from a front-end loader. 

.95 Percent Section 

From trench bottom up to 0.7 of the outside pipe diameter, the soil was 
placed in about 8-inch (200-mm) loose lifts and compacted with several passes of a 
mechanical compactor to a compacted height of about 6 inches (150 mm). The 
required number of passes was monitored by measuring the in-place density using a 
sand cone device. After having placed compacted soil to a height of 0.7 of the 
outside diameter of the pipe, loose soil was placed and leveled up to the top of the 
pipe. The backfill sequence of placing soil over the pipe was the same as described 
for the dumped section. 

UNIT WEIGHT OF BACKFILL OVER PIPE 

.Dumped and 95 Percent Sections 

Five in-place unit weight tests were performed in the uncompacted backfill soil 
over the dumped section and the 95-percent section. Two of the tests were 
performed in the backfill over the 95-percent section and three were performed in the 
backfill over the dumped section. However, test results were so similar that unit 
weight of the uncompacted backfill is discussed without regard to location. 

The wet unit weight of the uncompacted backfill ranged from 78.7 to 
84.2 lbf/ft 3 (12.4 to 13.2 kN/m 3) with an average of 81.3 lbf/ft 3 (12.7 kN/m3). For 
calculation of the predicted pipe deflection, a unit weight of 81 lbf/ft 3 (12.7 kN/m 3) 
was used. 

Percent compaction of the uncompacted backfill ranged from 66.8 to 
74.3 percent with an average of 70.7 percent. 
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85 Percent Section 

Five in-place unit weight tests were performed in the compacted backfill soil 
over the 85-percent section. 

Wet unit weights of soil compacted over the top of the pipe ranged from 90.0 
to 100.6 lbf/ft 3 (14.1 to 15.8 kN/m 3) with an average of 96.6 lbf/ft 3 (15.2 kN/m3). For 
calculation of the predicted pipe deflection, a unit weight of 97 lbf/ft 3 (15.2 kN/m 3) 
was used. 

Percent compaction of the compacted backfill ranged from 81.0 to 89.8 
percent with an average of 86.4 percent. 

DEGREE OF COMPACTION OF BEDDING SOIL 

To determine the degree of compaction of the bedding soil (soil placed beside 
the pipe), percent compaction was determined for each test reach. The degree of 
compaction is required in order to determine E t, Modulus of Soil Reaction, used in 
calculating predicted pipe deflection [2, 3]. The degrees of compaction used are 
dumped, slight, moderate, and high. 

Dumped Section 

The dumped section had no compaction except for occasional foot traffic 
associated with spreading the soil in level increments at spring line and at the top of 
the pipe. The unit weight and percent compaction of the bedding were assumed to 
be the same as those discussed under the preceding "Unit Weight of Backfill Over 
Pipe" section. The degree of compaction would be dumped. 

85 Percent Section 

Two in-place unit weight tests were performed when the bedding soil was at 
spring line and two tests when the bedding was at 0.7 outside diameter (o.d.). 
Percent compaction ranged from 85.3 to 91.0 percent with an average of 88.5 percent. 
The degree of compaction would be moderate. 

95 Percent Section 

Two in-place unit weight tests were performed with the bedding at spring line 
and two tests when the bedding was at 0.7 o.d. Percent compaction ranged from 94.3 
to 96.7 percent with an average of 95.7 percent. The degree of compaction would be 
high. 

PIPE DIAMETER MEASUREMENTS 

Measurement points for vertical diameters were established by locating and 
marking the invert of the pipe using steel balls and then marking the top of the pipe 
using a plumb bob. A special device was placed on the vertical diameter marks, and 
the ends were used to locate the horizontal diameter. Care was taken that the device 
was perpendicular to the axis of the pipe. A screw was inserted into the pipe wall at 
the marked locations of the vertical and horizontal diameters. 

The diameters were measured with an inside micrometer that could be read to 
0.001 inch (0.025 mm). These measurements were made with the ends of the inside 
micrometer on the screw heads. 
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The readings are accurate to about plus or minus 0.010 inch (0.25 mm) 
because of the variation in the pressure used to tighten the micrometer in the final 
reading position. The readings through final backfilling were all made by the same 
person. 

All elongations and deflections discussed are the vertical elongations and 
deflections of the pipe unless otherwise described. Elongation is defined as an 
increase in the vertical diameter of the pipe due to bedding soil being placed beside 
the pipe and compacted. Deflection is defined as a decrease in the vertical diameter 
of the pipe due to backfill soil being placed above the top of the pipe. 

The percent vertical deflection or elongation (AY) is defined as: 

/IY (%) change in diameter 
= x 100 

original diameter 

For elongation, "change in diameter" is the diameter measured at some stage 
in the bedding process minus the diameter of the pipe when the pipe was in place on 
the trench bottom before any bedding operation was begun. For deflection, "change 
in diameter" is the diameter measured when bedding was completed up to the top of 
the pipe minus the diameter measured during or after the backfilling process. The 
"original diameter" used for both elongation and deflection calculations was the 
nominal inside diameter of the pipe, 27 inches (675 mm). 

Elongation is shown as a negative value and deflection as a positive value. 

PIPE ELONGATION DURING BEDDING 

Flexible pipe can elongate (increase in vertical diameter and decrease in 
horizontal diameter) due to compaction of the bedding soil alongside the pipe. The 
diameters (horizontal and vertical) of the pipe were measured with the pipe resting in 
place on the trench bottom before any bedding soil was placed. Diameter 
measurements were again made after each lift of soil was placed and compacted. The 
dumped bedding was placed in two lifts, and diameter measurements were made after 
each placement. 

The horizontal diameter change was larger than vertical diameter change as 
summarized in the following table: 

TABLE 1 -- Elongation 

Percent average elongation 
with soil at top of pipe 

Test reach Vertical Horizontal 
Dumped -0.2 -0.3 
85 percent compaction -1.6 -1.6 
95 percent compaction -3.0 -3.1 

The amount of elongation was directly related to the compactive effort applied 
to the bedding soil. The measurements show that just dumping soil beside a pipe can 
result in elongation. Compacting the bedding soil to over 95 percent compaction can 
elongate the pipe about 3 percent. 



132 BURIED PLASTIC PIPE TECHNOLOGY 

The percent vertical elongation values appear to be typical based on other 
reported measured values [4]. 

PIPE DEFLECTION DURING BACKFILLING 

Flexible pipe deflects (decreases in vertical diameter and increases in 
horizontal diameter) due to backfill load on the pipe. The initial diameter (or zero) 
reading for calculating deflection was the pipe diameter measured when bedding soil 
was at the top of the pipe. From this zero point, any changes in pipe diameters are 
due to backfill placed over the pipe. 

The following table summarizes the average deflection: 

TABLE 2 -- Deflection 

Test reach 
Dumped 
85 percent compaction 
95 percent compaction 

Percent average vertical deflection 
at 15 feet (4.5 m) of cover 

9.4 
1.0 
0.9 

Percent vertical deflection versus cover height is plotted for each test reach as 
shown on figure 4. 
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FIG. 4 -- Pipe deflection versus cover height. 
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Vertical Versus Horizontal Diameter Cham,es 

Horizontal deflections were smaller than vertical deflections as summarized in 
the following table: 

TABLE 3 --/iX/AY Ratio 

Average percent deflection 
at 15 feet (4.5 m) of cover 

Vertical Horizontal Ratio 
Test reach AY AX AX/AY 

Dumped 9.4 8.4 0.89 
85 percent compaction 1.0 0.8 0.80 
95 percent compaction 0.9 0.5 0.56 

For pipe that deflects elliptically, the ratio of the horizontal to vertical 
deflections should be about 0.91 [3]. 

Net Change in Pipe Diameter 

The net change in pipe diameter from measurements made when the pipe was 
in place on the trench bottom and after backfilling was completed is shown on the 
following table: 

TABLE 4 -- Net Diameter Change 

Percent vertical change 
Test reach Elongation Deflection Net change 

Dumped -0.2 9.4 9.2 
85 percent compaction -1.6 1.0 -0.6 
95 percent compaction -3.0 0.9 -2.1 

On the day the 15 feet (4.5 m) of cover was completed, the pipes with 
compacted beddings had not returned to their original diameter. 

Theoretical Versus Actual Deflections 

Theoretical deflections at 15 feet (4.5 m) of cover for each bedding condition 
were calculated using the following equation [3]: 

0.071' h 
t ,y (%) = T t EI/r3 + 0.061 E '  

where: 

A Y ( ~ )  = 
= 

= 

h 
EI / r  3 = 
E '  = 

theoretical vertical deflection in percent 
timelag factor, 1.0 
backfill soil unit weight in lbf/ft 3 = 81 lbf/ft 3 for dumped and 

95 percent sections, or 97 lbf/ft 3 for 85 percent section 
cover height in feet over pipe = 15 feet 
pipe stiffness factor in lb/in 2 = 2.2 lb/in 2 
modulus of soil reaction in lb/in', varies with compaction and soil 

t y p e  
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This equation is a commonly used variation of the Iowa Formula [5, 6]. A 
timelag factor of 1.0 was used to calculate the initial (day backfilling completed) 
deflections. 

The soil type used would be "fine-grained soil with less than 25 percent 
coarse-grained particles." For the three bedding conditions, E '  values would be as 
follows [3]: 

TABLE 5 -- E '  Values 

Modulus of 
Degree of soil reaction 

Test reach compaction E '  in 
lb/in ~ (kPa) 

Dumped Dump 50 (345) 
85 percent compaction Moderate 400 (2 760) 
95 percent compaction High 1,500 (10 350) 

Pipe in the dumped section deflected about half the predicted value. The E '  
value was backcalculated to be 111 as compared to the recommended value of 50. 

Pipe in the 85-percent section deflected about one-fourth the predicted value. 
The E '  value was backcalculated to be 1,634 as compared to the recommended value 
of 400. 

Pipe in the 95-percent section deflected within the anticipated deflection 
range. The E '  value was backcalculated to be 1,513 as compared to the 
recommended value of 1,500. 

TIMELAG OF PIPE DEFLECTIONS 

A flexible pipe continues to deflect over time for two reasons [3]: 

1. Increase in the soil load on the pipe 

2. Compression and consolidation of the soil at the sides of the pipe. 

Diameter measurements were made at the following time periods following 
completion of backfilling: 1, 3, 7, and 14 days; 1, 2, 3, and 6 months; 1 and 2 years. 
Future readings will be made at 3, 4, and 5 years. 

Timelag is defined as the ratio of the deflection measured at some time 
period following completion of backfill to the deflection measured at completion of 
backfill. 

The following table gives timelag factors for vertical deflections measured at 
1 and 6 months and 2 years. 
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TABLE 6 -- Timelag Factors 

Percent vertical deflection Timelag factor 

Test reach 0day l m o  6too 2yr  l m o  6mo  2yr  

Dumped 9.5 10.8 11.9 13.3 1.1 1.3 1.4 
85 percent compaction 1.0 1.5 1.8 2.1 1.5 1.8 2.0 
95 percent compaction 0.9 1.3 1.6 1.7 1.4 1.8 _. 1.9 

The anticipated timelag factors, over several years, are 1.5 for the dumped 
section and 2.5 for the 85-percent and 95-percent sections [3]. About 75 percent of 
the timelag factor should be reached in 3 to 6 months. Figures 5 through 7 show the 
percent vertical deflection versus time for the three test reaches. As shown in these 
figures, most of the increase in deflection with time has occurred within the 3- to 
6-month period. 
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ELONGATION AND DEFLECTIONS OF PIPE JOINTS 

Diameter measurements of pipe joints were made at the spigot side of the 
joint at the upstream end of each test pipe. These measurements were made about 
2 inches (50 mm) from the end of the pipe. 

The joint is stiffer than the barrel of the pipe, and smaller elongation and 
deflection values were recorded at the joints. 

Elongation 

Horizontal diameter change was larger than vertical diameter change as 
summarized in the following table: 

TABLE 7 -- Elongation of Joint 

Percent elongation of joint 
with soil at top of pipe 

Test reach Vertical Horizontal 
Dumped -0.1 -0.1 
85 percent compaction -0.8 -0.9 
95 percent compaction -1.9 -2.0 

The amount of elongation was directly related to the compactive effort applied 
to the bedding soil. The measurements show that just dumping soil beside the pipe 
can result in joint elongation. Compacting the bedding soil to over 95 percent 
compaction can elongate the joint about 2 percent. 

Deflection 

Deflection of joints due to backfilling over the pipe is shown on the following 
table along with the ratio of horizontal to vertical diameter: 

TABLE 8 -- Deflection of Joint 

Percent deflection of joints 
at 15 feet (4.5 m) of cover 

Vertical Horizontal Ratio 
Test reach AY /~X AX/AY 

Dumped 8.0 7.2 0.90 
85 percent compaction 0.7 0.7 1.00 
95 percent compaction 0.5 0.5 1.00 

The ratio of horizontal to vertical deflection of the joints is 0.9 or more. 

Net Change in Pipe Diameter 

The net change in pipe diameter at the joints from measurements made when 
the pipe was in place on the trench bottom and after backfilling was completed is 
shown on the following table: 



138 BURIED PLASTIC PIPE TECHNOLOGY 

TABLE 9 -- Net Diameter Change of Joint 

Percent vertical change of joint 
Test reach Elongation Deflection Net change 

Dumped -0.1 8.0 7.9 
85 percent compaction -0.8 0.7 -0.1 
95 percent compaction -1.9 0.5 -1.4 

As with net change in the barrel of the pipe, on the day the 15 feet (4.5 m) of 
cover was completed, the pipe with compacted beddings had not returned to its 
original diameter. 

Timelag 

The following table gives timelag factors of the joints for the vertical 
deflections measured: 

TABLE 10 -- Timelag Factors of Joint 

Joint Joint 
percent vertical deflection timelag factor 

Test reach 0day l m o  6m o  2yr  l m o  6 m o  2yr  

Dumped 8.0 9.4 10.5 12.5 1.2 1.3 1.6 
85 percent compaction 0.7 1.0 1.4 1.6 1.5 2.0 2.4 
95 percent compaction 0.5 0.7 1.1 1.2 1.5 2.3 2.4 

Comparison of Joint and Barrel of Pipe 

Relative stiffness of the joint is illustrated in the following table comparing 
elongation and initial deflection of this joint with average values for the barrel of the 
pipe: 

TABLE 11 -- Barrel-Joint Comparison 

Test reach 
Dumped 
85 percent compaction 
95 percent compaction 

Percent vertical change 
Elongation Initial deflection 

Barrel Joint Barrel Joint 
-0.2 -0.1 9.4 8.0 
-1.6 -0.8 1.0 0.7 
-3.0 -1.9 0.9 0.5 

Change in the joint compared to change in the barrel of the pipe ranges from 
about 50 to 85 percent. 

PIPE INVERT ELEVATIONS 

The elevation of the pipe invert was monitored during installation using 
surveying equipment to measure the elevation of the top of the screw heads in the 
pipe mvert. 

Of particular interest was any raising of the pipe due to compaction of 
bedding below the spring line of the pipe. For lightweight pipe, compactive effort in 



HOWARD ON LOAD-DEFLECTION FIELD TEST 139 

the haunch area of the pipe can raise the pipe. To prevent any significant raising, 
sandbags were placed on top of the pipe in the 95-percent section. 

Placement and compaction of soil in the 95-percent section up to the spring 
line of the pipe raised the pipe about 0.04 foot (12 mm). Continuation of compacted 
bedding up to 0.7 o.d. raised the pipe another 0.01 foot (3 mm). The 85-percent 
section did not have sandbags on top of the pipe, and placement and compaction of 
soil up to spring line and then to 0.7 o.d. did not affect invert elevation significantly. 

In all three sections, loading the pipe by placement of the backfill over the 
pipe showed a general trend of the pipe settling only about 0.01 to 0.02 foot (3 to 
6 ram). 

Elevation readings made 2 weeks following completion of backfilling indicated 
further settlement of about 0.01 foot (3 mm). The 1-year readings show that the pipe 
has settled about 0.1 foot (30 mm). 

Compared to the amount of elongation and deflection that occurred, 
movement of the pipe invert was relatively small. 

REPORT 

A complete tabulation of all measurements and calculated deflections in 
addition to a more detailed description of the test installation is presented in a 
Reclamation report [7]. The test section was initiated and constructed by personnel 
from the Reclamation Nebraska-Kansas Project Office in Grand Island, Nebraska. 
Their work is especially acknowledged, particularly Mike Kube, Chief of the Office 
Engineering Branch, and Larry Cast, Project Geologist. 

SUMMARY AND CONCLUSIONS 

A special test section of 27-inch (675-mm) diameter PVC pipe was 
constructed in November 1987 near Elba, Nebraska. Pipe deflections, pipe invert 
elevations, soil physical properties, and in-place unit weights were measured. Pipe 
deflections are to be monitored periodically to evaluate time-deflection behavior of 
the pipe. Measurements from the test section through the 2-year readings gave the 
following results: 

�9 Pipe deflections in the dumped and 85-percent sections are much less than 
predicted. 

�9 Pipe deflection in the 95-percent section is within the range of predicted 
values. 

Pipe elongation (increase in vertical diameter) created during placement 
of bedding soil beside the pipe was typical based on other reported values. 

Pipe joints deflections ranged from about 50 to 85 percent of the 
deflection measured in the pipe barrel. 
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ABSTRACT" Soil property requirements for the basic trench 
and embankment installation conditions are discussed. 
Characteristics of compacted soils are described and 
representative stress-strain parameters given. 
Preliminary values of existing ground stiffness properties 
are suggested. The applications of these properties for 
analyzing pipe deflection, wall thrust and buckling 
strength are indicated. 

KEYWORDS: soil properties, stress-strain behavior, 
strength, compaction, flexible pipe, plastic pipe, Young's 
modulus, Poisson's ratio, bulk modulus, constrained 
modulus, deflection, buckling, wall thrust. 

INTRODUCTION 

The installed shape of a buried plastic (flexible) pipe is 
strongly influenced by the soil placement process and the resulting 
soil stiffness properties. The long-term pipe deflections are 
controlled by soil deformation subsequent to installation in addition 
to the time-dependent pipe response. This soil deformation results 
from soil consolidation, creep, moisture changes, and erosion, as well 
as from loading changes. Pipe buckling stability is highly dependent 
on the value of soil stiffness. The pipe wall stresses and strains 
induced by earth and live loading are dependent on the relative 
stiffness of the soil and pipe. The type of soil and level of 
compaction are the fundamental factors determining these 
characteristics for placed soils. The soil type, in situ state, and 
stress history are the corresponding factors determining the relevant 
characteristics for undisturbed ground. To help illustrate these 
principles the relationships between soil type, amount of compaction 
and compaction effort will be discussed and their influence on 
resulting soil properties will be shown. The role of these soil 
properties in analyzing plastic pipe deflection, wall thrust, and 
buckling stability will be indicated. 

Dr. Ernest T. Selig i s  Professor of Civil Engineering at the 
University of Massachusetts, Amherst, MA 01003. 

141 

Copyright �9 1990 by ASTM International www.astm.org 



142 BURIED PLASTIC PIPE TECHNOLOGY 

Fig. i -- Pipe installation type. 

INSTALLATION TYPE 

The two basic plastic pipe installation type are shown in Fig. i. 
The trench case (Fig. la) represents a situation in which the existing 
ground (zone A) is excavated to the depth required for pipe 
installation. The resulting trench is backfilled with two zones of 
compacted soil. Zone B is the zone immediately surrounding the pipe 
which requires certain restrictions on the placement and compaction to 
avoid distressing the pipe, and restrictions on the type of soil to 
provide needed stiffness and stability. The remainder of the trench 
(zone C) is usually filled with the excavated soil appropriately 
placed and compacted. The specific trench dimensions as well as the 
dividing line between zones B and C depend on the requirements of the 
installation. 

The embankment case (Fig. Ib) shows the pipe installed in a 
shallow trench excavated in the existing ground (zone D) and 
backfilled with zone E material meeting requirements similar to those 
of zone B. An earth embankment (zone F) is then constructed on top of 
the existing ground. This configuration is known as a negative 
projecting embankment pipe installation [I]. The pipe may also be 
installed above the existing ground, in which case zone E is laterally 
supported by embankment soil in zone F rather than by existing ground. 

The soil property requirements for plastic pipe design are 
different in various ways for each zone in Fig. i. 

SOIL REQUIREMENTS 

Existing Ground 

In the case of existing ground in zone A the stress level remains 
essentially unchanged by the pipe installation. The main requirement 
is stability of the trench walls and bottom during construction. This 
is provided as needed by bracing and dewatering. Unless the existing 
ground is unsuitable, as may be the case with peats and organic 
deposits, the existing soil properties are accepted and the design and 
construction are carried out considering these properties. For 
analyzing the soil-pipe interaction, soil strength and stiffness 
during filling of the trench are the primary parameters required for 
zone A soil. 
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The requirements are different for existing ground in zone D 
because the stresses are significantly increased by construction of 
the embankment. It is necessary to insure that the ground is stable 
under the weight of the embankment and that excessive immediate and 
consolidation settlement will not occur. If the soil in zone D is not 
saturated then volumetric compression will occur under the embankment 
load. Whether or not the soil is saturated, shear strains will occur 
under the embankment load. Both of these characteristics result in 
immediate settlement. If the soil is saturated or becomes so because 
of compression under increased load, then consolidation will take 
place over a period of time after construction as the excess pore 
water pressure is dissipated. Thus for zone D soil knowledge of the 
strength and consolidation characteristics is required as well as the 
nonlinear stress-strain properties during construction. 

Soil Envelope 

Zones B and E which immediately surround the pipe will be termed 
the soil envelope. This envelope includes the bedding, the side fill, 
and the top fill (Fig. 2). The haunch zone is included within the 
bedding and side fill as shown in Fig. 2. Zones B and E will be 
considered together because their required properties are essentially 
the same. 

The stability of flexible plastic pipe is substantially 
controlled by the properties of the material in the soil envelope. 
The following are the requirements of this envelope: 

i. Constructability - ability to be placed and compacted to the 
desired properties without distorting the pipe. 

2. Provide the stiffness needed for limiting the pipe 
deformations (the particularly important areas are those 
shown by arrows A and B in Fig. 3a). 

3. Provide the stiffness needed to achieve adequate pipe 
buckling strength. 

Fig. 2 -- Soil envelope. 
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4. Be stable under long-term moisture changes. 

5. Exhibit little creep and consolidation deformation. 

6. Provide drainage of excess pore water pressure. 

7. Reduce the earth and live load carried by the pipe wall. 

8. Prevent erosion or piping of surrounding fine soil as a 
result of pipe leaks or ground water movement. 

These soil envelope requirements dictate the use of compacted 
coarse-grained soils (mainly sand and gravel components) in most 
cases. The material in the envelop thus may be referred to as 
structural backfill. 

Trench Backfill 

Zone C represents the trench backfill remaining above the 
structural backfill zone B. If a pavement or a structure requiring 
limited settlement is to be placed on the surface above the trench, 
then zone C soil must provide firm support (arrow C in Fig. 3a). 
Suitable material adequately compacted for zones B and C will be 
needed to prevent settlement as shown in Fig. 3b. The main mechanisms 
of settlement in zone C are: i) volume reduction and shear strain 
from the surface load, particularly from repeated wheel loading, and 
2) shrinkage from cycles of moisture change. These problems diminish 
with increased level of compaction, but even so soils whose behavior 
is controlled by fine-grained (silt and clay) components generally 
will not perform satisfactorily in this application. Thus coarse- 
grained soils (sand and gravel components) are most appropriate. 

When surface settlement is not a concern, then zone C may be 
backfilled with the excavated soil using appropriate compaction. This 
is the most economical solution. 

Embankment 

In a negative projecting installation (Fig. Ib), the embankment, 
zone F, acts primarily as dead load. However some arching of the 
embankment load will occur which results in the pressure applied to 

Fig. 3 -- Settlement with too little compaction. 
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the top of zone E being either more or less than the average pressure 
at the base of the embankment. The unit weight of embankment fill is 
thus its most important property. Also important is the soil 
stiffness in the lower part of the embankment, i.e., within 3 trench 
widths of the top of zone E. 

If the pipe were installed in either a positive projecting or 
imperfect trench condition [I], then the embankment stiffness 
properties would become much more important. 

LOOSE COMPACTED 

AIR 

i:i :i:i 
.Z.Ẑ Z.Z.Z.2.Z-I, 

Fig. 4 -- Illustration of compaction. 

CHARACTERISTICS OF COMPACTED SOILS 

Compaction Reference Test 

Compaction is immediate densification of soil by mechanical 
means. The water content remains constant and the void air space is 
reduced (Fig. 4). Consolidation, in contrast, is gradual squeezing 
out of water from saturated soils (no air in voids) which results in 
some densification. 

Compaction is performed to achieve suitable properties of soil 
being placed. Increasing the amount of compaction increases strength, 
decreases compressibility, decreases permeability, reduces collapse 
potential, and reduces swelling and shrinking with moisture change. 
The magnitude of these effects depends on the soil type. 

Standardized tests by ASTM and AASHTO are used to determine the 
amount of compaction that can be achieved for each soil with specified 
standard compaction efforts. For cohesionless, free-draining material 
(clean sands and gravels) the soil is vibrated vertically in a rigid 
mold with a surcharge weight placed on the soil surface (ASTM Test for 
Maximum Index Density of Soils Using a Vibratory Table D4253) as 
illustrated in Fig. 5a. The maximum density achieved is used as a 
reference for field compaction. 
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For other soils, compaction is achieved in a mold by a falling 
weight impacting the soil (Fig. 5b). The standardized impact tests 
are known as standard compaction effort (ASTM Test for Moisture- 
Density Relations of Soils and Soil-Aggregate Mixtures Using 5.5-Ib 
(2.49-kg) Rammer and 12-in. (305-mm) Drop D698; same as AASHTO T-99) 
or modified compaction effort (ASTM Test for Moisture-Density 
Relations of Soils and Soil-Aggregate Mixtures Using 10-1b (4.54-kg) 
Rammer and 18-in. (457-mm) Drop D1557; same as AASHTO T-180). The 
modified test applies 4 to 5 times greater compaction effort to the 
soil than the standard test. 

Fig. 5 -- Laboratory compaction test. 

In the impact tests soil is compacted at different water contents 
with the same effort and the resulting compaction is represented by 
the calculated dry unit weight. The characteristic compaction curves 
for the two efforts are illustrated in Fig. 6. The moisture content 
corresponding to the maximum dry density (MDD) in each case is known 
as optimum moisture content because the soil is easiest to densify at 
this moisture content. Figure 6 shows that as the compaction effort 
increases the maximum dry density increases and the optimum moisture 
content decreases. 
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Fig. 6 -- Compaction test results 
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Maximum density is not actually the highest that can be achieved 
for a given soil, but rather the maximum for a constant effort. Field 
compaction methods usually produce less than the maximum density in 
the standard test (ASTM D698). The density achieved in the field 
divided by the reference density and expressed as a percent is termed 
percent compaction. Values of 90 and 95~ are shown in Fig. 6. 

The characteristic curves shown in Fig. 6 apply to most soils. 
However the numerical values of the parameters vary with the soil type 
as illustrated in Fig. 7. Even within a given soil type the values of 
optimum moisture content and maximum dry density vary with changes in 
such characteristics particle gradation and plasticity. For this 
reason the ASTM compaction test needs to be repeated frequently during 
field construction to account for normal soil variability in order to 
be able to accurately check percent compaction. 
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For the same effort, the percent compaction achieved varies 
significantly with the soil type (Fig. 8a). Granular soils are much 
easier to compact than silty soils, which are easier to compact than 
clayey soils. In this example the i00~ effort represents the ASTM 
D698 test effort. This is calculated as the product of hammer weight 
times drop height times number of drops (impacts) divided by the 
volume of compacted soil, i.e., total hammer potential energy per unit 
volume of soil. For the D698 test this value is about 12000 ft-lb/cu 

ft (580 kN-m/m3); for the D1557 test this value is about 56000 ft- 

ib/cu ft (2700 kN-m/m3). To achieve the curves in Fig. 8a the 
standard test was repeated numerous times but with the number of 
hammer drops and height of drop reduced to provide a range of 
compactive efforts. 

Figure 8a shows that considerably higher compaction effort is 
required to obtain a specified percent compaction for clay than for 
sand. What is not universally recognized is that even when the same 
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percent compaction is achieved, the resulting stiffness and strength 
properties are not the same for all soils. This results in a dramatic 
difference in stiffness among soils when related to compaction effort 
as illustrated in Fig. 8b. Quantitative examples of these comparisons 
may be found in Refs. [2-4]. These characteristics are not generally 
considered in compaction specifications because the same percent 
compaction is commonly specified regardless of the backfill soil type. 
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Fig. 8 -- Effect of soil type on variation 
of percent compaction and soil 
stiffness with compaction effort. 

The relative compactability illustrated in Fig. 8 is very 
important in flexible pipe installation, because, for a given soil 
stiffness required to support the pipe, the less the required 
compaction effort the less the pipe distortion during placement of the 
soil envelope. This is one of the reasons for using coarse-grained 
soils for the envelope. 

Chan~es After Compaction 

When soils are subject to wetting and drying cycles after 
compaction, they will decrease in volume over time from the effects of 
the water. With increasing compaction the magnitude of this effect 
diminishes. The magnitude of volume change is much more significant 
for clays than for silts, and for silts it is much more significant 
than for sands. 
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The strength and stiffness of any soil will be higher when 
compacted at water contents less than optimum, than at optimum, but 
clay soils will swell more if the water content should increase later. 
This will cause a reduction in strength and stiffness. Conversely 
strength and stiffness will be lower when compacted at water contents 
higher than optimum, but fine-grained soils, especially clays, will 
shrink more upon drying. Compaction of soils that are too wet should 
be avoided because low strength and stiffness will result. 

When soils are placed loosely around buried pipe they are subject 
to substantial volume reduction if they should become saturated. This 
phenomenon, known as collapse, will result in pipe deflection after 
construction. The reason for this behavior is that loosely placed 
soils are unsaturated and develop their resistance to deformation from 
effective stress induced by capillary water tension. When these soils 
become saturated the capillary tension is lost, causing the soil 
particles to settle into a denser packing. 

The collapse characteristic is illustrated in Fig. 9 from tests 
on a silty sand. To perform the test the soil first was lightly 
compacted at around optimum moisture content in an oedometer. For one 
test (dashed curve) the soil was loaded in steps and then unloaded 
with the moisture content remaining at around optimum. In the other 
test (solid curve) the sample was loaded at optimum moisture content 
to 3.5 psi (24 kPa) and then allowed to saturate. As water entered 
the sample a sudden large strain occurred under constant load. 
Further loading while saturated gradually produced additional strain 
as in the moist sample case. 

0 . WATER ADDED " ~  ......... "-......,~ g 
~ 10.- 

(,0 20-30_ ~ COLLPASE STRAIN 

:> 

1 10 100 
VERTICAL STRESS (KPa) 

Fig. 9 -- Collapse of lightly oompacted 
silty sand from soaking. 

Tests on a variety of specimens showed that the magnitude of the 
collapse strain decreased as the amount of compaction increased, and 
diminished to an insignificant amount when the percent compaction 
reached about 85 to 90% D698 or about 85% D1557 maximum dry density. 

Another cause of pipe deformation after construction is migration 
of fine soil particles from the trench walls into the soil envelope. 
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Fig. I0 -- Migration of fine soil 
into coarse soil envelope. 

This occurs as a result of groundwater movement when the soil envelope 
gradation is much coarser than that of the existing ground. An 
example is given in Fig. I0. This problem should not occur if the 
traditional filter criteria [5] are used in selecting the soil 
envelope gradation or if a geotextile (filter fabric) is used to 
provide proper separation. 

PROPERTIES OF COMPACTED SOILS 

Finite element analysis has been shown to be a good approach for 
evaluating soil-pipe interaction. Duncan [6] has proposed the use of 
a hyperbolic model for representing the non-linear, stress-dependent 
soil behavior. Modifications to this model were proposed by 
Boscardin, Selig, Lin and Yang [3] and design parameters determined 
for a variety of soils and compaction levels from laboratory tests 
[2]. These parameters were modified for flexible pipe by Haggag [4]. 
The values were then extended to other soil type and compaction levels 
by the writer and incorporated into CANDE [7]. The values are given 
in Table I. These parameters may be used to calculate tangent Young's 
modulus and bulk modulus as a function of stress state using the 
appropriate equations in the literature [2,3]. 

The linear-elastic model is a special case of the hyperbolic 
model in which the parameters are constant, independent of stress 
state. This is the simplest model for representing soil behavior in 
soil-pipe interaction analysis. Two independent elastic constants are 
needed. The choice is normally from among Young's modulus (Es) , bulk 

modulus (B), Poisson's ratio (Vs) , and shear modulus (G). Values of 

Young's modulus were estimated from the hyperbolic model for various 
values of maximum principal stress (al) with the minimum principal 

stress (a3) equal to one-half to one times the maximum principal 



Tested 

Soil 

Gravelly 
Sand 
(SW) 

Soil Type 

USCS AASHTO 

SW, SP, A1, A3 
GW, GP 

Table 1 -- Recommended hyperbolic parameters for compacted soils. 

Soil WetDensi~ K n Rf c r A~ 

T-99 T-180 No. (lb/~ 3) (Mg/m 3) (psi) (kPa) (de~) (de~) 

100 95 27 148 2.37 1300 0.90 0.65 0 0 54 15 
95 90 21 141 2.25 950 0.60 0.70 0 0 48 8 
90 85 1 134 2.14 640 0.43 0.75 0 0 42 4 
85 80 22 126 2.02 450 0.35 0.80 0 0 38 2 
80 75 2 119 1.90 320 0.35 0.83 0 0 36 1 
61 59 3 91 1.46 54 0.85 0.90 0 0 29 0 

Bi/Pa 

272.0 
187.0 
102.0 
31.8 
15.3 
4.3 

Eu 

0.007 
0.014 
0.036 
0.057 
0.078 
0.163 

Sandy 
Silt 
(ME) 

Silty 
Clay 
(CL) 

GM, SM, A2, A4 100 95 
ML; Also 95 90 
GC, SC 90 85 
with < 20% 85 80 
passing 80 75 
#200 seive. 49 46 

CL, MH, A5, A6 
GC, SC 

CH A7 

100 90 
95 85 
90 80 
85 75 
80 70 
45 40 

100 
95 
90 
45 

90 
85 
80 
40 

28 134 2.14 800 0.54 1.02 5.5 38 36 
23 127 2.03 440 0.40 0.95 4 28 34 

4 120 1.92 200 0.26 0.89 3.5 24 32 
24 114 1.82 110 0.25 0.85 3 21 30 

5 107 1.71 75 0.25 0.80 2.5 17 28 
6 66 1.06 16 0.95 0.55 0 0 23 

0 197.5 0.021 
0 120.8 0.043 
0 46.0 0.071 
0 23.8 0.100 
0 12.8 0.134 
0 3.3 0.305 

29 125 2.00 170 0.37 1.07 11 76 12 0 81.3 0.064 
25 119 1.90 120 0.45 1.00 9 62 15 4 53.0 0.092 

7 112 1.79 75 0.54 0.94 7 48 17 7 25.5 0.121 
26 106 1.69 50 0.60 0.90 6 41 18 8 13.0 0.149 

8 100 1.60 35 0.66 0.87 5 34 19 8.5 8.8 0.178 
9 56 0.90 16 0.95 0.75 0 0 23 11 1.8 0.391 

17 7 25.5 0.121 
18 8 13.0 0.149 
19 8.5 8.8 0.178 
23 11 1.8 0.391 

7 112 1.79 75 0.54 0.94 7 48 
26 106 1.69 50 0.60 0.90 6 41 

8 100 1.60 35 0.66 0.87 5 34 
9 56 0.89 16 0.95 0.75 0 0 
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stress. The hyperbolic parameters used were those in Table i. Values 
of bulk modulus were estimated in the same manner. Then Poisson's 
ratio, Us, was derived from the relationship 

E 
v =0.5 (I - ~_~s) 
S 

The resulting parameter values are given in Table 2. 

Table 2 -- Elastic soil parameters. 

Stress level 
psi (kPa) 
1 (7) 
5 (34) 

10 (70) 
20 (140) 
40 (280) 
60 (410) 

Stress level 
psi (kPa) 
1 (7) 
5 (34) 

10 (70) 
20 (140) 
4o (28o) 
60 (410) 

Stress level 
psi (kPa) 

1 (7) 
5 (34) 

10 (70) 
20 (I40) 
4o (28o) 
60 (410) 

Soil T~lpe: SW, SP, GW, GP 

95%D698 
Es B v s 

1600 (11) 2800 (19) 0.40 
4100 (28) 3300 (23) 0.29 
6000 (41) 3900 (27) 0.24 
8600 (59) 5300 (37) 0.23 

13000 (90) 8700 (60) 0.25 
16000 (110) 13000 (90) 0.29 

Soil Type: GM~ SM~ ML~ and 

95% D698 

85% D698 
Es B Vs 

1300 (9) 900 (6) 0.26 
2100 (14) 1200 (8) 0.21 
2600 (18) 1400 (10) 0.19 
3300 (23) 1800 (12) 0.19 
4100 (28) 2500 (17) 0.23 
4700 (32) 3500 (24) 0.28 

GC~ SC with < 20% fines 

85% D698 

Es B Vs 
1800 (12) 1900 (13) 0.34 
2500 (17) 2000 (14) 0.29 
2900 (20) 2100 (14) 0.27 
3200 (22) 2500 (17) 0.29 
3700 (25) 3400 (23) 0.32 
4100 (28) 4500 (31) 0.35 

Soil Type: CL T 

95% D698 
Es B Vs 

400 (3) 800 (6) 0.42 
800 (6) 900 (6) 0.35 

1100 (8) 1000 (7) 0.32 
1300 (9) 1100 (8) 0.30 
1400 (10) 1600 (11) 0.35 
1500 (10) 2100 (14) 0.38 

Es B Vs 
600 (4) 400 (3) 0.25 
700 (5) 450 (3) 0.24 
800 (6) 500 (3) 0.23 
850 (6) 700 (5) 0.30 
900 (6) 1200 (8) 0.38 

1000 (7) 1800 (12) 0.41 

IH T GCT SC 

85% D698 
Es B Vs 

100 (1) 100 (1) 0.33 
250 (2) 200 (1) 0.29 
400 (3) 300 (2) 0.28 
600 (4) 400 (3) 0.25 
700 (5) 800 (6) 0.35 
800 (6) 1300 (9) 0.40 

Note: Units of Es and B are psi (MPa). 

Deflections of buried flexible pipe are commonly calculated using 
the Iowa formula [i] which uses the modulus of soil reaction (E') as 
the parameter representing soil stiffness. Since E' is not a directly 
measureable soil parameter, but must be determined by back-calculation 
using observed pipe deflections, studies have been carried out to seek 
a correlation between E' and soil stiffness parameters such as Young's 
modulus (Es) and constrained modulus (Ms), where E s and M s are related 
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through Poisson's ratio (Vs) by 

E s (i - w s) 
M - 
s (I + Vs)(l - 2v s) 

(i) 

These studies [8-10] and analysis by the writer indicate that for 

E' - k M , (2) 
s 

the value of k may vary from 0.7 to 2.3, with k - 1.5 as 
representative value. For v = 0.3, combining Eqs. I and 2 gives 

s 

E' = 2E~ , (3) 

although the factor k could easily be higher than a value of 2. 

The E' values developed by Howard [ii] based on back-calculation 
from field observations may be converted to E s values for comparison 

with the values in Table 2 for a I = 5 to i0 psi (34 to 69 kPa). The 

comparison is as follows for compaction levels of 85 to 95% D698: 

E (psi/MPa) 
s 

Soil Type Howard Table 2 

CL 200/1.4 250-ii00/I. 7-7.6 
ML 500/3 . 5 700-2900/4.8-20 
SW 1000/7 2100-6000/14-41 

PROPERTIES OF EXISTING GROUND 

A thorough review of the characteristics of existing ground is 
beyond the scope of this paper, and indeed encompasses most of the 
field of soil behavior. The complexity of soil behavior is part of 
the problem in defining the required soil properties for analysis. 
Equally critical is the spatial variability of natural soils combined 
with the practical necessity to estimate the properties from a very 
limited amount of sampling and testing. 

Time-dependent stress-strain response, characterized by 
consolidation and creep, is often an important consideration for 
existing ground. However, the present state-of-the-art does not 
provide means for incorporating this response in pipe design except 
with very rough approximations. 

A typical static-triaxial test stress-strain curve with unloading 
and reloading is illustrated in Fig. ii. This figure shows that 
unloading and reloading behavior is considerably more linear than the 
primary loading curve. This observation together with the recognized 
complexities of existing ground already discussed has resulted in 
approximating existing ground in zone A (Fig. I) by constant modulus 
values representing linear elastic behavior. This approach is not as 
satisfactory for zone D (Fig. I) because the stress-strain 
relationships may be very non-linear. If the embankment loading 
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produces stresses well above those previously experienced by 
thenatural ground (considering stress history) then nonlinear modeling 
such as used for compacted soil may be desired. 

Fig. 11 -- Static triaxial test 
results: increase in 
axial strain with 
increase in l 

axial stress. ~ 

0 
0 

-% 

% 

The existing ground parameters proposed for concrete pipe design 
[12] are listed in Table 3. These are preliminary estimates which 
need considerable refining by more study. 

Table 3 -- Existing ground properties. 

E 
Wet density s 

Material ~ f~g/m3~ ~ (Mpa) V s 

i. Coarse-grained 
A. Dense 145 2,32 i0000 69 0.49 
B. Medium 130 2.08 6000 41 0.35 
C. Loose 115 1.84 2000 14 0.20 

2. Fine-grained 
A. Stiff 125 2.00 6000 41 0,3 
B. Firm 118 1.89 3500 24 0.4 
C. Soft ii0 1.76 i000 7 0,49 

3. Concrete 150 2.40 3xlO 6 21xlO 3 0.17 

4. Rock 

A. Weak 145 2.32 O.ixlO 6 700 0.2 

B. Competent 160 2.56 5xlO 6 34xi03 0.3 

APPLICATIONS OF SOIL PROPERTIES 

There are three common calculations in pipe design using soil 
properties: i) deflection, 2) wall thrust, and 3) buckling strength. 
Examples of each will be given to illustrate the use of soil 
properties. 
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Deflection 

The use of the Iowa formula to calculate pipe deflection has 
already been mentioned. The deflection given is the horizontal 
diameter change produced by earth load placed above the crown of the 
pipe. Deflection caused by placing the soil envelope around the pipe 
is not included in the Iowa formula. The earth load needs to consider 
arching action caused by the installation conditions, for example the 
difference between trench and embankment as shown in Fig. i. The 
required soil parameter (really a soil-structure interaction 
parameter) is E'. Design values of E' may be estimated from the 
Howard table [ii], or from experience with similar installations. 

An alternative approach which uses the conventional soil 
properties E s and Vs is the elasticity solution by Burns and Richard 

[13]. As for the Iowa formula, the deflection is just for earth load 
above the crown, which also needs to be adjusted for arching because 
the solution is based on a pipe deeply buried in a homogeneous soil 
and subjected to uniform surface pressure. The Burns and Richard 
solution not only provides horizontal pipe deflection, but also pipe 
deflection, wall thrust, bending moment and radial pressure at any 
point on the circumference for both no-slip and frictionless 
conditions at the soil-pipe interface. Soil properties may be 
estimated by: i) using values in Table 2, 2) conducting field or lab 
tests on representative soil, or 3) back calculation with the 
elasticity solution for similar installations. The Burns and Richard 
solution is available as part of the CANDE computer program [7,14]. 

In critical or unusual cases more precise deflection analysis may 
be performed using finite element methods such as in CANDE. The soil 
may be represented by properties in Tables 1 and 3, unless data are 
available from tests on the specific soils involved. In most 
installations at least two zones of soil surround the pipe such as 
shown in Fig. i. Only the finite element method is capable of 
determining the composite effect of these separate zones from a 
knowledge of properties of the individual zones. 

Wall Thrust 

Wall thrust can be estimated by the Burns and Richard solution or 
by the finite element methods described for the deflection analysis. 
The Marston-Spangler method may also be applicable [i]. 

Buckling Strength 

Buckling strength is an important consideration in the design of 
buried flexible pipe. Buckling strength is normally determined for 
plastic pipe using equations based on some form of elastic spring soil 
model (Fig. 12) such as derived by Luscher [15]. The soil properties 
represented by the spring constant suffer the same limitation as E' in 
that they can not be directly measured, although approximate 
correlations with M and E have been proposed. Empirical corrections 

s s 

for depth of cover have also been suggested. 

The approach representing soil as an elastic continuum (Fig. 13) 
is recommended as more suitable because it gives a more realistic 
representation of the soil-pipe interaction, it used directly 
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measureable soil parameters, E s and Vs, and it provides a means of 

accounting for such factors as pipe shape, shallow cover and 
nonhomogeneous soil conditions [16,171. The solution is presented in 
the form of critical hoop (wall) thrust, N , which is compared with 

C 

actual wall thrust to determine the factor of safety against buckling. 
The critical hoop thrust is given by 

K s 

N c - 0.55 Nch ~ , (4) 

i^i.i.>[~llllllllllill[illl[~ ~ ̂ sO~{ ^ ll?[ 

??????????????????????????????????????????????? 

Fig. 12 -- Soil spring model Fig. 13 -- Soil continuum model 
for buckling, for buckling. 

where R h is a correction factor for shallow burial and nonhomogeneous 

soil (see examples in [4,17]), and Nch is the critical thrust for a 

circular pipe deeply embedded in a homogeneous soil. For a smooth 

soil-pipe interface (conservative assumption) and for EI/E s < 0.01, 

then 

Nch = 1.2 (El) I/3 (Es*)2/3 , (5) 

where 
E 

I = 

E = 
S 

E = 
S 

S 

pipe Young's modulus, 
pipe wall moment of inertia, 

Es/(l - Vs2), 
soil Young's modulus, 

soil Poisson's ratio. 

For deep burial in homogeneous soil then Eq. 4 becomes 

N c = 0.7 (El) I/3 [Es/(l - Vs2)]2/3 (6) 

The soil properties, Es and Vs, may be estimated from Table 3. 



SELIG ON SOIL PROPERTIES 157 

SUMMARY 

The main requirements for the different soil zones encountered in 
buried plastic pipe installations were discussed. Characteristics of 
compacted soils were described, including the relative ease of 
compaction and the changes after compaction. Representative values of 
stress-strain properties were provided for compacted soils and for 
existing ground. Applications of these properties in analysis of pipe 
deflections, wall thrust and buckling stability were described. 
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IS PVC PIPE STRAIN LIMITED AFTER ALL THESE YEARS? 
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ABSTRACT: PVC (Polyvinyl chloride) sewer pipes have seen wide use 
in the United States and this has prompted concern for an appropriate 
material property design limit. It had been proposed that the 
imposition of a strain limit derived from long-term creep testing would 
also be appropriate for buried gravity flow pipes subjected to constant 
strain. Laboratory tests of pipe ring samples exposed to various strains 
and temperatures have been conducted for the past 13 years on filled 
and unfilled PVC compound formulations. Samples of pipe, from a test 
installation of buried pipe, have been excavated after 14 years and a 
post evaluation has been conducted. These test results are used to draw 
some conclusions concerning the applicability of a material strain limit 
for constant strain design conditions. 

KEYWORDS: buried pipes, PVC (polyvinyl chloride) Pipes, stress- 
relaxation, strain, filled PVC 

INTRODUCTION 

The use of PVC (polyvinyl chloride) pipe as sewer pipe in the United States 
began in the early to mid 1960's as early manufacturers of PVC resin looked for 
potentially high volume applications for their resin. Throughout the sixty's, PVC pipe 
of various types were provided for gravity sewer applications. Formal Standards 
[ASTM D3033 "Type PSP Poly(Vinyl Chloride) (PVC) Sewer Pipe and Fittings," and 
D3034 "Type PSM Poly(Vinyl Chloride) (PVC) Sewer Pipe and Fittings"] were adopted 
in 1972 launching a virtual explosion of PVC sewer pipe use. Today, 90 percent of all 
sewer pipes in sizes 4 - 15 inches used in the United States, are made of PVC. (Note: 
ASTM D3033 was dropped as a formal standard in 1989.) 

The first issue of ASTM D3034 and D3033 contained material requirements for a 
single PVC cell class of 12454B as described in ASTM D1784 "Rigid Poly(Vinyl 
Chloride) (PVC) Compounds and Chlorinated Poly(Vinyl Chloride) (CPVC)." The 
second issue published in 1973 contained a 13364B cell class as a second option. 

Dr. Moser is the Head of the Mechanical Engineering Department, and Dr. 
Shupe is Professor of Mechanical Engineering at Utah State University, Logan, Utah 
84321-4130. Mr. Bishop is Director of Technical Services at Carlon, 25701 Science 
Park Drive, Beachwood, Ohio 44122. 
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This option was prompted by the Arab oil embargo era and incorporated the use of 
fillers which increased the modulus of elasticity from 400,000 to over 500,000 psi. 
Using filled compounds also decreased tensile strength and tensile elongation while 
finished pipe met the same finished product requirements established in the original 
D3034-72. Sewer pipes of both compounds have found wide use in the past 17 - 18 
years. 

Two fundamental questions which arose in the early 1970's are expressed as 
follows: 1) What particular PVC compounds are suitable as sewer pipe? and 2) What 
material property limits should be used for structural design purposes? At least partial 
answers to these questions have been published in the literature over the years. An 
early approach suggested by Chambers and Heger [1 ] to limit the strain to 50 percent 
of an assumed ultimate strain of one percent has been shown to be very conservative 
by Moser [2], Janson [3], and Molin [4]. 

Tests to help fully answer these questions were established in 1975 and 1977 at 
Utah State University. Partial reportings of results of these tests were published by 
Moser [1] and by Bishop [5] in 1981. These tests have continued. Constant strain tests 
conducted on bar and pipe ring samples have been under test for 13 years. Data from 
these tests are now reported herein. Also, buried pipes which have been installed for 
14 years have been excavated and a post evaluation of the pipe samples has been 
conducted and is reported. 

TIME DEPENDENT PERFORMANCE OF BURIED PVC PIPE 

In September of 1975, an embankment installation reaching a depth of cover of 
22 feet was constructed over four test pipe sections that extended radially from a 
single access manhole. The test site became known as 'the mole hole' and has provided 
an excellent opportunity to easily monitor buried performance of PVC pipes for the 
past 14 years. In the fall of 1989, the test pipes were excavated for a post test 
examination. The test site is part of a gravel pit where the insitu soil is a fine blow 
sand with 18 percent silt. The soil is moisture sensitive and is subject to soil collapse 
when saturated. The site itself experiences seasonal ground water level changes which 
place the pipe below the water table in the spring months and above the water table in 
summer and most winter months. 

Pipes were made of two different PVC compounds. Two samples were 12364B 
cell class per ASTM D1784. They have a calcium carbonate filler content of 40 parts 
to each 100 parts of resin by weight. Two other samples were foamed PVC with a 
specific gravity of 1.2. Table 1 provides basic dimensions and property data for these 
two pipe compounds. Typical properties for unfilled, unfoamed PVC cell class 12454B 
are also given in Table 1 for comparison purposes. 

Long Term Deflection Data 

In-ground vertical deflection data have been taken for 14 years and are plotted 
in Figure 1. A stable deflection period was reached at 40 days (960 hrs) after 
installation, and was constant until the first instance of the ground water table 
reaching the level of the pipe zone bedding. During the first spring season at about 
150 days (3600 hrs) following installation, the ground water table rose above the level 
of the pipe. This groundwater condition caused the soil to consolidate and the load to 
increase. This produced a somewhat rapid increase in deflection for all pipe samples 
during this period. A new stable or equilibrium deflection level was reached 
at about 400 days (9600 hrs). The water table has continued to fluctuate on an annual 
basis for the 14 year test period. These subsequent water table movements have 
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FIG.  I - -  Deflection vs. time for 10-inch diameter PVC sewer pipe. 
(22 foot deep embankment installed Sept. 1975) 

T A B L E  1 - -  Bas ic  properties  of  pipe sample s  

Compound 
Cell 

Class I 

Unfilled/ 
Unfoamed 

Pipe Stiff 
(psi) 

Thickness 
(in) 

Filled 12364B 45-50 .327-.331 s 

Foamed Expfl 32-36 .381 -.417 

12454B 46 min. 0.300 

E Sp. 
(psi) Gravity 

630,000 1.62 

218,000 1.2 

400,000 1.4 

1 Per ASTM DI784 
2 Experimental (Not classified) 
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influenced deflection readings only slightly since the initial saturation of the pipe zone 
in 1976. 

Again, the soil around these pipes was a silty fine sand. For this soil, over 92 
percent standard Proctor density is necessary to insure a void ratio less than the critical 
value. The installed densities were less than 92 percent, resulting in void ratios greater 
than critical. Thus, when the water table rose into the pipe zone, soil consolidation 
took place and caused pipe deflections to increase. This indicates that for pipe 
installation below the groundwater table, additional deflection control can be obtained 
if the density is such that the void ratio is below the critical value. 

The test site area has also been subjected to small earthquake tremors during the 
test period. Any effects are included in the deflection results but cannot be isolated. 

Post Evaluation of Buried Samples 

Pipe samples excavated from the site were examined visually and no signs of 
cracking, crazing or other polymer damage were evident. Specific gravity, pipe 
stiffness and wall thickness measurements were taken for each sample and are given 
in Table 2. Notably, the pipe stiffness for the foamed samples varied from 34-38 psi 
initially and now range from 36-40 psi. The filled pipe samples varied from 45-50 psi 
initially and now measure 44-49 psi after 14 years of buried service. This small 
variation is probably within the expected experimental error and no change in the 
pipe's capacity to resist deflection has occurred over this time period. 

These pipes were each subjected to a 60 percent deflection test, to determine 
ductility. These tests were as prescribed in ASTM Standards D3034, F789 "Type PS-46 
Poly(Vinyl Chloride (PVC) Plastic Gravity Flow Sewer Pipe and Fittings," F679 
"Poly(Vinyl Chloride (PVC) Large-Diameter Plastic Gravity Flow Sewer Pipe and 
Fittings," and F794 "Poly(Vinyl Chloride (PVC) Large-Diameter Ribbed Gravity Sewer 
Pipe and Fittings Based on Controlled Inside Diameter." Each sample sustained that 
deflection level without cracking (see Fig 2). 

TABLE 2 - -  Post Excavation Properties of Embankment Pipe Samples 

Pipe Sample Compound Thickness Specific Pipe t 60% 
Designation Type Average (in) Gravity Stiff. (psi) Flattening 

A Foamed 0.381 1.2 36.8 no cracking 

B Filled 0.327 1.6 44.0 no cracking 

C Foamed 0.417 1.2 40.5 no cracking 
. = ,  

D Filled 0.331 1.6 49.0 no cracking 

tPost evaluation pipe stiffness per ASTM D2412 
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STRESS R E L A X A T I O N  TESTS 

Stress re laxat ion tests were pe r fo rmed  on r ing sections cut  f rom PVC pipe (see 
F igure  3). These  test  specimens  were each d iametr ica l ly  d e f o r m e d  to a specif ied 
def lect ion.  The  load necessary to hold this de fo rma t ion  cons tan t  was de t e rmined  as a 
func t ion  of  time. This  series of  tests has been  in progress for  over  th i r t een  years. 

FIG.  2 - -  Sixty percent  def lec t ion  test 

FIG.  3 - -  Pipe r ing specimens  undergo ing  stress re laxat ion and test ing 
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Each specimen was maintained at one of three temperatures: ambient 
(70~ 40~ (4.4~ and 0~ The ambient temperature was held to _+ 
5"F(+_.2.8~ A refrigerator was used to maintain the 40~ temperature and was found 
to fluctuate between 38"F and 41*F. The 0*F specimens were placed in a freezer and 
the temperature varied between a -5*F and 0*F. The purpose of the lower temperature 
test was to slow down the stress relaxation which would amplify any tendency toward 
brittle fracture. (For dimensions of test specimen, see Table 3). 

TABLE 3 - -  Pipe ring properties used in stress relaxation tests 
Pipe rings were cut from 4- inch diameter PVC pipe 

Material 
PVC 

Wall 
Thickness 

(inch) 

Length Average 
(inch) Flexure 

Modulus (psi) 

Filled 0.132 + 0.05 2.0 

Unfilled 0.153 -+ 0.04 2.0 

Average 
Pipe Stiff. 

(psi) 

540,000 87 

470,000 117 

Three PVC compounds were tested: two filled compounds and an unfilled 
compound. One filled compound contained forty parts calcium carbonate by weight 
and is designated as ASTM cell class 12364B. The other filled compound contained 
thirty parts of calcium carbonate by weight and is designated ASTM cell class 13364B. 
The unfilled compound is designated as ASTM cell class 12454B. Results from the two 
filled compounds could not be differentiated. Thus, for discussion purposes, they have 
been combined into one group called "filled". 

Some of the pipe ring test specimens were notched to produce stress risers. The 
pipe rings were compressed (deflected) vertically. The notches were placed along the 
length in four places corresponding to the locations of the highest tensile stresses - -  
twelve and six o'clock positions on the inside surface and the three and nine o'clock 
positions on the outside surface. These longitudinal notches were cut to a depth of 
0.012 +_ 0.006 inches. The purpose of these notches was to produce stress risers which 
would amplify any tendency of brittle fracture. In all, there are 91 specimens being 
tested in the study which started January 1977 (see Table 4 for details). 

Figures 4 through 9 contain stress relaxation curves. As of January 1990, after 
13 years, none of the test specimens had failed. The stress relaxation data can be 
represented by straight lines on log-log plots. The data are similar for either filled or 
unfilled PVC pipe when tested at the same temperature. The slopes of the stress 
relaxation curves show that the relaxation rate is less for lower temperatures in both 
the filled and unfilled PVC. The addition of the filler material, doesn't cause brittle 
fracture to occur with time if the pipe section is not loaded to its failure point initially. 
The difference in the stress relaxation curves for filled and unfilled PVC is that more 
force was required to deflect the unfilled specimens to their initial desired percent 
deflection. This is because of the thicker wall and the resulting higher pipe stiffness 
for the unfilled PVC specimens. However, the addition of the calcium carbonate filler 
does increase the elastic modulus. 

In comparing the stress relaxation curves for the notched and unnotched 
specimens, within the filled and unfilled groups respectively, no significant difference 
could be observed. The increased strain at the base of the notches had no apparent 
effect on the stress relaxation characteristics of either filled of unfilled PVC. 
Therefore, it was concluded that PVC is not notch sensitive when it is deformed 
diametrically in a constant deflection test. 
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FIG. 4 -- Relaxation curves for filled, unnotched PVC specimens at specified 
deflections and a temperature of 400F. 
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Table  4 - -  Grouping of  the 91 pipe spec imens  in the stress re laxat ion  tests.  

Groups Sets Deflect ions of  Specimens 
1 2 3 4 5 6 

Group 1 

Set 1, Ambient  Specimens 
were fi l led 
and 
unnotched 

(in percent)  

5 10 15 25 50 

Set 2, 40 ~ F 5 10 15 25 50 

Set 3, 0 ~ F 5 10 15 25 50 

~ Group 2 

Specimens Set 1, Ambient  
were fi l led 

Set 2, 40 ~ F and 
unnotched Set 3, 0 ~ F 

Group 3 

Specimens Set 1, Ambient  
were fil led 

Set 2, 40 ~ F 
and notched 

Set 3, 0 ~ F 

Group 4 

Specimens Set 1, Ambien t  
were fil led 

Set 2, 40 ~ F and 
notched Set 3, 0 ~ 

Group 5 

Specimens Set 1, Ambient  
were unfi l led 
and 
unnotched 

5 10 15 25 50 

5 10 15 25 50 

5 10 15 25 50 

5 10 15 25 40 

5 10 15 25 35 

5 10 15 25 35 

5 10 15 25 40 

5 10 15 25 40 

5 10 15 25 40 

5 10 15 25 50 

Set 2, 40 ~ F 5 10 15 25 50 

Set 3, 0 ~ F 5 10 15 25 50 

Group 6 

Set 1, Ambient  5 10 15 25 50 

Set 2, 40 ~ F 5 10 15 25 50 

Set 3, 0 ~ F 5 10 15 25 50 

Specimens 
were unfil led 
and notched 

35 

It is interesting to note the relaxation that has taken place in the thirteen year 
period is significantly less than has been supposed by some. The total stress relaxation 
associated with the f ive  percent initial deflect ion is small for the ambient  temperature 
and is negligible for the 40~ and 0~ temperatures.  The slightly higher relaxation rate 
takes place for a higher imposed constant deflect ion (or the initial load) the greater the 
relaxation rate. This is evident  because the slope of  the relaxation line is steeper for 
specimens which have the greatest imposed deflect ion or initial load. 

Creep information may be obtained f rom these curves. For  example,  f rom Fig. 
8, it can be seen that a sample placed with a constant load such that it deflects f ive 
percent  at one hour will creep to over  10 percent at 10,000 hours. This is for the case 
of  an ambient  temperature.  Fig. 9 shows that the creep at 10,000 hours is very small 
for  a f ive  percent  initial deflection.  However ,  this same f igure shows that the sample 
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will creep to about 50 percent deflection from initial deflection of 25 percent in a 
10,000 hour period. 

Stiffness data for the stress relaxation specimens are given in Table 5. The 
initial stiffnesses were determined using the one-hour relaxation loads. That is, these 
stiffnesses are the one-hour load per length divided by the imposed deflection. 
Stiffness measured at the end of the 13 year period are incremental stiffnesses. Each 
specimen was deflected an additional five percent from its preset value. The 
stiffnesses were then calculated by dividing the incremental load per length by the five 
percent incremental deflection. These long term values are the instantaneous stiffnes 
ses and are the stiffnesses that resist any additional deflection. These data show that 
pipe stiffnesses and modulus for PVC pipe do not decrease with time. 

T A B L E  5 - -  Pipe s t i f fness  of  constant  strain ring samples .  

Sample Description Temperature 1 

Filled Notched (~ 

yes no 0 

yes yes 40 

yes yes 0 

no no 40 

no no 0 

yes n o  40 

5% 

71 

76 

75 

101 

102 

101 

Pipe Stiffness (psi) 
Initial 2 13 years a 

25% 5% 

39 69 

38 74 

41 69 

60 89 

65 91 

63 96 

25% 

63 

65 

63 

91 

110 

87 

1 Constant temperature during 13 year test. Sample conditioned to 73 ~ F for 
stiffness testing. 
Pipe stiffness determined by secant method after being held at the specified 
deflection for one hour. 

a 13 year stiffness determined by applying an additional five percent deflection 
increment to the specified deflection. 

CONCLUSIONS 

1. 

2. 

3. 

4. 

Stress relaxation in filled and unfilled PVC can be approximated by a straight 
line on log-log paper and the relaxation rate is temperature dependent. The rate 
of relaxation decreased with a decrease in temperature. 

Filled or unfilled PVC pipes do not appear to be notch sensitive when loaded 
under constant deformation. 

Buried pipe and soil systems stabilize to an equilibrium condition which typifies 
a fixed deflection or fixed strain condition. 

Under conditions of fixed strain, buried PVC pipes maintain the same capacity 
to resist additional deflection increments as when initially installed. 
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5. 

6. 

Filled PVC compounds of cell class 13364B and 12364B along with unfilled cell 
class 12454B can sustain deflections of 40-50 percent without loss of stiffness or 
ductility for periods exceeding 13-14 years. 

Apparent or creep modulus is an inappropriate property to predict long term 
deflection of buried PVC gravity sewer pipe. Pipes continue to respond to 
additional deflection increments by resisting movement at the same stiffness as 
newly made pipe. 
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ABSTRACT: As pipe stiffness is reduced, prediction of deflection 
and deformation of buried pipes becomes less reliable. However, 
for thermoplastic pipe materials operating under predominantly 
constant strain conditions, the level of strain is not a critical failure 
parameter, and prediction of deformations and strains is likewise 
less relevant. Buckling and wall compression are the other mecha- 
nisms for system failure, but are unlikely to be critical factors except 
at very low or very high soil covers. Cost savings can therefore be 
achieved through the use of very low stiffness pipes, where the 
application and field conditions permit. Experimental work is de- 
scribed involving controlled loading tests on buried pipes, monitor- 
ing of field installations, and a large scale installation at the World 
Expo site in Brisbane using very low stiffness polyvinyl chloride 
(PVC) storm drains. 

KEYWORDS: Flexible pipes, thermoplastic, stiffness, installation, 
structural profiled wall pipe. 

INTRODUCTION 

Large scale use of Thermoplastic Pipes, in particular polyvinyl chloride 
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(PVC), for buried gravity sewer and storm drainage applications began in Australia 
in the early 1970's. The evolution of development paralleled that in othercountries, 
through the smaller diameter range 100 - 150 mm to larger diameters as the 
material economics and product acceptance improved. 

Due to the higher costs of thermoplastic resins in Australia, by comparison 
with world prices, the competitive status of thermoplastic pipes against other 
materials has traditionally been limited. Plain walled pipes are today manufactured 
to 400 mm diameter in PVC, 1000 mm in high density polyethylene (HDPE). The 
advent of spirally wound structural profiled wall pipes shifted the economic balance, 
and pipes of this form can now be manufactured to 2000 mm diameter. 

One such profiled wall PVC pipe, under the trade name Rib Loc TM*, was 
introduced to the Australian market in 1981. It is manufactured by spiral winding 
an extruded strip with T-ribs and interlocking edges as shown in Fig 1. The strip is 
wound cold using relatively simple machinerywhich is adjustable in diameter. Thus 
the winding operation may be conducted remote from the extrusion site, which has 
some advantages in terms of stock holding and transport economics. The seam 
may or may not be solvent welded depending on the application. 

A range of profiles is manufactured to suit the range of applications and 
diameters targeted. The strip stiffness, ET (material modulus x cross-sectional 
moment of inertia) for each strip is fixed, but the facility to wind strips to any diameter 
provides the ready capability of producing pipes with ring stiffness EI/D 3 over 
a very wide range. 

A similar product is manufactured in the United States of America but this is 
hot formed to produce pipes of much higher stiffness. 

Economic pressures on both manufacturers and users naturally raised the 
question as to the minimum pipe stiffness that could usefully be employed. The 
criteria governing minimum stiffness were thus the subject of considerable discus- 
sion and experimentation during the development of this product, and this work is 
the primary subject of this paper. 

,. TTTTTTTTT / 

Fig 1 -- A typical Rib Loc strip profile 

AUSTRALIAN STANDARDS FOR FLEXIBLE PIPE DESIGN 

The classical Spangler Marston principles were embodied in an Australian 
Code of Practice, "Plastics Pipelaying Design", AS 2566 - 1982, for thermoplastic 

* Trademark of Rib Loc Australia Pty Ltd 
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pipes as early as 1972, following generally the same load computational proce- 
dures as normally applied at that time for rigid pipes, but using the modified Iowa 
formula for prediction of deflection. 

where 
W =  
K =  
S =  
E' = 

5 = K W/(8S + .061E') 

the vertical load per unit length of pipe, 
a constant related to installation factors 
the ring stiffness of the pipe (EI/D3), 
modulus of passive soil resistance 

Because of the doubts concerning the extrapolation of this theory to small 
diameter plastic pipes, experimental work was undertaken by Standards Australia 
to provide supportive data ~ for the recommended soil modulus values for use in 
design. 

The observation was made in the course of this work that a correlation existed 
between the apparent soil modulus and the dimension ratio of the pipe, viz. pipes 
of lower wall thickness registered a lower soil modulus. This empirical relationship 
is embodied in the design method, such that the soil is characterised by a soil 
constant Y, and the soil modulus is derived from this value through the linear 
relationship: 

where 
Dm/t 

E' = Y/(Dm/t) 

= mean dimension ratio 
= pipe diameter at the neutral axis of the wall/wall thickness 

The soil constant Y is recommended in the Code for five soil types and three 
levels of compaction. In the test work, three dimension ratios were used, 63, 43, 
and 17. 

It is noted that the relationship is fundamentally illogical, since the soil 
response cannot be affected by a geometric property of the pipe. The soil can only 
respond physically to a mechanical property of the pipe, logically its lateral stiffness. 
The observed correlation is preserved if the relationship is expressed: 

E' = Y~ S 1~ 

where 
Y1 = a new soil constant scaled appropriately to account for other constants. 

1 Burn, L S, "Deformation of Buried Plastic Pipes", Commonwealth Scientific 
Industrial Research Organisation, Division of Building Research, internal paper 86/ 
31, unpublished. 
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This approach enables the code to be applied to profiled wall pipes specified 
by stiffness S rather than dimension ratio Dm/t as in a plain wall pipe. 

Although the relationship is supported by somewhat scant data, it is seen to 
be conservative since the above method results in a lower estimate of soil modulus 
for lower pipe stiffness, with a corresponding increase in predicted deflection. 

A further point worthy of note concerning this code is that the pipe stiffness 
term in the Iowa formula uses a very conservative long term (50 year) material creep 
modulus, for prediction of deflections due to continuous Ioadings. Although this is 
still the subject of some discussion, current thinking [1] generally accepts that the 
short term modulus is more applicable for the largely constant strain conditions 
involved in buried flexible pipe deformations. 

Since the soil modulus recommendations were back-calculated using the 
same conservative stiffness values, the correct predictions would nevertheless be 
obtained, at least within the range of test conditions covered. However, the low 
values of stiffness have the effect of reducing the significance of this term in the Iowa 
equation, so that the effect of pipe stiffness might be suppressed when extrapolat- 
ing outside of the test conditions. 

In spite of these short-comings the Code of Practice has provided valuable 
guidance to designers in predicting the general response of buried thermoplastic 
pipes. 

USE OF THE IOWA EQUATION FOR VERY LOW STIFFNESS PIPES 

Because the pipe stiffness term in the Iowa equation has decreasing signifi- 
cance as the stiffness is reduced, some authors have questioned the validity of the 
theory for such conditions. Certainly the Iowa equation suggests that deflection 
becomes insensitive to pipe stiffness, and proposes a limiting value of deflection at 
zero pipe stiffness, but this simply implies that it is possible to dig a self-supporting 
tunnel, and this in fact is correct by common knowledge, the only proviso being that 
the skin of the tunnel remains intact under loading and deformation. 

There is therefore no problem with the logic of the Iowa equation, nor its 
prediction that very low stiffness pipes can be used without excessive deflections. 

However, the usefulness of Iowa predictions for very low stiffness pipes is 
necessarily limited to the broad level, since their accuracy is clearly limited by the 
accuracy of prediction of the soil properties, which can only be approximately 
estimated and controlled. 

The Iowa formula does not predict shape deformation. Other techniques, 
such as finite element modelling, are seen to offer an improved approach from this 
point of view, but their accuracy is still limited by the input data. 
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In the final analysis, the requirements for accuracy must be considered in the 
light of how relevant such information may be in achieving a successful installation. 
As discussed following, for thermoplastic pipes, the application of more sophisti- 
cated arithmetic is not likely to improve the result. 

FLEXURAL STRESS AND STRAIN LIMITATIONS 

The main purpose of deformation prediction is to enable determination of 
deflection and stresses and strains due to ring bending. 

Extensive experience with plain wall thermoplastic pipe since 1950 produced 
no evidence that stress/strain conditions likely to produce material rupture arise in 
normal buried pipe applications. 

However, during the 1970's, lack of data concerning very long term effects, 
and some disastrous experience with reinforced plastics with relatively low strain 
limits, prompted the application of conservative limits also to thermoplastics. 

Since structural profile wall sections increase substantially the stress and 
strain levels present in a pipe wall, these conservative limits retarded the develop- 
ment and use of such pipes. This was unfortunate, and probably unnecessary, 
since structural profiled thermoplastic pipes had in fact been in use in the form of 
corrugated land drainage pipes for many years with no evidence of failure due to 
material flexural strain. 

Likewise in the case of Rib Loc, no evidence of material rupture due to long 
term strain levels has been registered in field or laboratory studies, and it may be 
noted that initial strains of up to 2% are generated in the outer rib fibres during the 
cold winding process, which are additional to the flexural strains induced in service. 

It is now generally conceded [2,3,4] that the acceptable flexural strain levels 
in the thermoplastic pipes under constant strain conditions are much higher than 
originally supposed. Buried flexible pipes are not strictly subjected to completely 
constant strain conditions, but it is probable that, provided the rate of stress 
relaxation exceeds the rate of loading, no strain limit can be found fora visco-elastic 
material. 

Whether or not strain limits exist for thermoplastic materials seems to be 
academic; they would not be approached under service conditions since other 
criteria for satisfactory performance of a pipe will be reached at lower levels of 
deformation. 

COMPRESSIVE STRESSES AND BUCKLING 

Compressive stresses developed in the side walls of the pipe may constitute 
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a limiting factor. For plain walled pipes it can readily be shown that these stresses 
are not likely to be critical under any practical situation. However, structural profiled 
wall pipes can theoretically be designed with very efficient flexural cross-sections, 
and low cross-sectional areas, so that the compressive stresses developed are 
much higher. 

The limit on the efficiency of a structural section is usually related to its stability 
against local buckling of the webs of the section under flexure. This is a matter for 
design of the profile, and criteria need to be established to ensure satisfactory 
performance in this respect. An arbitrary but effective criterion is that the load/ 
deflection curve under parallel plate loading shall show no maximum at deflections 
up to 30% of diameter. Whilst 30% is well beyond the functional range of deflections 
acceptable in practice, conservatism is warranted since a radius of curvature 
equivalent to 30% elliptical deflection might be produced under practical non- 
elliptical deformation conditions. Criteria similar to this are being adopted in United 
States, European and Australian product standards. 

Provided the design of the profile is satisfactory from this point of view, 
sidewall compression is found to be a limiting factor only for deeper burial, or at very 
low cover and/or high wheel loads. 

Whilst side wall compression may be the limiting factor for light weight 
structural profiled pipes, this does not imply a lower limit on pipe stiffness. 

For low cover and high wheel load conditions, a further factor may dominate 
design, viz. shear failure of the soil arch above the pipe. Underthese circumstances 
pipe stiffness becomes irrelevant, since even very stiff flexible pipes cannot directly 
support the loads. Research into this area is currently being conducted in 
Australia 2. 

Buckling collapse of the pipe section may also constitute a failure mechanism 
for very flexible pipes. The degree of support offered by the soil is a major factor 
here. The methods of analysis variously proposed in the literature generally 
assume that the pipe is surrounded by a fluid medium at a pressure equal to the soil 
pressure imposed on the top of the pipe, plus vacuum pressures that may be 
developed internally, and compare this to a buckling collapse pressure calculated 
from the geometric mean of the pipe's unsupported critical collapse pressure and 
the Spangler soil modulus. Some compensation is usually applied for reduction of 
collapse pressure due to deformation. The empirical deficiencies in the analysis 
are covered by a large factor of safety. 

Whilst more rigorous approaches have been proposed, the stumbling block is 
as usual the inadequate knowledge and control of the soil properties. And since this 
failure mechanism is not observed under any normal practical condition, a greater 

2 Rib Loc Australia Pty Ltd, private communication. 
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degree of precision is not warranted. However, in considering the use of very low 
stiffness pipes, the question needs re-examination. 

From experience in Australia, there is one set of circumstances where 
buckling collapse may become critical, viz. where vacuum conditions may be 
developed in a pipe with low soil cover. Partial vacuum may be developed in storm 
drains under flood conditions. The assumption of soil support against vacuum 
collapse is only valid if support is provided around the full circumference of the pipe. 
This is not so on the top of the pipe at low covers. One design method assumes 
full soil support at a cover of three pipe diameters, with the buckling pressure 
decreasing linearly to the unsupported critical buckling pressure of the pipe at zero 
cover. However, more test work is needed in this area. 

CRITERIA FOR MINIMUM STIFFNESS 

From the above discussion, it can be seen that, except in special cases, none 
of the classical direct methods of analysis for deformation, material or structural 
failure mechanisms will provide sensible limits to pipe stiffness for thermoplastic 
pipes. There are, however, practical factors that influence minimum stiffness 
selection. These are unquantifiable from theory, and we must rely on practical field 
experience for guidance towards satisfactory specifications. 

Whilst it may be possible to dig a self-supporting tunnel, it is not possible to dig 
atrench and replace the soil around a hole in the bottom! Re-compaction of the soil 
is necessary, and the pipe must have sufficient lateral stiffness to withstand the 
compaction procedures, without undue distortion. As observed by many other field 
researchers, installation deflection is by far the largest component of the total 
deflection in real systems. 

What constitutes undue distortion may depend on many considerations. 
Clearly we wish to limit deflection and distortion for a number of practical reasons: 

1. Integrity of joints 
2. Passage of cleaning equipment 
3. Reduction in hydraulic capacity 
4. Aesthetics (for want of better terminology) 

Integrity of joints is a matter for pipe design, and performance tests can easily 
be established if required to demonstrate the capability of joints in pipes and fittings 
under adverse conditions of deflection and differential Ioadings. They are incorpo- 
rated in most sewer pipe standards. For storm drain specifications, joint integrity 
is regarded as much less critical, and in fact systems with unsealed joints are 
frequently used. 

Cleaning and inspection is essential for sewers, but less so for storm drains. 
Most equipment can tolerate reductions in diameter of 10%, and there would be no 
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great problem in designing equipment for greater tolerance if necessary. 

Hydraulic capacity is not impaired within design tolerances up to deflections 
of 10%. Again for storm drain work a greater tolerance could be accepted. 

Aesthetics may well be the most demanding criterion of all. Deflections up to 
5% are barely noticeable, but they certainly are at 10%. A 15% deflection looks 
positively embarrassing, and it is very difficult to convince people that it was 
designed to do that! 

Generally there is no great argument on deflection limits. The world seems 
to have settled on 5-6% as a target, with some tolerance for actual construction of 
say 2-21/2%. More latitude is usually given for storm drains. Scandinavia seems 
to accept that even 15% long term deflection will not seriously affect functionality, 
provided joint capability is demonstrated. 

Whatever the reasons and whatever the number, the problem is to determine 
what level of pipe stiffness will provide reasonable assurance that deflections and 
distortions will be held within the desired limits, given the typical accuracy of data 
concerning soil properties and the degree of control that can be exercised over 
installation. 

This is the function of two main factors: 

A: The type of system, sewer or storm drain. As noted above there are 
functional reasons why storm drains are less critical, and there are also other 
differences: sewers tend to be buried to greater depths, and are more frequently 
required to transit through difficult ground conditions. The consequences of failure 
of a sewer is obviously more serious, so a lower risk element is required. 

B: The size of pipe. We are concerned with relative deflection, 5/D, rather 
than absolute deflection. Construction Ioadings tend to be similar for all pipes 
regardless of diameter. Resistance to deflection by a given load is not a function 
of stiffness, but rather of the parameter EI/D 2, which is a measure of its direct load 
capacity. A man standing on a 100 mm pipe of ring stiffness 1 kN/m 2 would squash 
it severely, whereas a 600 mm pipe of the same stiffness would suffer no 
appreciable deflection. Likewise the effect of a machine compactor on the two 
pipes is vastly different. Ring stiffness is only relevant for loads which are more or 
less proportional to diameter, such as soil loads. For this reason smaller diameter 
pipes need to be stiffer than larger diameter. 

Simple economics points to the same conclusion: the ratio of pipe cost to 
installation cost changes radically with diameter. The relative cost of a stiffer pipe 
in small diameters is small. Conversely, substantial savings are available through 
the use of lower stiffness pipes at large diameter. For larger diameter installations, 
it is economically possible to improve site investigation, design, backfill materials, 
construction techniques and supervision to enable more flexible pipes to be used. 
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Australian Standards for PVC sewer pipes were originally set with two classes 
of mean dimension ratio Dm/t 50 and 37, providing stiffness EI/D 3 of 
approximately 1.8 and 4.5 kN/m 2 (ASTM D2412 F/5 = 14 and 35 psi respectively). 
Experience over the 1970's, mainly with 150 mm pipes showed that the lighter class 
of pipe was not sufficiently robust for general sewer reticulation work and it was 
eventually removed from the Standard. A heavier class was introduced for 
diameters up to 300 mm of dimension ratio 29, stiffness approximately 9.0 kN/m 2 
(70 psi). 

At the same time PVC pipes in diameters 90 to 300 mm of dimension ratio 50 
have been found satisfactory for general storm drain applications. There are of 
course some situations where the stiffer sewer class pipes are preferred. Experi- 
ence with larger diameter lower stiffness pipes in storm drains has been good, and 
the Australian Standard for PVC Stormwater pipes will shortly be revised to include 
pipes of reducing stiffness above 300 mm diameter. 

Although the same principles apply to thermoplastic pipes generally, it is not 
necessarily appropriate to extrapolate experience in one material to another in 
terms of actual stiffness levels. For example, polyethylene behaves somewhat 
differently to PVC in two respects. Firstly, within the installation time framework 
when stiffness is important, the initial stiffness as specified declines considerably 
more rapidly for polyethylene than for PVC. During installation, constant strain 
conditions do not apply, and a short term creep modulus might be more appropri- 
ately used in determining comparable stiffnesses. Secondly, although no quanti- 
tative data is available, it seems likely from experience that skin friction plays some 
part in soil/pipe interaction, particularly in the installation phase. Polyethylene has 
a lower frictional coefficient than PVC. From these considerations, it might be 
expected that higher initial stiffness values could be required for polyethylene 
pipes. 

VERY FLEXIBLE PIPE DRAINAGE SYSTEM AT EXPO 88 

World Expo 88 was held in Brisbane from April to October 1988. The site of 
the event was a 30 hectare area of flat land on the banks of the Brisbane River. 
Construction of site services commenced in 1986. Brisbane's climate is sub- 
tropical, and storm drainage systems must cope with a high rainfall intensity. A high 
capacity drainage system forthe site was essential. Further the system would be 
subjected to significant live loading during the construction phase. 

In keeping with the modern technology theme which is always part of such 
occasions, and with due attention to cost savings, consultants Gutteridge Haskins 
and Davey, acting for the project contractors Thiess Watkins (Constructions) Ltd, 
studied the possibility of using very flexible pipes for the drainage system. 
However, for such a prestigous event, the consequences of flooding due to system 
failure could not be contemplated, and it was deemed circumspect to carry out site 
trials before proceeding, in particular to determine construction specifications and 
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whether the locally available river sand would be satisfactory for pipe surround. 

Trials of Rib Loc spirally wound structural profiled wall pipe were conducted 
in August 1986. Controlled test installations of four sizes of pipe were conducted, 
with two classes of surround material, and cover heights ranging from 0.4 to 1.5 
metres. Size and stiffness of pipes are given in Table 1. 

Table 1 -- Expo site drainage pipe details 

Ring stiffness Pipe Stiffness b 
Internal dia S = EUD 3 ASTM D2412 Length installed 
mm (in) (kN/m 2) (kN/m2(psi)) metres 

225 (9) 2.8 148 (21.0) 990 
300 (12) 1.2 66 (9.6) 1690 
375 a (15) 1.0 54 (7.8) 370 
450 (18) 0.6 31 (4.5) 500 
525 a (21) 1.5 79 (11.5) 190 
600 (24) 1.0 54 (7.8) 125 

These sizes not included in preliminary trials 
Pipe stiffness from parallel plate loading tests, ASTM D2412, is F/AY, at a 
specified deflection. The theoretical relationship at zero defletion is PS = 53.7 
EI/D 3. 

The construction procedure used was as follows: 

1.75 mm bedding, levelled but not compacted. 
2. Pipes placed and side filled to 2/3 pipe diameter. 
3. Hand tamped to compact haunching and side support. 
4. Surround material placed to 150 mm overlay. 
5. Mechanical compaction (Wacker Packer). 
6. Backfilled with excavated material and machine compacted. 

Note that this procedure has some significant differences from that adopted 
in most installation specifications for pipes. It was established from earlier trials and 
observations of behaviour of very flexible pipes, and is quite important in obtaining 
correct response. The 75 mm cushion of uncompacted bedding is an important 
factor (however, loosened material below this bedding should be compacted and 
stabilised if necessary). Compaction in incremental layers is very difficult to 
achieve with very flexible pipes, and is more likely to do more harm than good. The 
pipe must have some support up to a level above the springline before compaction 
begins. Then only hand compaction should be used. Mechanical compaction is not 
applied until the pipe is completely covered. 

It is obvious therefore that surround material must be such that low compactive 
effort is required. The more flexible the pipe, the lower the compactive effort that 
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can be applied. The best possible material is single size crushed stone, or 
specification graded material. 

The installations were tested under wheel loading using the front wheels of a 
5 tonne front-end loader carrying a full scoop, as representative of the construction 
conditions that would be encountered. Deflection was tested by pulling through 
circular plate gauges set at 2% and 5% of internal diameter. All pipes passed, 
although it was noted that the 450 mm pipes suffered some shape distortion. 

On the basis of these tests, the Rib Loc pipes were accepted and the site 
drainage system was installed using the same pipe specifications. 

In February 1990, an inspection was carried out at one of the drainage 
systems to determine the longer term response of the very flexible pipe system. 

Although access was somewhat limited, it was possible to remotely photo- 
graph a large number of lines via the inspection shafts. The spiral configuration of 
the wall of the pipes provided an excellent means of qualitatively assessing shape 
distortion in three dimensions, and even enabling approximate quantitative evalu- 
ation in many cases. A representative selection of photographs with comments are 
shown in Figures 2 - 7. It should be noted that apparent flattening at the invert in 
some pipes carrying water is an illusion. 

The results and conclusions formed were as follows: 

1. The majority of lines in the installation performed very well, with deflections 
and distortion well within functional limits. Some lines were observed where 
deflection and shape distortion would normally be considered unacceptable. In the 
majority of these cases, the problem was due to inadequate pipe stiffness to handle 
the machine compaction techniques used. 

2. There was no evidence of material failure due to bending strains, even with 
observed curvatures producing estimated strains up to 4.4%. See Fig 7. 

3. The stiffness of the 600 mm and 525 mm pipes was adequate. Some 
evidence of shape deformation with 600 mm pipes indicates that 1.0 kN/m 2 
(ASTM D2412 7.8 psi) is about the lower limit of stiffness for pipes of this diameter. 

4. The 450 mm pipes experienced some problems, and a stiffness of 
0.6 kN/m 2 (ASTM D2412 4.6 psi) is insufficient for general purpose drainage speci- 
fications at this diameter. 

5. The 300 mm pipes, in spite of their higher stiffness, performed poorly in 
some instances. Partly this may have been due to their lower cover, and the 
consequent effect of construction traffic loads. However, smaller diameter pipes 
are more frequently used at lower cover heights, and their stiffness should 
accordingly be adequate to compensate. A minimum stiffness of 2.0 kN/m 2 
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Fig 2 -- 600 mm S = 1.0 kN/m 2 
2.8 m cover 

Vert ical def lect ion 0.4 - 1.6% 
Uniform ell iptical deformation 

Fig 3 -- 600 mm S = 1.0 kN/m 2 
2.1 m cover  

Vertical def lect ion 3.1 - 3.6% 
Slight shape distort ion 

Fig 4 -- 450 mm S = 0.6 kN/m 2 
1.8 m cover 

Vert ical deflection 3.8 - 4.3% 
Uniform ell iptical deformation 

Fig 5 -- 450 mm S = 0.6 kN/m 2 
2.2 m cover  

45 ~ deflect ion 4.2 - 4.7% 
Eccentr ic compact ion 

Fig 6 -- 450 mm S = 0.6 kN/m 2 
0.9 m cover 

Vert ical def lect ion 15-16% 
Squaring, est. max. strain 4.4% 

Fig 7 -- 300 mm S = 1.3 kN/m 2 
1.0 m cover  

Vert ical def lect ion 9-10% 
Crown f lattening 
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(ASTM /D2412 16 psi) could be appropriate. This would match the criteria 
suggested of constant EI/D 2 or relative stiffness. 

SUMMARY AND CONCLUSIONS 

For thermoplastic pipes, classical analyses for deflections, material strains, or 
structural stability provide little guidance (except in special cases) as to lower limits 
to pipe stiffness which in reality are controlled by practical considerations largely 
unquantifiable from theory. As such we are reliant on field testing and experience 
with working installations to determine appropriate specifications. 

Basic logic suggests that lower stiffness thermoplastic pipes in the "very 
flexible" category can and should be considered at larger diameters. There is an 
economic balance between pipe stiffness and construction costs. Reducing 
stiffness requires improved construction techniques and materials. Caution needs 
to be exercised at low cover heights with traffic loads or potential vacuum 
conditions. 

Judgements concerning minimum stiffness depend on the application and 
material. Sewer mains are more demanding than storm drains. Differences in 
material characteristics can cause misleading comparisons of stiffness when 
considering pipe response in the installation time framework. 

Satisfactory results can be achieved in general storm drainage applications 
with PVC pipes of stiffness 2.0 kN/m2for diameters to 300 mm, reducing for larger 
sizes according to relative stiffness EI/D 2 of 0.6 kN/m. 
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ABSTRACT: For over 50 years, studies of so i l -p ipe  
in teract ion have provided methods to predict  ver t i ca l  
def lect ion of buried f l e x i b l e  pipes. Several of these 
methods are widely used in standards. However, these methods 
do not account for  many of the recognized parameters that 
af fect  buried pipe behavior. Based on recent research 
f ind ings,  empir ical ly-based modif icat ions are introduced to 
the or ig ina l  Spangler approach to obtain a new calcu la t ion 
method for  estimating ver t i ca l  f l e x i b l e  pipe def lect ion.  
Development, appl icat ions and l im i ta t i ons  of th is  method are 
presented. Comparison studies of the new method and that 
presented in ANSI/AWWA C950-88 "AWWA Standard for  Fiberglass 
Pressure Pipe" (which is based on the modified lowa formula) 
versus actual f i e l d  measurement data are included. These 
studies present corre la t ion of predicted versus measured 
values as well as s i m i l a r i t i e s  and dif ferences between the 
methods. 

KEYWORDS: Fiberglass Reinforced Plast ics,  pipe, buried pipe, 
def lec t ion,  long-term, AWWA C950 

INTRODUCTION 

The behavior of the p ipe-soi l  system requires determination of 
the in teract ion which occurs between the pipe, embedment soi l  and 
native in s i tu  so i l .  Each of these elements acts together to 
determine to ta l  system behavior. The response can be measured by 
pipe deformation. 

Mark E. Greenwood is a Research Associate, Reinforcements and 
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2790 Columbus Road, Granv i l le ,  OH 43023-1200; Dennis C. Lang is a 
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For over 50 years, studies of soi l -p ipe interact ion have provided 
a substantial amount of information which has enhanced our 
understanding of the problem. The classical works of Marston [ I ]  and 
Spangler [2] mark the beginning of these investigations and provided 
a fundamental understanding of applied earth loads and buried pipe 
response. Nearly 20 years la ter ,  in 1958, Watkins and Spangler [3] 
published a calculation procedure to determine pipe deflect ion. This 
equation has become to be known as the modified Iowa formula. 

Research on buried pipe response has continued since Spangler's 
or iginal work. Such interest is indicat ive of continued acceptance 
and use of f lex ib le  conduits in a var iety of buried applications. 
Recent ef for ts include development of various analyt ical models such 
as elast ic solutions [4,5] and Fini te Element Methods [6,7] .  In the 
1970's, Leonhardt [8,9] introduced a calculation system which formed 
the basis of a German design document, ATV [ I0 ] .  Howard [11] had 
determined design values for the modulus of soil reaction, E', which 
expanded the range of application of the modified lowa formula. 
Although additional investigat ions have  been conducted since 
Spangler's early work, the modified lowa formula exerts s ign i f icant  
influence on current design procedures and has withstood the test of 
time. [12] Today this method has been adopted by a var iety  of 
f lex ib le  pipe product standards such as ANSI/AWWA C950-88 "AWWA 
Standard for Fiberglass Pressure Pipe" for f iberglass pipe design. 

Realizing that deviations between predicted and measured data can 
occur and recognizing the importance of deflection prediction to pipe 
performance, Owens-Corning Fiberglas| (OCF) conducted i t s  own 
comprehensive research in soi l -p ipe interact ion. The OCF 
ins ta l la t ion  research program had two objectives. The f i r s t  
objective was to define and quantify buried f lex ib le  pipe behavior by 
examining f ie ld  measurement data, laboratory test results and f i n i t e  
element modeling. Results of th is portion of the program have been 
published by several research part ic ipants [13,14,15,16,17,18]. 

The second objective was to develop a design methodology which 
correlates to the experimental results. Vertical pipe deflection is 
an important consideration in buried pipe design. Buried pipes are 
not allowed to exceed certain l im i t ing  deflection values depending on 
the i r  appl icat ion. This allowable value is determined by applying a 
factor of safety to the pipe's extrapolated 50-year performance in a 
part icu lar  application. 

Vertical deflection is also important in terms of ins ta l la t ion  
qual i ty  control. A common practice is to relate ins ta l la t ion  qual i ty  
to an i n i t i a l  deflection l im i t .  Measured i n i t i a l  deflections taken 
af ter  completion of backf i l l  to grade should not exceed the allowable 
i n i t i a l  value. 

Based on recent research, a new understanding of the parameters 
influencing buried pipe response has been obtained. This information 
provides the basis for modifications applied to the original Spangler 
approach to obtain an improved deflection prediction method. 
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OBJECTIVE AND APPROACH 

The objective of this paper is to present a method to predict 
vert ical  deflections of buried f lex ib le  pipe that is s ign i f i can t l y  
better than the method described in ANSl/AWWA C950-88. The proposed 
method must consider the s ign i f icant  factors that govern buried pipe 
behavior, including i n i t i a l  ins ta l la t ion  and should be re la t i ve ly  
easy to use. The application of the method should not require 
complex analysis such as f i n i t e  element analysis. 

The approach taken to develop a vert ical  deflection prediction 
method was to emperically upgrade the modified lowa formula which 
predicts horizontal deflection by using results of controlled 
laborato~, pipe tests. A comprehensive deflection prediction 
equation that is theoret ica l ly  based is not being proposed. Va l id i ty  
of the empirical ly upgraded equation was evaluated through comparison 
with f ie ld  measurement data. 

EQUATION DEVELOPMENT 

There are many parameters which may effect pipe deflect ion. 
Several of these parameters are s ign i f icant  and govern long-term 
response. Listed below are governing parameters which co l lect ive ly  
determine pipe response. They were determined by research f indings 
presented in the current l i te ra ture  and results of OCF ins ta l la t ion  
studies. 

1. Pipe st i f fness 
2. Soil s t i f fness (soi l  type, density, modulus and moisture 

content) 
3. Applied loads (vert ical  and lateral pressure loads due to 

overburden and applied surface loads) 
4. Trench configuration (trench geometry, native in s i tu soil 

condition and embedment type) 
5. Haunch support (degree of uniform support at the bottom 

quarter points of the pipe) 
6. Non-el l ipt ical  deformation (deviation from t ru ly  e l l i p t i c a l  

deformation 
7. I n i t i a l  oval izat ion (vert ical  elongation due to placement of 

embedment during construction) 
8. Time (pipe and soil  properties as well as applied loads 

change, each as a function to time) 
g. Var iab i l i t y  (construction v a r i a b i l i t y  due to excavation, soil 

placement and compaction) 

Each parameter w i l l  be discussed independently. The predict ive 
method resulted from assembling these parameters into one equation. 

Deflection Equation Components 

Pipe deflection consists of three d i s t i nc t  elements. 
Symbolically, these can be expressed as percent fractions of pipe 
diameter as follows: 

~VP = 6VL - ~VO + ~VA (1) 
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Respectively, the upper l imit of predicted vertical 
deflection (6VD) equals the deflection due to load (~Vt) minus 
deflection dC6 to construction ( ini t ial  ovalization; 6un~ plus a 
deflection term to reflect field installation variability ~VA ). 

Vertical deflection due to load is a function of three elements 
and represented as 

aVL : W/(Sp + SS) (2) 

Equation 2 states that deflection caused by load is proportional 
to the total applied external load (W) and inversely proportional to 
the sum of the pipe st i f fness (Sp) and soil s t i f fness (Ss). 

The components of Equations I and 2 w i l l  be discussed separately 
and then reassembled to form the complete calculation method. 

Load Induced Deflection 

Deflection result ing from applied earth and surface loads is the 
f i r s t  component to be developed, Refer to Figure I for the location 
of various physical parameters and geometry of a typical buried pipe 
ins ta l la t ion .  

I I 

~.dment 

FIGURE 1--Typical buried pipe installation 
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Magnitude and distr ibut ion of applied loads: Both the magnitude 
and distr ibut ion of loads vary with time. The effect of time on the 
magnitude of load is l i ke ly  to be more signif icant than the change in 
load distr ibut ion. This observation forms the b~sis of an important 
assumption: the influence of time on applied loads on buried pipe is 
a result of the degradation of arching and not a redistr ibution of 
loads. With this practical assumption, the definit ion of load can be 
easily obtained. 

Spangler [2] represented the distr ibut ion of loads as i l lustrated 
in Figure 2. Vertical load at the top of the pipe is uniformly 
distributed over the pipe diameter. The vertical reaction load 
acting at the bottom of the pipe is uniformly distributed over a 
bedding angle. These vertical loads are symmetric about the vertical 
axis of the pipe. 

W c  
V = ~  2r 

ll, l II Il lll'il 

I I 

/kX 

h = e  2 

Subgrade 

WC = L V 
V J = 

2r sin G sin G 

FIGURE 2 Spongler's assumed distr ibut ion of pressure 
around o flexible pipe under as earth f i l l  
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The horizontal loads are symmetric and passive. The passive 
loads increase with horizontal deflection and are distributed equally 
around the pipe springlines over a lateral distr ibut ion angle of 
100 ~ . This pressure distr ibut ion may not be accurate for al l  
possible combinations of pipe and soil st i f fness, but is is rational 
and widely accepted. 

The effect of time is introduced into the load calculation by 
consideration of arching. The long-term, maximum soil load applied 
to the pipe is assumed to be the free f ie ld load caused by the prism 
of soil above the pipe. As prescribed in ANSI/AWWA C-950, al l  
positive arching that may have been present is discounted for 
long-term deflection calculations. The short-term load is 
represented as a fraction of the prism load by application of a 
reduction coeff icient, based on the Marston theory of arching [1,19]. 
Therefore, the soil load acting on a buried pipe is expressed as 
follows: 

W S = CLYH (3) 

I - e [-2Kp'(H/B)]" short term (3A) 

CL 2K~'(H/B} 
i ;  long term (3B) 

Where u is the uni t  weight of the overburden so i l ;  H and B are the 
depth and trench width dimensions as indicated in Figure I and Ku' is 
the product of Rankine's ra t io  and the coef f ic ient  of internal 
f r i c t i on  between the f i l l  material and side of the trench. Typical 
values [19] of K~' are given in Table I.  The soil arching factor,  
C., is a function of the type of soil  from the top of the pipe to 
g~ade. 

TABLE 1--Typical values of arching factor, K IJ' 

Soil description 

Non-cohesive 

Sand, gravel 

Saturated top soil 

Ordinary clay 

Saturated clay 

K~' 

0.192 

0.165 

0.150 

0.130 

0.110 
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I f  l i ve  loads (WI) ex is t  on the ground surface, the load on the 
pipe can be calcul~ted by the project ion of a loaded area as 
presented in most soi l  mechanics tex t  books. AWWA C950-88 uses such 
a method. In the proposed equation, l i ve  loads are normalized with 
respect to pipe diameter. The l i ve  load is treated independent of 
time and added d i rec t l y  to the soi l  load to obtain the tota l  applied 
load (W), represented by the fo l lowing equation: 

W : W s + W L (4 )  

Pipe s t i f fness :  Pipe s t i f fness  is an independent var iable which 
inf luences the three types of def lect ions defined by Equation 1. The 
dependency of i n i t i a l  oval izat ion and v a r i a b i l i t y  on pipe s t i f fness  
w i l l  be discussed la te r .  In terms of def lect ion due to load, pipe 
s t i f fness  can play a major role.  

Pipe s t i f fness  is ind ica t ive  of the load bearing capacity of the 
pipe subjected to buried condit ions. Field measurement data indicate 
that  def lect ions increase for  a period of time and then s tab i l i ze  to 
a level that remains v i r t u a l l y  unchanged. This data suggests that 
long-term so i l -p ipe  system behavior is a combination of creep and 
re laxat ion with time. 

In part ,  th i s  behavior can be a t t r ibu ted to long-term s t i f fness  
of the pipe. The pipe s t i f fness  term of Equation 2 can be expressed 
as 

= 8 CTpEI/D 3 (5) Sp 

Where E is the c i rcumferent ia l  f lexura l  modulus of the pipe mater ia l ;  
I is  the pipe wall cross-sect ional moment of i ne r t i a ;  D is the pipe 
diameter and C T is the pipe s t i f fness  retent ion factor .  
Conservative values of the retent ion factor are obtained by 
extrapolat ion of creep modulus data to 50 years. For short-term 
def lect ion calcu lat ions CTp equals I .  

Int roduct ion of the time-dependent s t i f fness  of pipe spec i f i ca l l y  
indicates the increase of def lect ion resu l t ing  from a change in the 
pipe's modulus of e l a s t i c i t y .  This factor is based on actual data. 
I t  can account for  di f ferences in pipe wall construct ion and 
mater ia l .  

Soil s t i f fness :  Soil s t i f fness  is the most important element in 
determining" the def lect ion response of the pipe to applied loads. 
Soil s t i f fness  is a measure of the s o i l ' s  a b i l i t y  to help the pipe 
res is t  the applied loads. Considering a l l  components, soi l  s t i f fness  
is the most complicated and d i f f i c u l t  to define. 

In terms of basic propert ies,  so i l  s t i f fness  is a funct ion of the 
fo l lowing parameters: 

1. Soil type and density 
2. Burial depth 
3. Moisture content 
4. Trench conf igurat ions 



192 BURIED PLASTIC PIPE TECHNOLOGY 

5. Lateral pressure distr ibut ion 
6. Time 

These items must be considered to properly describe buried pipe 
behavior. 

Soil modulus: Several types of soil moduli are available for 
application to soi l-structure problems. There are secant, tangent, 
and i n i t i a l  moduli determined by t r iax ia l  testing at specific 
confinement pressures or by f l a t  plate bearing tests. Soil modulus 
can be determined by the f la t  plate dilatometer, pressuremeter and 
cone penetrometer. 

Soil modulus can be defined at a variety of stress or strain 
levels and determined by various kinds of equipment. Unfortunately, 
definit ion and type of equipment both strongly influence the value 
obtained. To more completely describe a so i l 's  ab i l i t y  to resist 
deformation, the following conditions were identif ied: 

1. The soil modulus method of measurement must be sensitive to 
the parameters which govern pipe deflection. 

2. Soil modulus must be a measurable parameter determined by a 
laboratory test method. 

3. Determination of the soil modulus by testing should not 
require highly-specialized equipment or expertise. 

4. Typical values can be tabulated which, in the absence of 
testing, can be used rel iably as input to the soil stiffness 
expression. 

The confined compression test using equipment as described in the 
consolidation test, ASTM D-2435 "Test Method for One-Dimensional 
Consolidation Properties of Soils", was chosen. The soils 
investigation portion of the OCF instal lat ion research included the 
confined compression testing of different soil types at various 
densities. From the stress-strain curves generated, secant moduli 
corresponding to equivalent depths of cover were determined. For 
each soil type and density tested, a confined compression modulus was 
obtained. This testing was conducted at both optimum and saturated 
moisture contents. The secant modulus is a function of soil 
pressure. This behavior indicates that the secant soil modulus is a 
function of burial depth. Hartley and Duncan [20] supports this 
conclusion and approach. 

These raw data were tabulated and plotted as functions of depth 
and soil density for each soil type. Table 2 is offered as a means 
of identifying various soi ls into groups that behave similarly. 
These soil groupings are referenced in ASTM D2487-83 "Classification 
of Soils for Engineering Purposes". Rough transitions were smoothed 
and interpolated to obtain a f inal set of confined compression 
modulus values as l isted in Table 3, which offers typical soil 
modulus values when actual test data are not available. 
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TABLE 2--Soil classification reference 

Soil group 

Clean gravel 

Dirty gravel 

Clean sand 

Dirty sand 

Inorganic 
clay and silt 

Range of fines % 

<5 

5-12 

12-50 

<5O/o 

5-12 

12-50 

>50 

Soil class 

GW, GP 

GW-GM, GW-GC 
GP-GM, GP-GC 

GM, GC, GC-GM 

SW, SP 

SW-SM, SW-SC 
SP-SM, SP-SC 

SM, SC, SC-SM 

CL, ML, CL-ML 
CH, MH 

Reference: ASTM D 2487-83 
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TABLE 3 - -  Confined compression secant modulus (N/mmA2) 

Soil type 

Clean 
gravel 

Dirty 
gravel 

Clean 
sand 

Dirty 
sand 

Inorganic 
clay and 

silt 

Depth 
(M) 

2 
4 
6 
8 
10 

2 
4 
6 
8 

10 

2 
4 
6 
8 
10 

2 
4 
6 
8 

10 

2 
4 
6 
8 
10 

95% 

17.2 
19,0 
20.7 
22,4 
24.1 

16,2 
17.9 
20.0 
21.7 
23.8 

15.2 
17.2 
19.3 
21.4 
23.4 

13.8 
15.9 
17.9 
20.0 
22.1 

8.6 
9.7 
11.0 
12.4 
13.8 

Installed standard Proctor density 

90% 

15.2 
16.9 
18.6 
20.3 
22.1 

14.1 
15.9 
17.9 
19.7 
21,7 

13.1 
15.2 
17.2 
19.3 
21.4 

11.7 
13.8 
15.9 
17.9 
20.7 

7.9 
9.0 

10.3 
11.4 
12.8 

85% 

13.1 
14.8 
16.6 
18.3 
20.0 

10.0 
12.4 
14.5 
16.2 
18.3 

6.9 
9.3 

11.7 
14.1 
16.6 

6.6 
9.0 

10.7 
12.4 
14.5 

5.9 
6.9 
7.9 
9.3 
10.3 

80% 

11.0 
13.1 
14.8 
16.2 
17.9 

7.6 
9.3 
10.7 
12.1 
13.8 

4.1 
5.5 
6.9 
8.3 
9.7 

3.8 
5.2 
6.6 
7.6 
9.0 

2.4 
3.4 
4.5 
5.5 
6.6 

70% 

6.9 
9.0 
10.7 
12.4 
13.8 

4.5 
5.9 
6.9 
8.3 
9,3 

2.1 
2.8 
3.4 
4,1 
4.8 

1.4 
2.1 
2.8 
3.1 
3.4 

0.7 
1.2 
1.7 
2.2 
2.8 

Notes: 1 N/mm^2 = 145 psi 
Table 2 defines soil groups 
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Time and moisture inf luence on soi l  modulus: Both increased time 
and moisture content reduce s6~l modulus from an i n i t i a l  value. For 
the method presented, these effects have been treated as though they 
were uncoupled and independent. In the case of time, th is  reduction 
was represented by creep due to v iscoe las t i c ,  time-dependent 
behavior. The ef fect  of moisture was considered as a fu l l y -sa tu ra ted  
state caused by high water table condit ions above the pipe inver t  
resu l t ing  in lower soi l  modulus values. Treatment of each of these 
ef fects on soi l  modulus can be described as fol lows: 

Soil creep modulus can be represented by the fo l lowing power law 
expression [21,22]. 

Es(t ) : Eot-m (6) 

Long-term soi l  modulus at so~e time, t ,  is related to i n i t i a l  modulus 
via a power coe f f i c ien t ,  t ~. The value of m varies for  d i f fe ren t  
so i l  types and is the s t ra igh t  l ine  slope of a modulus versus log 
time p lot .  Typical values of m are avai lable for  d i f fe ren t  
so i ls  [21].  

Equation 6 can be rewri t ten to define soi l  s t i f fness  retent ion 
factors as fol lows: 

ES(50 ) = CT(50)E 0 (7) 

The power coe f f i c ien t  can be defined as a s t i f fness  retent ion factor ,  
C T, for  a spec i f ic  soi l  representing a 50-year, long-term value. 
Typical values for  the modulus retent ion factor were determined and 
presented in Table 4. 

TABLE 4 - -  Soil creep, modulus retention factors 

Soil modulus retention factor, C T Soil group 

Clean gravel 1,0 

Dirty gravel 0,9 

Clean sand 0.8 

Dirty sand 0,7 

Inorganic 0.4 
clay and silt 
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The long-term creep modulus is equal to the product of the soi l  
s t i f fness  retent ion factor and the confined compression modulus for  
an unsaturated so i l .  Equation 7 represents how soi l  creep modulus is 
represented as a funct ion of time. I n i t i a l  so i l  modulus is 
represented by Equation 7 with the s t i f fness  retent ion factor set 
equal to I for  short-term def lect ion ca lcu la t ions.  

I ns ta l l a t i ons  in which the water table r ises above the pipe 
inver t  a f ter  i n s t a l l a t i o n  are cases in which so i l  modulus must be 
reduced. Saturated confined compression test ing provides values for 
soi l  modulus which may be representative of high water table 
condit ions. A reasonable approximation for  soi l  modulus when 
saturated condit ions ex is t  is  the modulus of the so i l  with a 5% lower 
compaction for  granular so i ls  and 10% lower compaction for  cohesive 
so i ls  and granular so i l  wi th greater than 12% cohesive f ines.  
Table 3 can be used for  th is  estimate when actual data is not 
avai lable.  

Basic knowledge of so i l  density through in s i tu  tes t ing or 
experience and good judgement should provide an estimate of in s i tu  
so i l  compaction. Soil type, degree of compaction, water table 
locat ion,  and depth can be used to select an appropriate soi l  modulus 
value from Table 3 when native soi l  modulus test ing resul ts are not 
avai lab le,  

In typ ical  i n s t a l l a t i o n s ,  the time dependent considerations need 
not be considered for the nat ive soi l  trench. When the water table 
is above the pipe spr ing l ine ,  the nat ive soi l  modulus may be 
determined by reducing the standard Proctor density as previously 
described for  b a c k f i l l .  

Sp l i t  i n s ta l l a t i ons :  When pipes are embedded in two d i f fe ren t  
so i l  types or dens i t ies ,  a convenient approximation of embedment so i l  
modulus can be calculated. Typ ica l ly  in a s p l i t  i n s t a l l a t i o n ,  the 
pipe w i l l  have the bottom port ion embedded in a higher modulus soi l  
than the upper port ion of the pipe. I f  C S represents the percentage 
of the lower port ion of pipe embedded in so i l  with a modulus Ee and 
the upper port ion of the pipe (I-C~) embedded in a so i l  w~th a 
modulus of E I ,  a combined embedment modulus can be approximated as 

E s : CsCT2E 2 + (I-Cs)CTIEI (8) 

This approximation appears to be reasonable when values of C~ are at 
least 0.4. For condit ions with C~ less than 0.4, use the lo~er soi l  
modulus value as the embedment son modulus. 

Trench width: Trench width w i l l  af fect  so i l  s t i f fness  depending 
on the in s i tu  nat ive soi l  condit ions. I f  a narrow trench is used in 
sof t  nat ive so i l  condi t ions,  the e f fec t ive soi l  s t i f fness  around the 
pipe w i l l  be reduced. This reduction in soi l  s t i f fness  is related to 
the di f ference between the embedment so i l  modulus and the native soi l  
modulus. I f  a wider trench is used, the detrimental ef fect  of the 
soft  nat ive so i l  is diminished. To consider the ef fect  of trench 
width on soi l  s t i f f ness ,  a re la t ionsh ip  between the native soi l  
modulus, embedment soi l  modulus and trench width must be obtained. 
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This re la t ionsh ip  was developed by Leonhardt [8 ,9 ]  and indicates 
the ef fect  of trench width on soi l  s t i f f ness .  This factor  is a 
function of the trench width to pipe diameter ra t io  and the embedment 
soi l  modulus to native soi l  modulus ra t io .  The "Leonhardt factor"  is 
described by Equation 9. 

1.662 + .639(B/D-I) �9 
: (B/D-I) + Li.662 - .361/B/D}_I,~TEs/E 3 ' ' ~  (9) 

Equation 9 is applied as a mu l t i p l i e r  to the embedment soi l  modulus. 
I t  acts l i ke  a reduction or i n tens i f i ca t i on  factor  depending upon the 
condit ions. Figure 3 i l l u s t r a t e s  the dependency of Equation 9 on 
trench width and soi l  modulus. The required input data to the trench 
width factor  (Equation 9) are the trench width (B), pipe 
diameter (D), the embedment soi l  modulus (Es), and the native soi l  
modulus (E3). 
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FIGURE 3 - - T r e n c h  width fac to r  
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Soil s t i f fness  summary: The soi l  s t i f fness  component of the 
def lect ion term caused by load can be f u l l y  described and is given by 
the fo l lowing expression: 

S S : 0.6~E S (I0) 

Where EK is obtained from Equation 8 and ~ from Equation 9. The 0.6 
constan~ is used by Leonhardt to re late the s t i f fness  of back f i l l  in 
a trench condit ion versus a confined compression test .  

Non-e l l i p t i ca l  deformation: Depending on pipe s t i f fness  and 
i n s t a l l a t i o n  condi t ion,  a buried pipe may deform n o n - e l l i p t i c a l l y .  
The ver t i ca l  def lect ion may not always equal the horizontal  
def lect ion.  

Non-e l l i p t i ca l  deformation is a resu l t  of nonuniform soi l  support 
around the pipe. The degree of nonuniformity is related to soi l  type 
and degree of compaction. Sens i t i v i t y  to th is  nonuniformity is 
related to pipe s t i f f ness .  

Field and laboratory measurements [13,15,16] have shown that the 
ra t io  of ver t i ca l  to horizontal  def lec t ion,  AV/AH, is representative 
of the degree of non -e l l i p t i ca l  deformation. The AV/AH ra t io  has 
been found to be a funct ion of soi l  type, degree of compaction, s p l i t  
embedment and pipe s t i f fness .  Based on actual f i e l d  and laboratory 
measurement data, typ ical  values are summarized in Table 5. 



GREENWOOD AND LANG ON VERTICAL DEFLECTION 199 

TABLE 5 - -  Deflection ratio, AV/&H 

Soil 
group 

Clean and 
dirty 

gravel 

Clean 
sand 

Dirty 
sand 

Inorganic 
clay and 

sir 

Pipe 
STIS 

(N/M A2) 

1,250 
2,500 
5,000 
10,000 
20,000 

>20,000 

1,250 
2,500 
5,000 
10,000 
20,000 

>20,000 

1,250 
2,500 
5,000 
10,000 
20,000 

>20,000 

1,250 
2,500 
5,000 
10,000 
20,000 

>20,000 

> 95% 

2.o(3.0) 
1.5(2.0) 
1.3(1.5) 

1.1 
1.1 
1.0 

2.5(3.3) 
2.0(2.5) 
1.5(2.o) 
1.2(1.5) 

1.1 
1.0 

3.0(3.5) 
2.5(2.8) 
1.8(2.2) 

1.4 
1.1 
1.0 

3.5(3.8) 
2.5(3.0) 
2.o(2.5) 

1.5 
1.1 
1.0 

Standard Proctor density of backfill 

85%-95% 

1.5(2.5) 
1,3(1.8) 

1.2 
1.1 
1.1 
1.0 

2.0(3.1) 
1.5(2.0) 
1.3(1.5) 

1.2 
1.1 
1.0 

2.5(3.3) 
2.0(2.5) 
1.5(1.7) 

1.3 
1.1 
1.0 

3.0(3.5) 
2.3(2.7) 
1.7(2.0) 

1.3 
1.1 
1.0 

70%-84% 

1.3(1.5) 
1.2 
1.1 
1.1 
1.0 
1.0 

1,5(1.8) 
1.3(1.5) 

1.2 
1.1 
1.0 
1.0 

2.0(2.1) 
1.5(2.0) 

1.2 
1.1 
1.0 
1.0 

2.3(2.5) 
1.7(2.3) 

1.3 
1.1 
1.0 
1.0 

< 70% 

1.2 
1.2 
1.1 
1.0 
1.0 
1.0 

1.2 
1.2 
1.1 
1.0 
1.0 
1.0 

1.2 
1.2 
1.1 
1.0 
1.0 
1.0 

1.2 
1.1 
1.1 
1.0 
1.0 
1.0 

NOTES: STIS = EI/DA3 (N/MA2) = 128.42 F/bY (psi) 
Table 4 defines density ranges 
Numbers in parenthesis refer to a split 

installation condition when E1<.5E2 
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The dependency of AV/AH on pipe stiffness and instal lat ion 
condition is not commonly reflected in current design practice. 
Other investigations have identi f ied this behavior [23,24], but 
sensi t iv i ty  of AV/AH on pipe and soil stiffness has not been 
previously quantified. Values of the AV/AH ratio are in some cases 
quite large and s igni f icant ly influence pipe behavior. 

Nonuniform haunch support: Nonuniform haunch support occurs with 
a high degree of probabil i ty and must be considered in pipe 
design [13,15]. In terms of pipe deflection, poor haunch support 
results in higher deflection than i f  the soil support is uniform. 

The degree of haunch support is related to the apparent bedding 
angle over which the vertical reaction is distributed at the bottom 
of the pipe. In Spangler's original work, a bedding factor, k v, was 
introduced to indicate the distr ibut ion of load at the bottom 8f the 
pipe. 

In the method presented, k v is related to the likelihood of 
achieving uniform bottom support as related to the instal lat ion.  
Values for the factor are dependent on soil type and degree of 
compaction. Table 6 summarizes bedding factor values. Note that the 
use of k x is different from that currently defined in AWWA C-950. 

TABLE 6 - -  Bedding factor values, k X 

Soil group 

Clean gravel 

Range of fines % 

<5 

5-12 

> 95 

0.083 

0.096 

Dirty gravel 12-50 0.103 

Clean sand <5oh 

5-12 

0.103 

0.103 

Backfill standard Proctor density 
<70 8,5-95 70-84 

0.083 0.083 

0.096 0.083 

0.103 0.096 

0.103 0.096 

0.103 0.096 

0.103 0.096 

0.103 0.096 

0.083 

0.083 

0.083 

0.083 

0.083 

Dirty sand 12-50 0.103 0.083 

Inorganic >50 0.103 0.083 
clay and silt 
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Deflect ion due to load, summary: Development of the basic 
elements which together determine ver t i ca l  def lect ion resu l t ing  from 
load has been presented. Equation 2 can be rewri t ten by including 
a l l  the elements discussed. 

kx(~V/AH)(CLYH+W L) 
aVL . . . .  x I00 ( i i )  

8CTpEI/D3 + 0.061(0.6~)E S 

Pipe-soi l  in terac t ion  coe f f i c ien t :  When evaluating the behavior 
of pipe deformation in various i n s t a l l a t i o n  condi t ions,  the inf luence 
of so i l  s t i f fness  and pipe s t i f fness  did not appear to be t o t a l l y  
independent. A p ipe-so i l  in teract ion existed that was dependent on 
the re la t i ve  s t i f fnesses of so i l  and pipe. This observation raised 
the question that the simple soi l  pressure d i s t r i bu t i on  model used by 
Spangler may be i n s u f f i c i e n t  to account for  the in teract ions between 
soi l  and pipe. The simple models used by Leonhardt may be ouestioned 
as wel l .  The magnitude and d i s t r i b u t i o n  of so i l  stress around a pipe 
must be a funct ion of the pipe s t i f f ness ,  soi l  s t i f fness  and soi l  
placement in addi t ion to the response from pipe def lect ion.  

Without an exhaustive theoretical model, an empirically defined 
factor was added to the soil stiffness term of Equation 11 to reflect 
the observed pipe behavior. The pipe-soil interaction coefficient, 
C I ,  was derived by means of constrained optimization of Equation 12 
versus measured soil box data, f in i te  element analysis and 
engineering judgement. 

kx(AV/AH)(CLYH+WL) 

6VP = 8CTpEI/D 3 + 0.061(0.6~)CI~$100 (12) 

An expression for  C. has been developed which is a funct ion of pipe 
s t i f fness  and embed~nent soi l  degree of compaction and is given as 
fol lows. 

C I = a(STIS/1250Pa) b (13) 

STIS(Pa) = EI/D 3 (13A) 

Values for parameters a and b are provided in Table 7 and are a 
funct ion of degree of compaction. Specif ic tangent ial  i n i t i a l  
s t i f fness  (STIS) included in Equation 13 is expressed in N/M L or 
Pascals ( I  psi = 6894.4 Pa). The p ipe-so i l  in terac t ion  coef f i c ien t  
was found to be a funct ion of pipe s t i f fness  and was normalized with 
respect to 1250 Pa (9 psi pipe s t i f fness)  to provide dimensional 
consistency. 
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TABLE 7 - -  Values of parameters a and b for the 
pipe-soil  interaction coefficient 

Backfill standard a b 
Proctor density 

> 95 

85 - 95 

70 - 84 

< 70 

1.24 

0.938 

0.643 

0.456 

0.180 

0.245 

0.353 

0.436 

Relative to the ANSI/AWWA C 950-88 method for  predict ing 
def lec t ion,  Equation 12 includes parameters that more completely 
describe the predict ion of ver t i ca l  def lect ion caused by ver t i ca l  
loading. To fu r ther  describe observed def lect ion of i ns ta l led  pipe, 
addi t ional  parameters must be considered. Deflect ion caused by 
compaction of back f i l l  during construct ion and v a r i a b i l i t y  of 
i n s t a l l a t i o n  are both c r i t i c a l  parameters when evaluating pipe 
i ns ta l l a t i ons .  

Deflect ion Due to Construction 

Flex ib le pipes oval ize i n i t i a l l y  due to the so i l  placement and 
compaction process during i n s t a l l a t i o n  [24,25]. I n i t i a l  ova l izat ion 
is defined as negative ver t i ca l  def lect ion that occurs during 
i n s t a l l a t i o n  resu l t ing  from embedment soi l  loads act ing l a t e r a l l y  on 
the pipe pr io r  to back f i l l  placement above the pipe crown. Lateral 
pressure resul ts from back f i l l  compaction. I n i t i a l  ova l izat ion is 
the response of the pipe to the i n s t a l l a t i o n  process. The amount of 
ova l izat ion is a funct ion of soi l  type, degree of compaction and pipe 
s t i f fness .  Higher compactive e f fo r t  resul ts  in more i n i t i a l  
oval izat ion of pipes. I ns ta l l a t i ons  with higher s t i f fness  pipes 
resu l t  in lower i n i t i a l  ova l iza t ion.  

Mathematical modeling of th is  process is un rea l i s t i c  since i t  is 
very d i f f i c u l t  to uncouple a l l  ef fects ana l y t i ca l l y .  Based on f i e l d  
and lab measurements, Table 8 has been developed to provide typical  
values which can be used for ca lcu lat ion purposes. This value has 
been introduced into Equation 1 as an input parameter 6 ,^ .  The 
def lect ion resu l t ing  from i n i t i a l  ova l izat ion and ver t i ca l  l ~ d s  is 

kx(AV/aH)(CLYH+W L) 

~VP 8CTpEI/D 3 + 0"061(0"6)~CIE ~ I00 + 6VO 
(14) 
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TABLE 8 - -  Initial ovalization, 6V0 (%) 

Soil group 

Clean and 
dirty gravel 

Clean sand 

Dirty sand 

Inorganic 
clay and silt 

STIS 
(N/M'2) 

1,250 
2,500 
5,000 
10,000 

>20,000 

1,250 
2,500 
5,000 
10,000 

>20,000 

1,250 
2,500 
5,000 
10,000 

>20,000 

1,250 
2,500 
5,000 
10,000 

>20,000 

>95 

1.0 
0.5 
0 
0 
0 

2.5 
1,5 
1.0 
0 
0 

3.0 
2.5 
1.5 
0.5 
0 

5.0 
4.5 
3.0 
1.5 
0 

Backfill standard Proctor density 
85-95 70-84 

0.5 0 
o o 
0 o 
o o 
o 0 

1.5 0.5 
1.0 0.3 
0 0 
0 0 
0 0 

2.0 1.0 
1.5 0.5 
0.5 0 
0 0 
0 0 

3.0 2.0 
2.5 1 .o 
2.0 0.5 
1.o o 
o o 

I 

<70 

Note: STIS (N/M'2) = 128.42 FlAY (psi) 

D e f l e c t i o n  Due to V a r i a b i l i t y  

Measured f i e l d  d e f l e c t i o n s  along p i p e l i n e s  are v a r i a b l e  f o r  a 
number o f  reasons. To est imate the upper l i m i t  o f  d e f l e c t i o n ,  t h i s  
v a r i a b i l i t y  must be considered when p r e d i c t i n g  d e f l e c t i o n ,  The 
f o l l o w i n g  l i s t  i d e n t i f i e s  the more s i g n i f i c a n t  causes o f  d e f l e c t i o n  
v a r i a t i o n  along a p i p e l i n e .  

1. Spec i f i ed  versus achieved dens i t y  o f  compacted so i l  ma te r i a l s  
2. V a r i a b i l i t y  o f  s p l i t  embedment l eve l  
3. V a r i a t i o n  o f  na t i ve  s o i l  p rope r t i es  
4. V a r i a b i l i t y  o f  t rench width 
5. Const ruc t ion  p rac t i ce  or  con t rac to r  exper ience to achieve or 

adhere to a specified instal lat ion guideline 
6. Deviation of actual from assumed conditions 

Of these s ix  probable causes o f  d e f l e c t i o n  v a r i a t i o n ,  the f i r s t  is 
l i k e l y  to be the most s i g n i f i c a n t .  To b e t t e r  i d e n t i f y  the magnitude 
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of v a r i a t i o n ,  a parametric study was conducted to determine the 
s e n s i t i v i t y  of Equation 12 to va r i a t i ons  in  so i l  dens i ty .  Soi l  
dens i t ies  were var ied • to 10 standard Proctor densi ty  (SPD) points 
wi th  a wide range of  pipe s t i f f ness  and i n s t a l l a t i o n  types. 

The de f lec t i on  v a r i a b i l i t y  values,  6VA,  are summarized in 
Table 9. These values are a funct ion of pipe ~ t i f f n e s s  and degree of 
compaction. These values have been found to correspond to actual 
long-term f i e l d  data va r i a t i on  where mu l t i p le  de f lec t ion  measurements 
fo r  the same cond i t ions are ava i lab le .  

TABLE 9 - -  Deflection resulting from variability, ~VA (%) 

STIS 
(N/M'2)  

1,250 

2,500 

5,000 

10,000 

20,000 

>20,000 

> 95 

2.0 

2.0 

1.75 

Backfill standard 
85-95 

1.75 

1.75 

1.5 

Proctor density 
70-84 

1.5 

1.5 

1.25 

<70 

1.0 

1.0 

1.0 

1.5 1.25 

1.0 1.0 

0.5 0.5 

1.0 1.0 

1.0 1.0 

0.5 0.5 

Note: STIS (N/M*2) : 128.42 FlAY (psi) 

Equation 14 is representat ive  of an expected average de f lec t ion .  
With v a r i a b i l i t y  inc luded,  the range of  expected de f lec t ions  would be 
described as fo l lows:  

aVP : (aVL - 6VO ) • aVA (15) 

Def lec t ion Equation Summary 

The equation fo r  p red ic t ing  maximum ve r t i ca l  de f l ec t i on ,  
inc lud ing  a l l  elements discussed, is as fo l lows:  

k ~AVIAH)(C ~H+W 
: x 100 + (16)  

6VP 8CTpEI/D 3 + 0.061(0.6)~ClE S - aVO 6VA 

Average deflection can be predicted by not adding the var iabi l i ty  
term. 
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COMPARATIVE STUDIES 

Correlat ion studies were conducted comparing predicted and 
measured f i e l d  def lect ions using Equations 14, 16 and AWWA C950-88. 
The purpose was to evaluate the accuracy of  the newly defined 
equations compared to ANSI/AWWA C950 in predic t ing average and 
maximum def lect ions.  

Data Correlat ion 

The fo l lowing f i e l d  s i tes form the base of measurement data 
against which the corre la t ion was evaluated. These are summarized by 
s i te  number in terms of physical descr ipt ions.  

Site i :  2 Condit ions. STIS 1800 Pa with var iab le ,  s p l i t  (O.7D) 
embedments with dumped and compact sand; D=762mm; H=I.5M; B=2.1M. 
In Situ Native: Stable/dry,  moderate degree of compaction (DOC). 
Published data - reference 16. 

Site 2: 1 Condition. STIS 1450 Pa; compact sand embedment; 
D=2OOOmm; H=2.0M; B:3.0M. In Situ Native: Stable, moderate DOC. 

Site 3: I Condit ion. STIS 1450 Pa; compact sand embedment; 
D=18OOmm; H=I.5M; B=3.0M. In Situ Native: Stable, moderate DOC. 

Site 4: 5 Conditions. Variable STIS 1215 25500 Pa with 
var iable embedments inc luding foot tamping of dumped sand, dumped 
gravel,  and compact sand; D=8OOmm; H:3.5M; B=2.4M. In Situ Native: 
Unstable, s l i gh t  DOC, high water table. 

Site 5: 9 Conditions. Variable STIS 6400 - 23115 Pa with foot 
tamping of dumped gravel,  c lay, and nat ive;  D:609mm; H:3.6M; 
Variable B=I.2 - 2.7M. In Situ Native: Unstable at s l i gh t  DOC, high 
water table. 

Data from these s i tes represented 18 f iberg lass pipe s t i f fness  
and i n s t a l l a t i o n  combinations of fer ing a wide range of condit ions. 
These def lect ion data covered an elapsed time ranging between 1.5 and 
12 years. I n i t i a l  measured def lect ions were not avai lable for  a l l  
i n s t a l l a t i ons .  The period of time that elapsed between i n s t a l l a t i o n  
and i n i t i a l  def lect ion measurement varied from a few hours to several 
days. For cor re la t ion ,  i n i t i a l ,  average and maximum measured 
def lect ion data from each condit ion was compared to i n i t i a l ,  average 
and maximum predicted def lect ions determined by Equations 14, 16 and 
the method in ANSl/AWWA C 950-88. 

Table 10 summarizes the f i e l d  data and predicted def lect ions 
using ANSI/AWWA C 950-88 and the newly-defined method. Deflect ion 
values are reported in percent of pipe diameter. Al l  i ns ta l l a t i ons  
from s i te  number I used a s p l i t  i n s t a l l a t i o n  with CK = 0 7 and foot 
tamped native so i l  above the s p l i t .  For s i te  number 4, only one 
def lect ion per i n s t a l l a t i o n  condit ion was reported. The data was 
used as an average def lect ion value. 
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TABLE 10 - -  Correlation data of calculated and measured deflections 

Vertical deflections in percent of diameter 

SITE FIELD MEASUREMENTS C-950 PREDICTIONS PROPOSAL PREDICTIONS 
NO. INn-. AVE. MAX. INIT. AVE. MAX. INIT. AVE. MAX. 

1-1 0.7 
1-2 5.9 

1.5 1.8 0.3 0.9 1.2 0.7 2.8 4.5 
7.1 8.4 3.2 6.5 8.2 3.8 9.2 10.7 

2.1 3.6 0.5 1.0 1.4 0.3 1.3 3.1 

3.2 4.4 0.3 0.8 1.1 0.2 2.7 4.4 

4-1 2.8 6.9 ... 0.8 1.7 2.2 2.6 4.9 6.7 
4-2 0.9 2.6 ... 0.8 1.6 2.2 2.4 3.9 5.5 
4-3 4.1 7.9 ... 1.7 2.7 3.5 4.6 7.7 9,2 
4-4 2.7 4.5 ... 1.7 2.6 3.3 3.3 5.3 6.6 
4-5 2.0 2.4 ... 1.4 2.1 2.6 1.5 2.5 3.5 

5-1 3.8 5.1 5.7 0.8 1.6 2.1 1.9 3.5 4.8 
5-2 2.5 3.6 4.2 0.7 1.5 1.9 1.3 2.5 3.5 
5-3 1.3 1.8 2.7 0.7 1.4 1.7 0.9 1.8 2.3 
5-4 3.5 4.6 5.6 3.2 5.0 6.1 2.3 4.0 5.3 
5-5 3.3 3.6 4.4 2.5 3.9 4.6 1.5 2.7 3.7 
5-6 1.7 1.9 2.6 2.0 3.1 3.5 1.1 1.9 2.4 
5-7 6.9 7.9 8.9 7.7 11.8 13.3 3.1 9.7 10.9 
5-8 3.5 3.6 4.2 4.6 7.1 7.6 1.7 5.0 6.0 
5-9 1.8 2.0 2.5 3.1 4.8 5.1 1.2 3.4 3.9 

In  d e v e l o p i n g  t h e  p roposed  d e f l e c t i o n  p r e d i c t i o n  method ,  a 
s i g n i f i c a n t  q u a n t i t y  o f  da ta  has been g e n e r a t e d  f o r  i n s t a l l a t i o n s  
u s i n g  g r a n u l a r  b a c k f i l l .  The method was c o r r e l a t e d  t o  f i e l d  
i n s t a l l a t i o n s  i n  wh i ch  g r a n u l a r  b a c k f i l l  was used.  B e f o r e  t he  method 
i s  a p p l i e d  f o r  i n s t a l l a t i o n s  u s i n g  c o h e s i v e  b a c k f i l l  s o i l ,  a d d i t i o n a l  
s t u d i e s  must  be c o m p l e t e d .  

F i g u r e s  4 -6  g r a p h i c a l l y  d e m o n s t r a t e  t h e  c o r r e l a t i o n  o f  t h e  
c u r r e n t  ANSI-AWWA C 950-88  d e f l e c t i o n  p r e d i c t i o n  method w i t h  t h e  
measured d e f l e c t i o n  v a l u e s .  C o r r e l a t i o n  c o e f f i c i e n t ,  r ,  and t h e  
s l o p e  o f  each l e a s t  squares  l i n e a r  da ta  f i t  i s  shown as w e l l  as t h e  
p e r f e c t  c o r r e l a t i o n  r e f e r e n c e  l i n e .  A p e r f e c t  c o r r e l a t i o n  i s  
r e p r e s e n t e d  by an r = 1 . 0 ,  s l o p e  : 1 .0  and a c u r v e  f i t  t h a t  l i e s  on 
t he  r e f e r e n c e  l i n e .  

Figures 7-9 graphically demonstrate the correlation of 
deflections predicted by equations 14 and 16 with the measured 
deflection values. Statist ical data is provided. 
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Discussion of Data 

The correlation of measured i n i t i a l  deflections with predicted 
i n i t i a l  deflections is not encouraging for the proposed method. 
Probably the period of time from instal lat ion to i n i t i a l  deflection 
measurement s igni f icant ly influenced the amount of soil load that was 
transferred to the pipes. This suspicion is jus t i f ied  by the 
somewhat better correlation of measured i n i t i a l  deflections and the 
AWWA equation which does not assume an i n i t i a l  reduction in soil load 
resulting from arching. The slope of 0.43 indicated the measured 
deflection tended to be higher than that predicted. In the majority 
of the cases, measured and predicted i n i t i a l  deflections correlated 
well when using the proposed procedure. More data correlation wi l l  
yield a more def ini t ive conclusion. 

The average deflections predicted by the proposed equation 
yielded excellent correlation with measured values. The scatter 
around the data f i t  l ine was less than 1.5 percent deflection. The 
approximation of the ideal correlation l ine was very good. The 
predictions by the AWWA method did not correlate well with measured 
values. 

Maximum deflection prediction by the proposed method was very 
good. With the l imited data available for this study, the 
anticipated results of a maximum deflection correlation would be an 
overprediction of deflection. The proposed equation reflected this 
anticipated behavior. The AWWA method yielded a reasonable 
correlation with maximum measured deflection; however, several data 
points were distr ibuted on the unconservative side of the ideal 
correlation l ine. 

PRACTICAL APPLICATIONS 

Short-Term Deflection 

Measurement of vertical pipe deflection is a frequently-used, 
quality control technique. These measurements are taken after 
backf i l l ing has been completed to grade elevation. I t  is common 
practice to l imi t  short-term deflection to levels of two or three 
percent less than the allowable long-term value. 

Equation 14 can be used to calculate short-term deflection to 
obtain an estimate of expected maximum i n i t i a l  deflection during 
pipeline insta l lat ion.  The purpose of estimating short-term 
deflection is to determine what level of control may be required 
during insta l lat ion to achieve a quality instal lat ion.  

For short-term deflections, the time effects represented by creep 
retention factors for both the pipe and soil properties are set equal 
to one in Equations 8, 12 and 14. The short-term vertical load is 
estimated as a fraction of the fu l l  prism load by calculating the 
arching reduction factor, given by Equation 3A. Equation 14 can be 
used for predicting average short-term deflections. 
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Long-Term Deflect ion 

Long-term def lect ion requires appl icat ion of creep retent ion 
factors for  both the pipe and soi l  propert ies. The long-term so i ls  
load is assumed to be equal to the f u l l  prism weight act ing on the 
pipe a f te r  a l l  so i l  arching has dissipated. These parameters are 
given by Equations 3A and 8. Typical average long-term def lect ions 
can be r e a l i s t i c a l l y  predicted by Equation 14, and upper l i m i t  
def lect ions can be estimated by Equation 16. 

L imi tat ions 

The method presented has been developed empi r ica l ly  using 
pr inc ip les of p ipe-soi l  in te rac t ion .  The corre la t ion studies 
presented include f iberglass pipe data. The behavior is l i k e l y  to be 
s imi la r  for  a var ie ty  of f l e x i b l e  pipe mater ials.  This method can be 
applied to f l e x i b l e  pipe products other than f iberg lass.  Correlat ion 
studies are continuing to expand the confirmed range of appl icat ion 
of the method. Based on current studies, Equations 14 and 16 have 
been found to be va l id  for  pipe st i f fnesses greater than 600 N/M 2. 
Good engineering judgment must be used when select ing representat ive 
soi l  propert ies.  When bur ia l  depths are in excess of i0 meters, soi l  
propert ies may be approximated by extrapolat ion of Table 3. Depths 
exceeding 15 meters should be very care fu l l y  evaluated. These 
l im i ta t ions  are provided to r e s t r i c t  the use of the method to a range 
of pipe and soi l  s t i f fness  and i n s t a l l a t i o n  condit ion for  which the 
method is considered to be appl icable. 

SUMMARY AND CONCLUSION 

Predict ion of ver t i ca l  def lect ion of buried f l e x i b l e  pipel ines 
has been reconsidered in view of recent research f ind ings.  A 
semi-empirical approach has been taken to introduce modif icat ions to 
the or ig ina l  Spangler method. These modif icat ions include the 
fo l lowing parameters which govern the response of buried f l e x i b l e  
pipe. 

I .  Pipe St i f fness:  Dependent on time via s t i f fness  retent ion data. 
Sens i t i v i t y  to pipe s t i f fness  is introduced into each element of 
def lect ion.  

. Soil St i f fness:  Defined as a funct ion of trench width, embedment 
and native so i l  modulus and time. Soil modulus is determined by 
the confined compression test  and related to soi l  type, density 
and bur ia l  depth. Pipe s t i f fness  dependency is introduced via a 
p ipe-so i l  in teract ion coe f f i c ien t .  

3. Soil Load: The weight of the soi l  prism above the pipe is 
represented as long-term ver t i ca l  soi l  load. Short-term load is 
obtained via the Marston Theory of Arching as a reduction of the 
prism load. 

4. Trench Configurat ion: In addi t ion to trench width, a composite 
soi l  modulus is calculated which introduces the ef fect  of s p l i t  
embedment i ns ta l l a t i ons  into the soi l  s t i f fness  term. 
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5. Haunch Support: Nonuniform haunch support is demonstrated by a 
bedding factor since var iable haunch support is found to occur 
with a high degree of regu la r i t y .  

. Non-El l ip t ica l  Deformation: The ra t io  of ver t i ca l  to horizontal  
def lect ion is not assumed to equal one. Values based on 
measured data are provided as input to the proposed method which 
are dependent en soi l  type, density and pipe s t i f fness .  

. Deflect ion Caused by Construction: I n i t i a l  ova l izat ion that 
occurs during i n s t a l l a t i o n  is  included as a funct ion of pipe 
s t i f f ness ,  soi l  type, and soi l  density. 

. Deflect ion Caused by I ns ta l l a t i on  V a r i a b i l i t y :  V a r i a b i l i t y  
resu l t ing  from f i e l d  construct ion pract ice is introduced as a 
dif ference between achieved versus speci f ied soi l  compaction. A 
v a r i a b i l i t y  term is included based on parametric studies of 
density s e n s i t i v i t y  of the model developed. 

An equation for  predic t ing ver t i ca l  pipe def lect ion has been 
developed, considering these governing parameters, to bet ter  
characterize short-term and long-term response. The fo l lowing 
expression of maximum ver t i ca l  def lect ion is a resu l t  of these 
considerat ions. 

k   V/AH)(C  H+W 

~VP 8CTpEI/D3+O.O61(O.6)~ClEs 
x 100 - aVO + aVA (16) 

Average long-term def lect ion can be predicted by e l iminat ing the 
i n s t a l l a t i o n  v a r i a b i l i t y  term. When compared to actual f i e l d  
measurement data, th is  method demonstrates improved corre la t ion and 
r e l i a b i l i t y  to predict  long-term ver t i ca l  pipe def lect ion.  
Comparison of the newly-developed approach versus that in Appendix A 
of ANSI/AWWA C 950-88 for the same f i e l d  measurement data base shows 
that cor re la t ion of Equation 16 is s i g n i f i c a n t l y  bet ter .  

RECOMMENDATIONS 

To extend the confidence in the proposed def lect ion predict ion 
method, fu r ther  cor re la t ion studies should be completed. Issues of 
i n i t i a l  def lect ion predict ion and i ns ta l l a t i ons  using cohesive so i ls  
should be resolved through addi t ional  studies. 
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ABSTRACT: Glassfiber Reinforced Plastic (GRP) pipes were 
f i r s t  introduced into the Middle East in the mid 1970's. 
High temperatures prevail, high and saline groundwater 
tables exist in coastal areas, and corrosive soils abound 
making GRP the ideal pipe material for water and sewer 
lines, cooling systems for power and desalination plants, 
storm-water networks, and other applications. 

KEYWORDS: deflection, stiffness, f ield experience, 
instal lat ion, Middle East, Glass Fiber Reinforced Plastic 
(GRP) Pipe 

Today, GRP pipes are produced in Saudi Arabia, Dubai (U.A.E.), 
Kuwait and Egypt, for the Middle East markets. Thousands of kilo- 
meters of GRP pipe have been installed so far in varying soil 
conditions and with ~ifferent design and loading cr i ter ia.  The 
overwhelming majority of these pipes had a Specific Tangential 
In i t ia l  Stiffness (STIS = El/D3) of 1250 N/m2 and 2500 N/m2. 

The quality of pipe installations has been monitored by taking 
in i t ia l  and final deflection readings. The paper is a detailed 
study of GRP pipe performance in relation to different types of 
soils, cover depths, levels of groundwater table, and types of 
backfill materials used. 

Deflection readings are presented positive (increase in 
vertical diameter) and negative (decrease in vertical diameter). 

The paper also evaluates special installation practices 
necessary for particularly poor native soils. 

Kleovoulos G. Leondaris is Manager, Marketing & Field 
Engineering, International Pipe Operations, Owens-Corning Fiberglas 
Corporation, Athens Tower', Building A, Athens R-11527, Greece. 
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The experience gained on over a thousand kilometers of GRP 
(or FRP) pipe demonstrates that low stiffness GRP pipes 
perform very satisfactori ly when installed with reasonable 
care. 

GRP PIPE INSTALLATIONS IN SAUDI ARABIA 

The discovery of vast oil and gas reserves enabled the 
Kingdom of Saudi Arabia to transform i tse l f  into a dynamic 
20th century society in a relatively short time. Traditional 
Saudi Arabian towns witnessed unprecedented building booms 
with rapidly growing industries, residential housing and the 
introduction of international technology. 

While much of that technology has been directed to 
capturing the Kingdom's huge gas and oil supplies, i t  has also 
been used to improve the quality of water supply. New methods 
of treatment, including recycling of wastewater, have made 
groundwater, generally high in saline, usable for agriculture 
and industry as well as personal consumption. A number of power 
and desalination plants were also bui l t  along the coasts of the 
Red Sea and the Arabian Gulf making Saudi Arabia one of the 
largest users of desalination water in the world. Of course, 
the Kingdom's rapid and successful growth also demanded a large 
network of water and sanitary transmission pipes. 

The answer, in many cases, has been Glassfiber Reinforced 
Plastic (GRP) pipe. 

The vast majority of the GRP pipes in the Kingdom of Saudi 
Arabia have been supplied by Amiantit Fiberglass Industries Ltd. 
(AFIL), a joint venture established in 1977 between the Saudi 
Arabian Amiantit Company of Dammam and Owens-Corning Fiberglas 
Corporation of Toledo, Ohio. 

GRP PIPE INSTALLATIONS IN YANBU 

Yanbu on the Red Sea and Jubail on the Arabian Gulf were 
chosen for the two most ambitious and advanced industrial 
programs ever undertaken in the Kingdom of Saudi Arabia. 

By Royal Decree No. M/75 in July, 1975, a Royal Commission 
was created to implement the basic infrastructure plans necessary 
in both areas. Major projects were planned and executed such as: 
power and desalination plants, various industrial fac i l i t ies ,  
housing complexes, roads, potable water, i rr igat ion, drainage and 
sewerage networks, etc.. 

All these projects ut i l ize significant quantities of pipes of 
different diameters and pressure capabilities. GRP pipes were 
specified in some projects as the only acceptable material. In 
others, together with alternatives. 

The vast majority of these pipes were locally produced by 
AFIL. Table i gives a breakdown of GRP pipes supplied to Yanbu 
by Amiantit Fiberglass. 
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TABLE 1 -- FRP Pipes Supplied By Amiantit 
Fiberglass To Various Projects In Yanbu~ Saudi Arabia 

Project - 
Client/Engineer Lineal 
Contractor Application 

Yanbu 1077, 
Abu AI-Enain & 
Jastaniah 

150,200,250 mm, H-120 
Blue color 

Meters Year 

15,450 1988 

Yanbu PPH-1014, 
RC/Parsons, 
H. Zosen 

400 mm, H-060 3,000 1980 

Yanbu 1005, 
RC/Parsons, 
Ret-ser 

350,400,500,600,700,800, 47,900 1980 
900,1100,1300,1400,&1600 mm 
1800,2000 mm, H-010 13,225 1980 
800,900,1000,1000 mm, H-060 

Yanbu PIC-G- 
1631, DITCO 

600 mm, H-010 204 1984 

Yanbu Repairs 
Work, Korean 
Express Co. 

400,500,600,800,900,1400, 300 
1500,2000 mm, H-010 
400,500 800 mm, H-010 with 84 
f i t t ings 

Yanbu PIC-A- 
1042, 
Abu EI-Enain & 
Jastaniah 

500,600,700,800,1000, 
1100,1200 mm, H-030 

4,284 

Yanbu PIC-A- 
1025, and 1680, 
Intrafor-Co 

300,350,400,600,700,800, 
900 mm, H-150 

24,024 

Yanbu PIC-A- 1200 mm, H-010 108 
1042, Shairco 

Yanbu 1077,  500,800 mm, H-060 171 
Abu AI-Enain 350 mm, H-120 

Yanbu PIC-A- 600,700,900,1100,1400,170 
1200-08,RC/Gibbs 2700,2900,3000 mm 
&Hill/Dong Ah 

18,763 

Yanbu Steam 
Generating Power 
Plant,RC/Parsons 
SICOM SIMCO 

1984 

1986 

1986 

1986 

1988 

1981 

350 mm, H-120 156 1982 
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Project - 
Client/Engineer 
Contractor 

Yanbu PIC-B- 
1153 & PIC-B- 
1168, Hazama 
Gumi 

Royal Commis- 
sion Warehouse 
Yanbu, Riza 
Investment Co. 

Yanbu 1085, 
ENDECO 

Water & Sewer 
Treatment Plant 
Yanbu, Royal 
Commission for 
Jubail and Yanbu 

Yanbu 1013, 
RC/Parsons/ 
Keang Nam 

Yanbu PIC-A- 
1021, RC/Parsons/ 
T.G.M. 

Yanbu PIC-B- 
1241,RC/Parsons/ 
Keang Nam Ent. 

Yanbu PIC-A- 
lO06,RC/Parsons/ 
Intes 

Yanbu PIC-A- 
1042, Abu Al- 
Enain & Jastaniah 

Application 

800,1400,2100,2400,2500, 
2700,2900,3000,3400,3700 mm 

600,750,800,900,1100,1200 
1400,1700,2000,2300,2400, 
2600,2700,2900,3000,3200 
3400,3700 mm, H-120 

400,600,1000,1400,2900 
3000 mm, H-060 
600 mm, H-010 aboveground 

600,800 mm, H-120 

350,400,500,600,800 
1,000 mm, H-120 

800,1000 mm, H-120 

350 mm, H-150 and f i t t ings 

400,450,500,600,1000 mm 

500 mm, H-090 

Lineal 
Meters 

8,650 

324 

324 

3,528 

48 

21,696 

380 

3,840 

2,000 

3,493 

Year 

1985 

1985 

1989 

1989 

1989 

1980 

1981 

1982 

1983 

1986 
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I t  is interesting to note that in all these projects, speci- 
fications called for pipes with minimum stiffness 1250 N/m2 STIS. 
Pipes were installed in accordance to the instructions of the pipe 
manufacturer and the quality of installation was monitored by 
checking in i t ia l  and/or final deflection of the pipes. 

An analysis of GRP pipe installations in Yanbu is of parti- 
cular interest since Yanbu is quite representative of soil and 
ground conditions encountered in most coastal areas of Saudi 
Arabia -- sandy soils and high water table. 

We wil l  now review some projects in Yanbu area, emphasizing 
installation conditions and corresponding deflection results. 

Delta Housin9 Project~ PIC-A-1676 

The project involved 600 mm gravity sewer pipes. Native 
soil was loose sand and groundwater table was well above the 
pipe crown. To be compatible with native soil, crushed gravel/ 
sand mix was used as backfill material. Proper compaction 
(70% Relative Density) was achieved by water jett ing. Lightweight 
plate compactors were also used. Select backfill was brought up 
to 70% of pipe diameter. The trench was then f i l led with compact- 
ed sand to ground level. Cover depth was 4.0 to 4.5 m above pipe 
crown. Fig. 1 shows a typical trench cross-section and gives 
minimum dimensions for different diameters. 

.Backfill 0 m m ~  

min. 30 

Pipe Zone 
Backf it{ 

Bed m in. 15 0 mm 
Foundation. min.150m~ 
(if required) 

300 tog00 
1000to1600 

1800to2400 

2800to4000 

Figure 1. Typical Trench Dimensions 

Min. a 
(mm) 
300 
z,50 

600 

900 

Ini t ia l  vertical deflection readings varied between 0.80% 
and 1.55% comparing well with maximum allowable value of 3%. 



222 BURIED PLASTIC PIPE TECHNOLOGY 

Site Development Project 7 PIC-A-1025 

The following pipes were used in this project: Pressure 
Sewer (6 bar), 350, 400, 600, 700, 800 and 900 mm in diameter. 

Potable water (15 bar), 300, 400 and 500 mm in diameter. 

Irrigation water (15 bar), 400 and 600 mm in diameter. 

Native material was sand and in places rock. Water table 
was mostly below pipe invert and in some cases, above pipe crown. 
Pipes were always installed in dry trench, as pumps were used to 
lower the water level. Well-graded sand was used as bedding and 
backfill material. I t  was compacted by water jet t ing in 200 mm 
layers and extended to 300 mm over the pipe crown. A minimum 90% 
SPD was achieved in the pipe zone area. Cover depth varied 
between 1 and 3.2 m above pipe crown. 

Deflection readings were'taken five to seven months after 
installation and varied between 1,0% and 3.90% comparing well 
with maximum allowable long-term deflection of 5.0%. 

Yanbu~ PIC-A-IO05 

This project required gravity and pressure (6 bar) sewer 
pipes. Diameters were 350, 400, 500, 700, 1100, 1300, 1600, 
1800 and 2000 mm. 

This was a huge project involving a total of 48 Kms of pipe. 
Management of construction was carried out by Parsons. Ret-ser, 
a large Chinese company, was the contractor. 

Native soil was stable coarse sand with 6" to 10" rounded 
boulders embedded in i t .  Minimum cover over pipe crown was 1.2 m 
while maximum was 3.5 m. 

Backfill material was well-graded coarse sand compacted in 
layers (90% SPD) by rol ler compactors. In i t ia l  deflection readings 
varied between 0.90% and 2.25% which compares well with maximum 
allowed values of 3%. 

Yanbu~ PIC-B-1153/1168 

The project called for large diameter GRP pipes, 600, 2100, 
2700, 2900, 3000, 3400 and 3700 mm in diameter. These were the 
largest diameter pipes ever produced in the Middle East. They 
were joined with double bell couplings and were used in a cooling 
water system for the industrial area of Yanbu. The pipes were 
designed for an operating pressure of 5.6 bars. Minimum stiffness 
was 1250 N/m2. 
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The native soil was sand and groundwater was above pipe invert. 
Backfill material in the pipe zone area (up to 300 mm above pipe 
crown) was 20 mm uniformly graded, crushed gravel and maximum cover 
depth above the pipe crown was 3.0 m. 

Following installation, all the pipes were inspected internally 
and deflection readings were taken. Ini t ia l  deflection readings 
were between 0.10% and 1.52% well below 3% maximum allowable value. 

The pipelines have been operating since 1987. In mid 1989, 
the line was shut down, drained and inspected internally. Even 
though deflection readings were not taken, the pipes visually were 
in excellent condition. Please note that this project was, in fact, 
the second phase of an ambitious plan to provide cooling water 
to the various industries in Yanbu. Phase 1, project PIC-A-1200, 
was designed by Gibbs & Hill and constructed by the Korean company, 
Dong Ah. I t  involved 19 Kms of 6 bar pressure pipes of various 
sizes -- 600, 700, 900, 1150, 1400, 1700, 2700, 2900, 3000, 3200 
3400 and 3700 mm in diameters. This project represents the world's 
largest (money wise) installation of GRP pipes. Installation 
conditions were similar to those of project PIC-B-1153. The pipe- 
lines have been in operation for seven years now and no problems 
have been reported. 

PIPE INSTALLATIONS IN AL KHARJ 

Al Kharj is an area in the Central Province of Saudi Arabia 
about 175 Km north of Riyadh. The development of this region 
led to the execution of many projects in the last years. Table 2 
details GRP pipes supplied to Al Kharj projects by Amiantit 
Fiberglass in detail. 

TABLE 2 -- FRP Pipes Supplied by 
AFIL To Various Projects in Al Kharj 

Project - 
Client/Engineer 
Contractor 

Lineal 
Application Meters Year 

Sewer Projects In Al Kharj: 

Al Kharj Sewage 
Disposal System, 
AI-Marafik Const. 

500,600,700,800,900,1000 
and 1200 mm, H-120 
500, 800, 1200, 1450 mm, 
H-150 with f i t t ings 

Al Kharj Project, 
Sambu 

600, 1200mm, H-010 
300, 800 mm, H-10.5 

Al Kharj Airbase 
Pkg 102, J&P 

400, 500, 1200 mm, H-010 

Al Kharj 202 
AI-Henaki Trading 

400, 500 mm, H-030 

14,856 1984 

24,300 1984 

264 1985 
1,912 1985 

2,655 1988 

4,994 1989 
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Project - 
Client/Engineer Lineal 
Contractor Application Meters 

Water Projects in Al Kharj: 

Al Kharj Airbase 350, 400, 500, 600, go0 32,725 
Pkg 202, J&P 1000 mm, H-120 

Year 

Al Kharj 202 350, 400, 500, 600, 800, 2,393 1989 
AI-Henaki Trading 900 mm,H-120 

Al Kharj 202 80, 100, 150, 200, 2 5 0 ,  13,951 1989 
AI-Henaki Trading 300 mm 

One of these projects, the sewage disposal system, used 15 Kms of 
gravity and 15 bar pressure pipes of the following sizes: 500, 600, 
700, 800, 900, 1000, 1200 and ]400 mm. 

Pipe stiffness was 1250 N/m2. 

The native material was hard soil, basically coarse sand with 
rock formation. Ground-water table was below pipe invert in 
contrast to the coastal areas referred to earlier. 

Pipe zone backfill material was well-graded crushed stone with 
maximum particle size equal to 10 mm. Maximum cover depth over the 
pipe crown was 7 m. 

In i t ia l  deflection readings varied between 0.15% and 0.62% 
indicating a high quality installation was achieved. Maximum 
allowable in i t ia l  deflection was 3%. 

GRP PIPE INSTALLATIONS IN DUBAI, U.A~E. 

Another Middle East Pipe producer, Gulf Eternit Industries Ltd. 
(GEI), operates in Dubai, U.A.E. Gulf Eternit has been very active 
in producing high quality GRP pipes and other products. This 
company has been very successful in promoting the use of GRP in the 
Gulf area. 

One major project where GRP pipes were used is the New Dubai 
Sewage Treatment Plant. This multi-million scheme wil l  handle 
130,000 cubic meters of raw sewer per day at i ts f i r s t  phase. The 
future second phase wil l  increase daily capacity to 200,000 cubic 
meters. 
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This project was necessary as the old treatment plant was 
designed for a peak population of 60,000 whereas the current 
population of Dubai is around 400,000. 

Associated with the construction of the treatment plant was 
the installation of over 100 Kms of large diameter GRP pipes. 
The pipes were used to carry raw sewage to the new treatment plant, 
as well as treated effluent from the plant to the city (used for 
i rr igat ion).  

The sketch in Figure 2 shows the New Dubai Sewage Treatment 
Plant (STP) located 15 Km from Dubai City, pumping stations S,E, 
C,G and X, as well as the pipelines laid between. 

i "  t .  ll"il I ~1 I 

Figure 2 - New Dubai Sewage Treatment Plant 

The project was designed by the German jo in t  venture GWE-OMS 
and the f i r s t  phase of construction was carried out by Keang Nam 
Enterprises Ltd., part of Daewoo Corporation. 

GRP pipes, couplings, and f i t t ings were manufactured in Dubai 
by Gulf Eternit Industries S.A. under the close supervision of 
VEROC Technology A/S (a subsidiary of Owens-Corning Fiberglas). 
The pipe used in this project ranged from 400 mm to 2000 mm with 
over 50 Kms being 1000 mm in diameter. 

More than 80% of the 100 Kms of pipes were designed to with 
stand a 6 bar working pressure and on-site hydrotesting of 9 bars. 
About 2 Kms were designed for a 2.5 bar working pressure whereas 
the balance were gravity pipes. Stiffness class was minimum 2500 
N/m2 for all pipes 
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As far as pipe installation is concerned, the consultant's 
specification was in line with ASTM D3839, Standard Practice for 
Underground Installation of Flexible Reinforced Thermosetting Resin 
Pipe and Reinforced Plastic Mortar Pipe. At the same time i t  
depended heavily on the pipe supplier's recommendation. In fact, 
in order to ensure that installation was in s t r ic t  accordance with 
the manufacturer's recommendations, the contractor had to make 
available to the engineer for the duration of the contract, two 
experienced pipeline inspectors who were ful l  time employees of the 
GRP pipe manufacturer. 

In addition to the two inspectors, a qualified engineer from 
the GRP pipe manufacturer was made available to provide specialist 
technical advice on pipe laying problems. Obviously, the objective 
of all these precautions was for a successful execution of this 
high prestige project in Dubai. 

The pipelines were installed over a very large area. As a 
result, the native soil conditions varied substantially, thus, 
effecting the installation procedures followed. Another variable 
was the level of groundwater depending on the proximity of the line 
to the creek. 

In general, native materials were coarse sand medium to very 
dense and cohesive soils of medium to hard consistency. These 
soils, combined with proper dewatering, were adequate support for 
standard installation procedures. 

The type and stabi l i ty  of native soils was established by 
conducting a detailed soil survey including bore-holes and 
exploratory excavation. 

Where native soils were not structurally adequate to properly 
support the pipe (min. SPT*Blow Counts 15), special installation 
instructions were followed, thus, allowing the use of one stiffness 
class (2500 N/m2) of pipe for the entire project. 

Select backfill material, used for bedding and backfilling the 
pipe zone area, was well graded gravel with maximum particle size 
equal to 19 mm. An important factor in selecting this backfill 
material was compatibility with the native soil in order to prevent 
the pipe zone backfill material from being washed away or migrating 
into the native soil. Where incompatible materials had to be used, 
they were separated by f i l t e r  cloth which completely surrounded the 
bedding and pipe zone materials as il lustrated in Figure 3. 

Ground-water table in Dubai is generally high, particularly 
in areas close to the Arabian Gulf and the creek. I t  also shows 
considerable tidal fluctuations. In all cases, GRP pipe instal l -  
ation was done in dry trench conditions. Dewatering was achieved 
using well points and the groundwater was pumped into the creek. 

* Standard Penetration Test in Accordance with ASTM D1586. 
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Figure3 Select Backfill Material Separated by Fi l ter Fabric 

Minimum cover depth over the pipe crown was 1.5m, whereas 
maximum was set at 6.0 m. When cover depth exceeded 6 m 
( in  cer ta in areas i t  reached 11 m), pipes were encased in concrete. 
At major road crossings, pipes were protected from heavy t r a f f i c  
loads by concrete slabs placed at leas t  300 mm over the pipe crown. 

As stated earl ier,  in most cases the native soils were quite 
stable and standard installation procedures were adequate. The 
trench was excavated so that the minimum distance between pipe and 
trench wall at the pipe springline was: 
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300 mm for pipe I.D. 300 - 900 mm 
450 mm for pipe I.D. 1000 - 1600 mm 
600 mm for pipe I.D. larger than 1600 mm 

In certain sections of C,S and E lines, pipes were installed 
in soft cohesive soils with an unconfined compressive strength 
between 26 and 100 kN/m2 or in loose granular soils with a blow 
count in accordance with ASTM D1586 Standard Method for Penetration 
Test and Split Barrel Sampling of Soils between 3 and 10. In such 
cases, the weakness of native soil was overcome by increasing the 
trench width to between 2.25 and 3.0 times the pipe diameter. 

In many cases, the trench bottom was soft or loose and had to 
be improved before laying the pipes. This problem was solved by 
over-excavating the soft sections and providing a proper founda- 
tion using compacted select backfil l material surrounded by f i l t e r  
cloth. The thickness of this foundation varied between 150 and 
500 mm, depending on the situation. 

In parts of the E-influent l ine, the native soil in the pipe 
zone area was very soft clay, tota l ly  inadequate to provide support 
to the 1000 mm pipe. The solution was either to use a s t i f fe r  pipe 
or follow special installation procedures. The engineer decided 
to use the same pipes (2500 N/m2 STIS) with special installation 
instructions, even though, a s t i f fe r  pipe would have been as cost 
effective. Special instal lat ion procedures were developed for this 
case as follows: 

Minimum trench width was f ive times pipe diameter. 

Minimum bedding thickness was 150 mm. 

Under the bedding, a foundation with minimum thickness 
equal to 500 mm was provided. 

- Select backfil l material was used for both bedding and 
foundation. 

Fi l ter cloth was used to total ly surround the foundation, 
bedding and pipe zone area. The f i l t e r  cloth was folded 
over the top of the pipe zone area. 

- Maximum pipe length was 6.0 m. 

Trench boxes were used to support the trench walls. The 
boxes were pulled in steps to allow for compaction of the 
select backfil l material against the trench native walls. 

The trench boxes were 3.0 m long sections with adjustable 
width varying between 1.0 and 5.0 m. D i f f e ren t  widths were 
achieved by inser t ing  1.0 m long beams at each end. The whole 
un i t  was l i f t e d  eas i l y  with e i the r  a crane or an excavator using a 
chain hooked at the four corners of the sect ion. Figure 4 de ta i l s  
the use of trench boxes. 
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Figure 4. Trench boxes used in unstable soils. 

The quality of installation was confirmed in several way. 

Pipelines larger than 600 mm in diameter were inspected 
internally to make sure that no f la t  areas or bulges were formed 
and that proper gaps were le f t  at every jo int .  

Each pipe jo in t  larger than 600 mm in diameter was hydro- 
tested at 1.5 times the operating pressure prior to backfil l ing 
the line. A portable hydraulic jo in t  test equipment supplied 
by VEROC Technology was used for testing these joints. Leaks 
were observed on three occasions only due to twisted rubber 
gaskets. This was an excellent result considering the large 
number of joints tested (over 8000). In i t ia l  hydrotesting was 
carried out in sections from chamber to chamber (200 to 450 m 
long). This was followed by final hydrotesting in larger sections 
(3.0 to 8 Kms). By testing longer sections this time, valves, 
f i t t ings and in general, chamber connections, were also tested. 
Testing of such connections was not part of in i t ia l  f ie ld testing. 
Finally, deflection readings were taken at four different stages 
in order to ensure compliance to the requirements of the consult- 
ants specification (maximum allowed in i t ia l  deflection of 3%, 
maximum allowed long term deflection 5%). 

First ly, deflection was checked after select backfil l was 
compacted to 300 mm above the pipe crown. The purpose of this 
exercise was to give a quick indication of how well the pipe was 
installed, and i f  necessary, take corrective action while i t  was 
s t i l l  easy to do so. The contractor was urged to place and compact 
the select backfil l material in such a way as to sl ight ly ovalize 
the pipe in the vertical direction. This in i t ia l  ovalization was 
verif ied by the f i r s t  deflection check and varied between 0.5% 
and 1%, well within acceptable l imits. I t  was observed that the 
same compactive effort  caused sl ight ly larger ovalization in large 
diameter pipe. This was due to the fact that smaller diameter 
pipes were s t i f fe r  than large ones even though minimum design 
stiffness was 2500 N/m2 in all cases. 
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Secondly, deflection was checked after trench backfilling 
was completed to ground level and the dewaterting system was s t i l l  
operating. 

A third deflection reading was taken after dewatering was 
stopped and ground water reached equilibrium. This was the true 
in i t ia l  deflection reading which the specification directed was not 
to exceed 3%. An analysis of these four sets of deflection read- 
ings is quite interesting. There is a definite gradual increase of 
deflection as we move from the f i r s t  set of readings to the last. 
However, this increase is fa i r ly  small due to the very good 
installation procedures followed. 

On the average, deflection readings taken after pipe zone 
backfill was completed and after the trench was total ly backfilled 
but groundwater was kept below the pipe invert, show positive 
deflections. That is, pipe is s t i l l  sl ightly ovalized upwards. 
When groundwater was allowed to reach i ts normal level, pipes were 
either s t i l l  ovalized or sl ightly deflected (0.1% to 0.6%). Final 
deflection readings were taken at least six months after installa- 
tion. In fact, most of the readings were taken one year after 
installation. 

Final de f lec t ion  readings indicated that  pipes were mostly 
round, some s t i l l  oval ized in the ve r t i ca l  d i rec t i on ,  and others 
def lected only about -0.2% of pipe diameter. Maximum def lec t ion  
recorded was -i,14% in C- l ine (1650 mm diameter),  

D u b a i  C o n t r a c t  DS 52 
Pipe Deflect ion Records 

Chainage 2+778.7] to 3+00] "IS' Line 
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Figure 5. "E" Line with 2.12 m Average Depth of Cover 



LEONDARIS ON FIBERGLASS PIPE IN THE MIDDLE EAST 231 

Figure 5 presents the results of deflection measurements 
taken on a portion of the 1000 mm pipe in "E" line. Although the 
data only portrays 225 m of pipe, the results are very representa- 
tive of the entire line. Deflection measurements were taken at 
different stages of construction. Here in i t ia l  values, taken just 
after completion of backfil l ing to grade and the return of the 
natural groundwater are compared to final values measured eight 
months later. Because of the favorable in i t ia l  ovalization of the 
pipe created during compaction of the pipe zone backfil l material, 
the in i t ia l  deflections with 2.12 m of cover averaged 0.6%. That 
is, the vertical diameter is s t i l l  elongated upwards. After eight 
months, the deflections have increased sl ight ly. The average 
vertical deflection is 0.4%. This demonstrates the effectiveness of 
using a wide trench to minimize the negative effect on pipe 
performance in weak native soils. 

The deflection values for chainage 7+099 to 7+1447 in line 
"C-9" have been graphed in Figure 6 for all four measurements. 
Consequently, one can visually see the effects of construction on 
the pipe's deflection performance. The f i r s t  set of measurements, 
labelled "To Crown", shows the in i t ia l  ovalization induced in the 
1650 mm pipe. This only averaged 0.3% and was quite uniform in a 
fa i r l y  large diameter pipe, even after mechanically compacting the 
backfi l l .  As expected, deflections increased ( i .e.  vertical 
diameter decreased) with the addition of 1.845 m of backfil l over 
the pipe. Now, average deflection was -0.3%. When the ground- 
water was allowed to return to i ts natural elevation, the pipe 
responded by rebounding. The buoyancy effect of the water effect- 
ively reduced the weight of the soil cover over the pipe, without 
signif icantly effecting the lateral soil support ( i .e.  soil 
modulus). At this stage, deflections only averaged 0.15%. How- 
ever, after lO'months when the final deflection measurements were 
taken, the effects of the water on the submerged soil side f i l l ' s  
structural properties becomes apparent. Deflection measurements 
were now averaging -0.85%. 

V e r t i c a l  D e f l e c t i o n ,  % 

C o n s t r u c t i o n  Stages  

To Crown ~ To G r a d e  w/ d e w a t e r  
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Figure 6 - "C-9" Line with 1.845 m Average Depth of Cover 
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CONCLUSION 

The above mentioned GRP pipe installations are representative 
of the whole Middle East region, not only as far as soil and 
groundwater conditions are concerned but the stiffness of GRP pipe 
used. 

Pipe deflection readings and other installation checks 
clearly indicate that when properly installed, GRP pipes perform 
very well. This is widely recognized and GRP pipes are steadily 
gaining acceptance in the Middle East as well as elsewhere in the 
world. 
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ABSTRACT: This contribution reports on the experience 
with (uPVC) pipes used for gas distribution in the Nether- 
lands. An extensive research program has been carried out 
in order to determine the behaviour of buried PVC pipes, 
some of which have been in service for over 30 years. 
This research program covers both theoretical and ex- 
perimental studies, the latter being the subject of this 
contribution. Over the last three years a lot of pipe 
deformation measurements were carried out on pipes buried 
under different circumstances concerning soil type, 
burial depth and loading conditions. 
The results clearly show that buried PVC pipes behave 
quite well from the viewpoint of stress and strain. The 
results of measurements on old pipes when compared with 
results from measurements on newly installed pipes and 
from different stress calculation methods, also indicate 
that the buried pipes are not in a situation of constant 
stress, but in a constant strain situation. This supports 
the idea of using the short-term modulus of elasticity 
for calculation of the pipe deflection instead of the 
long-term value. 
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INTRODUCTION 

An extensive gas distribution network having a total length of 
about 90,000 km is in operation in the Netherlands. Twenty four 
percent of the Dutch gas grid consists of rigid PVC. These pipes 
were installed during the period from 1956 to [974. Initially, they 
carried town gas obtained from gasification of coal. 
Since 1964 these pipes have been carrying natural gas. After the 
early seventies rigid PVC was no longer installed. Impact modified 
PVC was used instead, having a slightly lower stiffness, but a sig- 
nificantly better resistance against impact and stress cracking. 
The total amount of PVC pipes in the distribution grid is about 
50%. 
Low pressure distribution was chosen in the Netherlands for reasons 
of safety and installat�88 convenience. The maximum pressure in PVC 
pipes is 200 mbar (2.10 Pa). So from the mechanical point of view, 
these pipes can be considered as pressureless. In order to get a 
better understanding about the behaviour of buried flexible pipe~ 
and to get real values for the deformation of pipes which have been 
in service for a long time, it was decided to carry out an extensive 
measuring program into the deformation of these pipes. 
For this purpose a special device has been developed enabling the 
whole shape of buried pipes with diameters varying between 110 and 
200 millimeter, SDR 41, to be measured. The pipes were buried under 
verges, sidewalks and roads, at depths varying between 30 centimeter 
and 120 centimeter, in different soil types. 
From the measurements the deflection and the tangential strain were 
calculated. It was also possible to calculate the tangential stress 
in the buried pipe, by remeasur~ng the pipe after digging up, and by 
using a viscoelastic constitutive ]aw. 

MEASUREMENTS 

The measurements are divided into two series, the first series 
consisting of measurements with the objective to describe the field 
conditions, and the second series having the objective to determine 
the pipe deformation. 
Pipe deformations were measured both for the buried pipes and for 
the pipes that had been dug up. 
To determine the field conditions, the following measurements were 
performed: 
- height of soil cover 
- soil density 
- minimum, maximum and in-situ porosity of the soil 
- graine size distribution 
- water content of the soil. 
- plasticity index of the soil (in the case of clay only) 
- pipe location (verge, road, sidewalk). 

Part of these field conditions have been used for classifi- 
cation purposes. 
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The deformations of the pipes were measured by means of the 
DEFLEC, developed by VEG-GASINSTITUUT n.v. (i). This device enables 
measuring of the whole shape of buried pipes with diameters varying 
between 110 millimeter and 200 millimeter (Fig. I). 

Figure 1: DEFLEC ~200  with interchangeable head's and skids 
for0160 and0110  mm. 

The deformation measurements were carried out at different lo- 
cations in the Netherlands, 
At every location a buried pipe length of about 12 meters was made 
free of gas, after two manholes had been dug and after the length 
of pipe had been isolated. 
The pipe deformation was then measured by pushing the DEFLEC into 
the pipe to its first position. Here the equipment measured the po- 
sition of the sensor and the distance between pipewall and the axis 
of rotation. 
Thus 40 positions (angle of rotation) and distances for every cross- 
section were measured and stored on a computer disc. At every lo- 
cation about ten cross-sections were measured. 
After the measurements of the buried pipe were completed, the pipe 
was dug up, causing the pipe to recover from the loading which was 
initiated during installation, by so~l load and by overburden 
loads, like traffic loading, during its time of operation. 
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CALCULATION OF STRAIN 

In order to calculate the strain from the displacement measure- 
ments a method was used as shown in Figure 2. The curvature is cal- 
culated through three points on the pipe's circumference. In this 
case the curvature was calculated from the originally measured 
values. The angle between two points is about 9 degrees. 

3 

Figure 2: Calculation of tangential strain. 

When a finer distribution is required more points should be 
measured or an interpolation polynomial should be used which allows 
for a goed fit of the measured values. The disadvantage of the 
latter method is that the curvature might be influenced slightly 
by the choice of the polynomial. 
That's why in this study the curvature has been calculated by using 
the originally measured values, although it was realised that this 
approach might result in a slight underestimation of the real 
strains. 

After the curvature was estimated, the strain was calculated by 
the following formula: 

= S _! _!) . 100 (i) ~i ~ (R - R. 
o 1 

where: 

~i = tangential strain at point i (%) 
s = wall thickness (mm) 
R. = curvature at point ~ (n~) 
R j = radius of undeformed pipe (mm) 
o 

Then these discrete values were fitted by using a cubic spline, 
as shown in Figure 3, after which the maximum strain value was de- 
termined. These maximum values were stored on disc to be used for 
a statistical evaluation. 
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Figure 3: Tangential wall strain as function of rotation angle. 

CALCULATION OF DEFLECTION 

The deflection of the cross-section of pipes is defined as the 
relative diameter increase or relative diameter decrease. 
In the case of buried pipes, the former is generally associated 
with horizontal pipe deflection, while the latter is associated 
with vertical deflection. 

The deflections have been calculated as follows; first the measured 
values were fitted by using a cubic spline. Then by scanning, the 
maximum and minimum diameter were determined, from which the de- 
flections were calculated by using the following formula: 

m - m . 

_ nom mln I00 (2) 
fmin D " 

nom 
D - D 

f max nom 100 (3) max D 
nom 

where: 

= vertical pipe deflection (%) 
~min = horizontal pipe deflection (%) 
D max = maximum pipe diameter (mm) 
Dm~ x = minimum pipe diameter (mm) 
D mln = nominal pipe diameter (mm) 
nON 

The nominal diameter was also calculated from the measure- 
ments, by determining the arch length along the circumference. 
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CALCULATION OF TANGENTIAL STRESS 

As mentioned before, the deformation of the pipe was measured 
before and after digging up. The difference between these two de- 
formations, called the recovery, is a measure for the stress in 
the pipe just before digging up. 
The recovery of the pipe will be immediate, as long as the ma- 
terial can be considered to behave in a linear-elastic way. If so, 
the time passing between the two measurements is of no importance. 
PVC, however, does not behave like an elastic material; it behaves 
visco-elastically. This means, that the recovery will be time- 
dependent, which makes the calculation of the stress more complex. 
First of all, the loading condition before and in any case, after 
installation should be determined. 
According to our measurements on a few newly installed pipes, and 
from the results of others (2), plastics pipes reach their final 
state of deformation within a few years after installation. From 
this point, the pipe is in a stage of stress relaxation, so in a 
constant strain condition (see Fig. 4). 
At the time t = 0 in Figure 4, so the time at which the pipe is 
dug up, the stress in the pipe has decreased to a value of Oo, 
due to stress relaxation, under a constant strain of so. 
Unloading of the pipe can be modelled by superposition of the oppo- 
site value of ao at time t = O. So from that moment on, basically 
two processes should be considered, the first process being further 
stress relaxation from ao to a lower value in time, and the second 
process being creep from so to st under a constant stress of ao. 
However, the effect of the first process can be negleted, because 
the rate of a stress relaxation process that is going on for more 
than i0 years, approaches zero. 
So in summary, the pipe unloaded by digging up can be considered 
to be in a constant stress condition, under a stress of ao, which 
is equal to the stress in the buried pipe just before digging up. 
Now the stress in the pipe can be calculated by first measuring so 
(loaded pipe), and by measuring el (unloaded pipe) at time tl. 
By using the effective creep modulus of elasticity for time tl the 
stress is calculated by using the following formula, considering a 
plane strain condition: 

E(tl) (e(tl) - e(o)) (4) oo 2 
1 - v 

where: 
ao = tangential stress (MPa) 
E(tl) = Young's modulus at t=t I (MPa) 
V = Peisson's ratio (-) 
c(tl) = strain at t=tl (-) 
E(o) = strain at t=0 (-) 

In view of the fact that the creep rate rapidly slows down 
within the first few minutes after unloading, and for reasons of 
convenience, tl was chosen at 30 minutes after dig-up. 
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Figure 4: Stress and strain in a buried pipe 
as a function of time. 

STATISTICAL EVALUATION AND CLASSIFICATION 

One of the objectives of this study is to get values for the 
maximum strain, stress and deflections to be expected in buried 
PVC pipes, having been in operation for a long time. Another 
objective is to determine the influence of some parameters in- 
volved in soil-pipe interaction such as the effect of soil type, 
pipe diameter and laying depth on pipe deformation. 
The major handicap in achieving this last objective is that there 
is no information available about the quality of installation of 
the individual pipes that have been in service for such a long 

time. From other experimental studies on newly installed pipes (2), 
and from a theoretical study (3) the effect of installation was 
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shown to be the most important one. 
Nevertheless, when a lot of data is getting available, then it may 
be assumed that careless and careful installation qualities will 
be distributed more or less equally among the data. 
Classification of the measurements was carried out after the de- 
flections and the strain had been calculated for each cross section. 
Plotting the maximum strain values for each cross-section in a nor- 
mal probability plot clearly showed that the data did not fit such 
a distribution. 
By applying a Weibull probability distribution the data fit was 
much improved (Figure 5). So in order to calculate 95% confidence 
levels used for estimating the maximum values to be expected, such 
a distribution was used. 
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Figure 5: Results of strain and deflection calculations for 
all the measurements. 
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In Figure 5 it can be observed that sometimes the measured strain 
values do not fit to one distribution class, but can be described 
by two distribution classes. The lower strain distribution class 
represents the gross soil-pipe interaction process. The higher 
strain values, however, are caused by local point-loading effects. 
The stress in the pipe was calculated on the basis of the lower 
strain values, representing the gross soil-pipe interaction. 

EFFECT OF SOIL TYPE AND PIPE DIAMETER 

After the measurements were classified according to soil type 
the maximum values to be expected, based on a 95% confidence level 
were estimated. 
The classification was carried out by using the grain size distri- 
bution. 
A detailed classification of the type of soil was obtained by using 
the classification chart of the triangular type as developed by 
the Bureau of Public Roads in the United States of America. 
This resulted in three main soil-type groups. The first group, 
sand, contains the results of 20 locations. The second group, 
clay, comprises 12 locations, and the third, miscellaneous group 
comprises 9 locations. 

The results of the measurements and deflection calculations per- 
formed on the basis of the foregoing classification are summarized 
in Table I. 
The results given in this Table are the 95% probability values ob- 
tained from a Weibull distribution and by regression analysis. 

TABLE I -- Results of measurements and calculations for the 
maximum deflections to be expected 

Soil type Pipe diam. Deflection Deflection Number of 
vertical horizontal measure- 

(mm) (%) (%) ments 

Sand 110 10.2 9.9 78 
160 6.9 7.0 31 

Clay 110 5.6 7.2 66 
160 6.8 6.9 26 

Miscellaneous ii0 12.2 10.5 58 

The results in this Table indicate that the deflections for 
pipes having a diameter of 160 millimeter buried in sand are 
slightly lower than the deflections for the 110 mm pipes. 
Furthermore, the pipes embedded in clay show lower values, than 
those buried in sand. 

The results of strain and stress calculations are summarized 
in Table 2. 



242 BURIED PLASTIC PIPE TECHNOLOGY 

For the stress calculation an effective Young's modu]us (30 mi- 
nutes) of 3030 MPa obtained from a creep test and a Poisson's ratio 

of 0.35 were used. 

TABLE 2 -- Results of stress and strain calculations 
(maximum values to be expected) 

Soil type Pipe diam. SDR 41 Et(o) ~t(30) o m 
(mm) (%) (%) (MPa) (-) 

Sand ii0 0.61 0.37 8.4 4.5 
160 0.40 0.26 4.8 4.6 

Clay II0 0.50 0.30 6.8 5.2 
160 0.43 0.23 6.9 4.3 

Miscellaneous ii0 0.52 0.39 4.5 8.8 

Table 2 also summarises the so-called shape factor m. This 
value is obtained using the following formula: 

S 
E_ _(O)ma x = m. fmax " --D (5) 

where: 
e(o) = maximum tangential strain (%) 
m = shape factor (-) 
f = maximum deflection (%) 
S max = wallthickness (mm) 

D = nominal outside diameter (mm) 

The m-value was obtained by applying formula 5 for each cross- 
section measured. After sorting of the data into the defined 
groups, the m-value was estimated for each group by linear re- 

gression between e and f . ~. 
�9 m x  u 

In case of an ellzptical ~eformation, the value of m is 3. In 
design codes a value of 6 is often proposed (4). 
As can be seen from the Table, this value is conservative for 

most cases. 
The results in Table 2 clearly show that for pipes buried in sand 
strain and stress have the highest values for pipes having a dia- 
meter of 110 mm. 
This may be caused by the fact that horizontal support of the soil 
besides the pipe depends on the absolute deflection of the pipe and 
not on the relative deflection. A larger pipe size will have the 
same abso]ute horizontal pipe deflection at much lower relative de- 
flection values than smaller-sized pipes. 
The pipe diameter effect on strain is considerably lower for pipes 
buried in clay than for pipes embedded in sand. 
For the pipes buried in clay, however, no effect of pipe diameter 
on stress has been observed. This means that in clay there is less 
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horizontal support than in sand (clay behaves more viscously than 
sand). 
On the other hand, clay will also create, by its viscous behaviour, 
a more uniform radial pressure along the outside pipe circum- 
ference. This results in rather low pipe deflections, and stress 
and strain levels. 
The m-value is rather high, which is caused by the effect of point- 
loading. 
The stress values given in Table 2 have been calculated using the 
recovery behaviour of the pipe after digging-up. 
In this calculation a short-term Young's modulus has been used. 
If it is assumed, however, that the dug-up pipe is already in a 
constant strain situation immediately after installation the stress 
in the pipe can also be calculated using the strain of the buried 
pipe and a long-term (30 years) relaxation modulus and Poisson's 
ratio, which are 1300 MPa and 0.15, respectively. 
The results of these calculations compared to the results of Table 
2 are summarized in Table 3. 

TABLE 3 -- Results of stress calculations according to 
the "recovery" method (30 min.) and the "stress 
relaxation" method (30 years) 

Soil type Pipe diameter Max. values to be expected 
mm oo-30 min oo-30 year 

MPa MPa 

Sand ii0 8.4 8.1 
160 4.8 5.3 

Clay 110 6.8 6.6 
160 6.9 5.7 

Miscellaneous 110 4.5 6.9 

The calculations using a stress relaxation process over a 
period of 30 years show that the stresses are quite close to the 
values based on calculations using a short-term modulus (recovery 
method). 
This supports the idea that buried pipes can be considered to be in 
a constant strain situation. 
Otherwise the latter calculation method (30 years' modulus) would 
have resulted in clearly lower stress values. 

CONCLUSIONS 

The results of measurements and calculations carried out on 30- 
years-old buried uPVC pipes (~ 110 mm, 160 mm, SDR 41) show that 
soil-pipe interaction cannot be described by one process only. Real 
(macroscopic) soil-pipe interaction results in relatively low de- 
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f!ections, strains and stresses. But a second process may also 
occur, namely pipe-structure interaction, like point loading ef- 
fects. 
It was shown that the strain can be estimated from the maximum de- 
flection by using a certain value for the shape factor m. A value 
of 6 for m proved to be sufficient for uPVC pipes (SDR 41) as shown 
in this study and by others (4). 

Furthermore the results show that for pipes buried in sand the 
outstanding behaviour of plastic pipes is mainly caused by the 
continuous horizontal support of the soil besides the pipe. 
For pipes buried in clay, however, the viscous behaviour of the 
soil, especially at high moisture levels, is of prime importance. 
This results in a more or less hydrostatic loading of the pipe. 

Stress calculations indicate that the buried pipes can be con- 
sidered to be in a state of constant strain shortly after instal- 
lation. This means that shortly after installation the pipe will 
have the highest stresses; these stresses will decrease in time by 
stress relaxation. 
These stresses calculated are below the critical stress values at 
which failure or stress cracking may occur. 
Although the pipes have been buried under rather severe circumstan- 
ces e.g. having low soil covers and subjected to traffic loading, 
they do not deform excessively nor do they develop high stresses. 

The differences found between the various soil groups and pipe 
diameters should be interpreted carefully, because installation 
quality, which is usually unknown, may be the most important para- 
meter. Therefore, it was decided to perform a number of well-con- 
trolled tests on some test sites. The important parameters, like 
soil type, burial depth, installation quality, etc. will be con- 
trolled as much as pessible. It is expected that results of these 
measurements will be available within a few years. 
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ABSTRACT: Direct shear tests were performed on soil 
to polyvinyl chloride (PVC) pipe surfaces to study 
pipe-to-soil friction. Soil type and moisture 
content were varied. The resulting data were used 
to formulate design parameters for PVC pipe thrust 
restrained systems installed in a wide range of 
soil types. Soil types are identified by ASTM 
D2487, "Classification of Soils for Engineering 
Purposes". Design methods, equations, and 
recommendations are presented for horizontal bends, 
tees, vertical offsets and other combinations of 
pipe and fittings. 

KEYWORDS: thrust restraint, polyvinyl chloride 
(PVC) pipe restraint, pipe-to-soil friction, 
polyvinyl chloride (PVC)-to-soil shear strength 

INTRODUCTION 

D u r i n g  t h e  f a l l  and  w i n t e r  o f  1 9 8 8 - 1 9 8 9  a p p r o x i m a t e l y  
300 d i r e c t  s h e a r  t e s t s  w e r e  c o n d u c t e d  on s o i l s  and  
pipe-to-soil surfaces to study the friction, i.e., the shear 
resistance, at the interface between the pipe and soil. The 
major goal of these tests was to study the interface shear 
strength of polyvinyl chloride (PVC) pipe and various soils. 
The results of the tests were used to formulate reasonable 
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p i p e - t o - s o i l  f r i c t i o n  p a r a m e t e r s .  T h e s e  p a r a m e t e r s  w e r e  t h e n  
u s e d  i n  e x i s t i n g  e q u a t i o n s  t o  f o r m u l a t e  d e s i g n  
r e c o m m e n d a t i o n s  f o r  r e s t r a i n e d  p i p e l i n e s .  The  s t u d y  h a s  l e d  
t o  t h e  p u b l i c a t i o n  o f  a t h r u s t  r e s t r a i n t  d e s i g n  h a n d b o o k  f o r  
PVC p i p e .  The  d e s i g n  e q u a t i o n s  a n d  r e c o m m e n d a t i o n s  u s e d  i n  
t h e  h a n d b o o k  a r e  i n c l u d e d  i n  t h i s  p a p e r .  

BACKGROUND 

PVC p i p e l i n e s  u t i l i z e  j o i n t s  w i t h  r u b b e r  g a s k e t s  
f o r  c o n n e c t i o n s  b e t w e e n  i n d i v i d u a l  p i p e  a n d  a l s o  
p i p e - t o - f i t t i n g s .  An u n b a l a n c e d  f o r c e  e x i s t s  a t  a n y  
c h a n g e  i n  d i r e c t i o n  i n  t h e  p i p e l i n e .  I t  i s  n e c e s s a r y  
t o  r e s t r a i n  t h e  p i p e l i n e  a t  c h a n g e s  i n  d i r e c t i o n  t o  
p r e v e n t  j o i n t  s e p a r a t i o n .  T h i s  r e s t r a i n t  i s  o f t e n  
p r o v i d e d  by  d e v i c e s  d e s i g n e d  s p e c i f i c a l l y  t o  p r e v e n t  
i n d i v i d u a l  j o i n t s  f r o m  s e p a r a t i n g .  T h r u s t  r e s t r a i n t  
d e s i g n  i n v o l v e s  c a l c u l a t i o n  o f  t h e  l e n g t h  o f  p i p e l i n e  
t o  b e  p r o v i d e d  w i t h  j o i n t  r e s t r a i n t  o n  e a c h  s i d e  o f  a 
c h a n g e  i n  d i r e c t i o n .  

Many p a p e r s  h a v e  b e e n  p u b l i s h e d  on  t h e  d e s i g n  o f  t h r u s t  
r e s t r a i n t  f o r  p i p e l i n e s .  T h r u s t  b l o c k s  a s  w e l l  a s  r e s t r a i n e d  
j o i n t  s y s t e m s  h a v e  b e e n  s t u d i e d  a n a l y t i c a l l y  r e s u l t i n g ,  f o r  
t h e  m o s t  p a r t ,  i n  c o n s e r v a t i v e  d e s i g n  a p p r o a c h e s .  The  d e s i g n  
a p p r o a c h  p r e s e n t e d  h e r e  i s  t h e  r e s u l t  o f  m o d e l  s t u d i e s  o n  a 
r e s t r a i n e d  j o i n t  s y s t e m  i n  1 9 6 9 - 1 9 7 0  [ 1 ] ,  f u l l  s c a l e  t e s t s  
o n  12"  h o r i z o n t a l  b e n d  s y s t e m s  i n  1 9 8 1 - 1 9 8 2  [ 2 ] ,  a n d  
s u b s e q u e n t  a n a l y t i c a l  w o r k .  The  12"  t e s t s  on  90 a n d  45 
d e g r e e  b e n d s  w e r e  u s e d  t o  e v a l u a t e  n u m e r o u s  d e s i g n  
e q u a t i o n s .  T h o s e  w h i c h  w e r e  o b v i o u s l y  i n a d e q u a t e  w e r e  
e l i m i n a t e d  f r o m  c o n s i d e r a t i o n .  The  r e s u l t i n g  d e s i g n  a p p r o a c h  
i s  a m o d i f i c a t i o n  o f  t h e  e q u a t i o n  p r o p o s e d  by  R o d g e r  C a r l s e n  
[ 3 ] .  

The  s o i l  p a r a m e t e r s  f o r  t h e  d e s i g n  p r o c e d u r e  w e r e  
s e l e c t e d  f r o m  d e s i g n  v a l u e s  r e c o m m e n d e d  by  r e c o g n i z e d  s o i l  
e n g i n e e r i n g  a u t h o r i t i e s  [ 4 ] .  The  p i p e - t o - s o i l  f r i c t i o n  
v a l u e s  w e r e  t a k e n  f r o m  a p u b l i c a t i o n  o f  d i r e c t  s h e a r  t e s t s  
d o n e  o n  s t e e l  s u r f a c e s  by  P o t y o n d y  [ 5 ] .  T h e s e  v a l u e s  h a v e  
p r o v e n  v e r y  c o n s e r v a t i v e  f o r  t h e  d e s i g n  o f  h u n d r e d s  o f  
i n s t a l l a t i o n s  s i n c e  1982  [ 6 ] .  

D u r i n g  1 9 8 7 - 1 9 8 8 ,  t h e  n e e d  f o r  a t h r u s t  r e s t r a i n t  
d e s i g n  p r o c e d u r e  f o r  PVC p i p e  b e c a m e  i n c r e a s i n g l y  a p p a r e n t .  
S i n c e  no  t e s t  d a t a  w e r e  a v a i l a b l e  on  PVC s u r f a c e s  i n  c o n t a c t  
w i t h  s o i l s ,  i t  was  d e c i d e d  t o  p e r f o r m  a s e r i e s  o f  d i r e c t  
s h e a r  t e s t s  on  a c t u a l  p i p e - t o - s o i l  i n t e r f a c e s ,  t o  e v a l u a t e  
t h e  f r i c t i o n ,  a n d  t o  d e t e r m i n e  r e a l i s t i c  v a l u e s  f o r  d e s i g n .  
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THEORY 

The friction force acting to oppose movement of a 
pipeline is the shearing strength of the pipe-to-soil 
interface and is related to the internal shear strength of 
the soil. The internal shear strength of the soil can be 
expressed by the Coulomb equation below. 

S = C + N T a n ( ~ )  (1) 

where S = shear strength of the soil, 
C = cohesion intercept of the soil, 
N = normal force, 

= angle of internal friction of the soil. 

The pipe-to-soil interface shear strength can also be 
expressed in the Coulomb form, similar to Potyondy [5]. 

Sp  : ( F c ) C  + N T a n ( F @ r  ( 2 )  

where Sp = shear strength of the pipe-to-soil interface, 
Fc = proportionality constant relating the cohesion 

intercept of a direct shear test on the 
pipe-to-soil interface and the cohesion 
intercept of the soil itself, 

F~ = proportionality constant relating the friction 
angle of a direct shear test on the pipe-to-soil 
interface and the friction angle of the soil 
itself, 

C = cohesion intercept of the soil ( zero intercept 
of a plot of shear strength vs. normal force), 

= Angle o f  internal friction of the soil, 
N = Normal force ( force acting perpendicular to the 

plane of shearing). 

The determination of the proportionality constants Fc 
and F~ for design purposes was the object of this study. The 
proportionality constant Fc was found by dividing the 
pipe-to-soil interface cohesion intercept by that of the 
soil at the same moisture content. Likewise, the F~ constant 
is found by dividing the friction angle of the pipe-to-soil 
interface by the friction angle of the soil at the same 
moisture content. 

TEST PROCEDURE 

Potyondy and others have performed steel-soil interface 
shear tests in small direct shear boxes using flat samples. 
However, in order to flatten a PVC pipe sample, the surface 
would be damaged. It was therefore necessary to test actual 
pipe surfaces. A large box, 12.7 cm x 12.7 cm (5 in.x 5 
in.), was used for the direct shear tests on the soil and an 
upper section was constructed to fit the curvature of a 
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30.48 cm (12 in.) pipe. This allowed actual surfaces of 
30.48 cm (12 in.) C900 PVC pipe to be mounted in the same 
loading apparatus as the direct shear test on the soil. The 
same normal and axial loads were used in the direct shear 
tests on the soil and pipe-to-soil interface. 

Preliminary tests were conducted on several different 
mixtures of soil components and pipe-to-soil interfaces to 
determine general paralaeters. During this preliminary 
testing it was determined that the shear strength of the 
pipe-to-soil interface varied considerably with moisture 
content and soil type. Although shear strength also varied 
with initial density of the soil, it was decided to 
eliminate loose soil from the investigation because the 
reduction in passive resistance of the soil is drastic when 
loose soils are encountered. Dumped, unconsolidated, native 
soils are not recommended as bedding for restrained joint 
pipe systems. It was therefore decided to study only soils 
consolidated above their critical densities (below critical 
void ratio) with identical compactive effort applied. 

After the preliminary study it was decided to use a 
stress controlled procedure on both the soil and 
pipe-to-soil interface. All samples were consolidated to an 
estimated density above 80% Standard Proctor. While the same 
procedure was used to compact each sample, no attempt was 
made to measure the actual density of the soil being 
tested. 

SOIL 

Soils were classified by Atterberg limits and sieve 
analyses using the Unified Soil Classification System, ASTM 
D2487, "Classification of Soils for Engineering Purposes". 
Soil type was varied by mixing a uniform fine grained sand 
with a manufactured soil readily available. This 
manufactured soil was composed of sodium montmorillonite 
and calcium montmorillonite combined with a small percentage 
of wood flour and sea coal. Both the sand and the clay were 
readily available because they were used in the foundry 
process. Mixing the two components yielded a wide range of 
soil properties. 

Five mixed soils and two natural soils were tested. 
Plasticity Index ranged from zero (assumed for sand) to 138 
for the 100% montmorillonite, wood flour, sea coal mix. 
Classification by Atterberg limits of all mixtures were 
located slightly above but in close proximity to the "A" 
line in ASTM D2487. The manufactured soils tested were 
classified SP, SC, and CH. The natural soils were classified 
as CL. 
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TEST SPECIMENS AND DATA AQUISITION 

Test specimens were prepared by mixing the two dry 
components in various percentages by weight and adding the 
prescribed water content. The mixture was used in a series 
of direct shear tests on the soil to determine the angle of 
shearing resistance and the cohesion intercept. The same 
soil was then used in tests on the pipe-to-soil interface, 
using the same normal loads with the curved shear box 
described above. After completing the multiple shear tests 
at one moisture content, a sample was taken for the 
determination of the actual moisture content of the 
specimen. The moisture content was then varied in the next 
soil sample. A minimum of three and as many as five 
different moisture contents were tested for each soil 
mixture. 

P e a k  v a l u e s  o f  s h e a r  s t r e n g t h  w e r e  r e c o r d e d  f o r  e a c h  
d i r e c t  s h e a r  t e s t .  I n d i v i d u a l  s h e a r  t e s t s  w e r e  c o n d u c t e d  f o r  
a m i n i m u m  o f  t h r e e  n o r m a l  l o a d s  f o r  e a c h  s o i l  a n d  
s o i l - t o - p i p e  i n t e r f a c e .  T h e  n o r m a l  l o a d s  r a n g e d  f r o m  6 . 9  
x l 0  -3  t o  2 . 8 x 1 0  - z  MPa (1 t o  4 p s i ) .  T h i s  r a n g e  o f  v e r t i c a l  
l o a d i n g  c o r r e s p o n d s  t o  t h e  v e r t i c a l  p r i s m  l o a d  o n  a p i p e  a t  
o r d i n a r y  d e p t h s  o f  c o v e r .  T h e  p e a k  v a l u e s  o f  s h e a r  s t r e s s  
w e r e  u s e d  t o  p l o t  t h e  M o h r - C o u l o m b  f a i l u r e  l i n e ,  a l l o w i n g  
the determination of the friction angle and cohesion 
intercept for the soil and pipe-to-soil interfaces under 
near identical conditions. 

Values of the friction angle of the soil as well as the 
friction angle for each pipe-to-soil interface were 
determined for each moisture content. A similar 
determination was made for the cohesion intercept for the 
soil and pipe-to-soil interfaces. Plots were made of both 
friction angle and cohesion intercept versus moisture 
content for the soil and pipe-to-soil interfaces. Best fit 
curves were made for the data. 

RESULTS 

For sand, the variation of friction angle with moisture 
content was small. For sand-clay mixtures and 100% clay tile 
variation with moisture content was large and therefore very 
important. The friction angles increased to a maximum and 
then decreased. Decrease in the friction angles continued 
until saturation was reached, i.e., the friction angle of 
the soil reached zero. An example can be seen in Figure 2. 

The cohesion intercept for the soil and for the 
pipe-to-soil interface also varied with moisture content. 
However, a cohesion intercept remained, even when the soil 
reached saturation. 

Figures 1 through 4 are plots of friction angle vs. 
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moisture content for both the soil and the PVC pipe-to-soil 
interfaces. Note that the friction angle of the pipe-to-soil 
interface generally follows the pattern of the friction 
angle of the soil. 

Although the friction angle was very important, it was 
not the only component of the interface shear strength. The 
cohesion intercept plays an important role, especially in 
soils with a significant clay content. The cohesion 
intercept of the soil, and soil-to-PVC pipe vs. moisture 
content were plotted and are shown in Figures 5 through 8. 
Note that the cohesion intercept of the interface did not 
follow that of the soil as closely as the friction angle. 

The moisture content in the tests on the fine sand 
induced a small amount of apparent cohesion. Although very 
small compared to the sand-clay mixtures, the value was 
recorded and plotted along with the other data. 

Friction angles and cohesion intercepts were determined 
for each soil type at its plastic limit. Friction angle at 
the plastic limit was then plotted versus plasticity index 
on semi-log paper along with effective friction angles 
generated by Kenney [7], for natural clays. As can be seen 
in Figure 9, the data was near the lower limit of values 
obtained for these naturally occurring clays and encompassed 
almost the complete range of plasticity index for these 
clays. Another comparison of interest was made. While 
Potyondy's mixed soils encompassed a much smaller range of 
plasticity index, the range of friction angles in this study 
was almost identical. 

It was concluded that the measured values of friction 
angle for the soil and pipe-to-soil interface, yield 
conservative values for design when taken at moisture 
contents equivalent to the plastic limit. 

It should be noted that many clays (below the water 
table) exist in their natural state with moisture contents 
considerably above the plastic limit. Under these 
conditions, the soil shear strength becomes independent of 
normal load. For pipelines in these areas special 
considerations have to be made. 

In these cases the " ~=0 principle" must be used and 
the undrained shear strength of the soil should be 
substituted for cohesion intercept. Restrained pipelines in 
these soils should be bedded in granular material. 

DETERMINATION OF DESIGN VALUES 

Soils were grouped using the Unified Soil 
Classification System into six catagories ranging from 
coarse grained to fine grained soils, covering inorganic 
soils only. Heavy clays and heavy silts as well as organic 
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clays, organic silts and peat were classed as not 
recommended for bedding restrained pipe. 

Values of ~ for granular, noncohesive soil in the lower 
range of recommended design values of medium dense soils 
given by B.K. Hough, 1957 [4] were selected as design values 
for the suggested procedure. 

Values of F~ and Fc were determined from the results 
previously described. F~ and Fc values for design were based 
on the general soil classifications of the soils tested. The 
values for silts from Potyondy's work for steel were used as 
a guide for PVC. This seemed to be a general relationship 
for the other soils as well. 

Friction angles of the PVC pipe-to-soil interface were 
less than the internal friction angle of the soil. The 
values of F~ were taken at the plastic limit for design 
recommendations in unsaturated soils, i.e., above the water 
table. Design values of F# were 0.7 for all granular soils; 
0.6 for GC, SC, and ML soils, and 0.5 for CL soils. 

Values of Fc were determined for moisture contents 
equivalent to the plastic limit of the soils. Design values 
for PVC pipe were 0.2 for GC and SC soils and 0.3 for CL 
soils. 

As stated above, the friction angle of the PVC 
pipe-to-soil interface went to zero in saturated fine 
grained and cohesive soils. Therefore the design procedure 
recommends that restrained pipelines in these soils should 
be bedded in granular material. The value of interface shear 
strength should be calculated using the bedding material 
properties. The passive resistance should be calculated 
using the in situ soil properties. The "~= 0 principle" 
applies and the undrained shear strength of in situ soil is 
substituted for cohesion. 

THE USE OF RESTRAINED JOINTS. 

In the case of a horizontal bend, as shown in Figure 
I0, the resultant thrust force is given by the equation: 

T = 2PA s i n ( O ) / 2  (3) 

W h e r e :  T = u n b a l a n c e d  f o r c e  a t  t h e  b e n d ,  
P = i n t e r n a l  p r e s s u r e ,  
A = c r o s s  s e c t i o n a l  a r e a  o f  t h e  p i p e  b a s e d  o n  t h e  

outside diameter, 
0 = angle of bend. 

By r e s t r a i n i n g  c e r t a i n  j o i n t s  a t  b e n d s  a n d  a l o n g  t h e  
p i p e l i n e ,  t h e  r e s u l t a n t  t h r u s t  f o r c e  i s  t r a n s f e r r e d  t o  t h e  
s u r r o u n d i n g  s o i l  b y  t h e  p i p e l i n e  i t s e l f .  I n  a p r o p e r l y  
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designed pipeline using restrained joints the bearing 
strength of the soil and the frictional resistance between 
the pipe and the soil balance the thrust force. 

R E S I S T A N C E  TO THE UNBALANCED THRUST FORCE, T .  

Resistance to the unbalanced thrust force, T, is 
generated by the passive resistance of the soil as the bend 
tries to move, developing resistance in the same manner as a 
concrete thrust block. In addition to the passive 
resistance, friction between the pipe and soil also 
generates a considerable resistance to joint separation. 

Figure I0, i s  a free body diagram of a r e s t r a ined  
hor izonta l  pipel ine-bend system, designed to r e s i s t  the 
unbalanced th rus t  created by the change in d i r e c t i o n .  
Notice that the thrust, T, is resisted by the passive 
resistance, Rs, as well as the frictional resistance, Fs, 
along a length, L, on each side of the bend. L is the 
required length of pipe to be restrained. Note that every 
.joint, within L__x whether pipe .joint o__rr fitting .joint, must 
be restrained on both sides of the bend. On small diameter 
pipelines L is often less than a full length of pipe and 
therefore, with planning, only the fitting has to be 
restrained. 

As shown in Figure i0, the following equation can be 
used to calculate L. 

L = Sf (PA) tan(8/2) (4) 
F s  + 1 / 2 R s  

Where: Fs = pipe-to-soil friction, 
Rs = bearing resistance of the soil along the 

pipeline, 
e = angle of bend, 

Sf = Safety factor. 

Pipe-to-soil Friction, F__ss 

The friction force, acting to oppose movement of the 
pipeline is the shear strength of the pipe-to-soil 
interface. For design purposes, the pipe-to-soil friction, 
Fs, can be found using equation 5. 

Fs = Ap(FcC) + W tan(F~) (5) 

Where : 
Ap = a r e a  o f  p i p e  s u r f a c e  b e a r i n g  a g a i n s t  t h e  s o i l ,  

( I n  t h e  c a s e  o f  h o r i z o n t a l  b e n d s ,  1 / 2  t h e  p i p e  
c i r c u m f e r e n c e } ,  

W = n o r m a l  f o r c e  p e r  u n i t  l e n g t h  
W = 2We + Wp + W 

We = vertical load on the top and bottom surfaces of 
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the pipe, taken as the prism load, 
Wp + Ww = weight of pipe plus weight of water 

Fc = proportionality constant relating the cohesion 
intercept of the pipe-to-soil shear strength 
and the cohesion intercept of the soil shear 
s t r e n g t h  

F~ = p r o p o r t i o n a l i t y  c o n s t a n t  r e l a t i n g  t h e  a n g l e  o f  
p i p e - t o - s o i l  f r i c t i o n  t o  t h e  f r i c t i o n  a n g l e  o f  
t h e  s o i l ,  

Friction values should be based on the soil used for 
bedding the pipe and not the native soil unless that soil is 
also used as bedding material. 

Bearing Resistance, R s 

In addition to friction along the pipe, the resultant 
thrust is also resisted by the passive pressure of the soil 
as the pipe tends to move into the surrounding soil. The 
passive pressure of the soil is generated by the movement. 
The maximum resistance to this movement can be calculated 
with the Rankine passive pressure formula. The amount of 
movement required to generate the resistance depends upon 
the compressibility of the soil. In general, soils having a 
Standard Proctor Density of 80% or greater require very 
little movement to generate the maximum passive resistance 
of the soil. However, because the compressibility of the 
soil can vary greatly between the prescribed trench types, 
the design value of passive pressure should be modified by 
an empirical constant, Kn. Considerable ecconomies can be 
obtained, in the number of restrained joints required, by 
specifying Trench Type 4, or 5, (Fig. ii) for restrained 
joints. 

Rankine's passive pressure formula: 

Pp = Hc Np + 2Cs(Np) llz (6) 

Where: Pp = passive soil pressure, 
= soil density (backfill density for loose soil 

bedding and native soil density for compacted 
bedding), 

Hc = Mean depth from the surface to the plane of 
resistance ( centerline of pipe), 

Cs = cohesion of soil, 
Np = TanZ(45 +~/2), 

= internal friction angle of the soil. 

T h e r e f o r e :  Rs = KnPpD ( 7 )  

Where: Rs = bearing resistance of soil, 
Kn = trench constant, 
D = Pipe outside diameter. 
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DESIGN VALUES FOR SOIL PARAMETERS 

TABLE 1 
PROPERTIES OF S O I L S  USED FOR 
BEDDING TO CALCULATE F s  a n d  R s  

Soil G r o u p  a Fc C b F~ # ~c 
(psf) (pcf) 

GW & SW 0 0 0.7 36 II0 
GP & SP 0 0 0.7 31 II0 
GM & SM 0 0 0.6 30 ii0 
GC & SC .20 225 0.6 25 I00 
CL .30 250 0.5 20 I00 
ML 0 0 0.6 29 100 

Kn 
T r e n c h  T y p e  (Fig.ll) 

3 4 5 
60 .85 1.00 
60 .85 1.00 
60 .85 1.00 
60 .85 1.00 
60 .85 1.00 
60 .85 1.00 

aNote: Soil Classification symbols are those specified 
in ASTM D2487. b47.88 psf = 1N/M 2 . c16.0184 psf = 1K/M 3. 

Note: Soils in the CL and ML groups must be 
monitored closely since moisture content is difficult to 
control during compaction. Free draining soils are much 
better pipe bedding. Soils in the MH. CH, OL, OH, and PT 
groups are not generally recommended for pipe bedding. 

Pipelines laid in highly plastic soils subject to high 
moisture contents are usually bedded in granular material. 
If the bedding material has a higher bearing value than the 
native soil the value of Fs should be calculated using the 
bedding and the value of Rs should be based on the native 
soil. The values below are for saturated in situ soil, types 
CL, ML, CH and MH with the pipe bedded in sand or gravel 
with a minimum Standard Proctor density of 80% or greater. 
Undrained shear strength values should be used for cohesion 
in the ~ = O principle. Actual values of the vane shear test 
(AASHTO T223 -76, "Field Vane Shear Test in Cohesive Soil"), 
unconfined compression test (ASTM D2166, "Test Methods for 
Unconfined Compressive Strength of Cohesive Soil"), or the 
standard penetration test (ASTM D1586, "Method for 
Penetration Test and Split-Barrel Sampling of Soils") should 
be used when available. A competent soils engineer should be 
contacted for pipelines in wetlands, river bottoms, etc. 

TABLE 2 
IN SITU VALUES OF SOIL PROPERTIES FOR Rs 

SOIL GROUP 

CL 
CH 
ML 
MH 

C=Su b ~ c Kn 
(psf) (pcf) Trench Type (Fig.ll) 

3 4 5 
4 5 0  100 . 6 0  . 8 5  1 . 0 0  
400 I00 .40 .60 .85 
300 i00 .60 .85 1.00 
250 i00 .40 .60 .85 

(Note: ~ = 0 principle for undrained shear, C = Su = 
undrained shear strength of soil. is for undisturbed 
soil.) b47.88 psf = 1N/M 2 . c16.0184 psf = 1K/M 3 �9 
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TABLE 3,  
BEDDING SOIL PROPERTIES FOR F s  

Fe C F, r 
GP & SP 0 0 0.70 31 

(Bedding assumed to be granular soil of at least the GP and 
SP groups consolidated to a minimum of 80% Standard Proctor 
Density.) 

OFFSETS, TEES, REDUCERS, DEAD-ENDS, AND BEND COMBINATIONS 

Offsets 

Offsets made with restrained bends and pipe are 
becoming more and more commonplace. Some precautionary 
notes are warranted here. As stated for horizontal bends, 
the resultant thrust at a bend varies greatly with the angle 
of the bend. This thrust varies from 1.414(PA) for 90 
degree bends to .398 (PA) for a 22-1/2 degree bend, a 
reduction of 72%. Vertical down bends and offsets should be 
made with small angle bends if possible. All piping systems 
move slightly at bends as pressure is brought to bear. 
Therefore the joint restraint systems should be resilient, 
responding to that movement in a manner to prevent the 
concentration of load in a small area of the bend. If a 
system is used such that deflection of the fitting causes 
load concentrations, the end result will be a highly 
stressed fitting bell. This can and has resulted in failure 
of the fitting or pipe. Thrust restraint systems are 
available for this situation, responding to deflection by 
continually redistributing the load around the circumference 
to protect the pipe and fitting. 

Therefore use a resilient restraint system with as 
small angle bends as possible. Restrain all of the joints 
in the offset and use equation 8 to determine the length, 
L, on the high side of the vertical down bend and equation 9 
for the length, L, on the low side of the vertical offset. 

High side of vertical offset: 

L = Sf ( PA tan @/2)/Fs (8) 

Low side of vertical offset: 

L = Sf ( PA tan @/2) / (Fs + i /2Rs)  (9) 

T e e s  

T e e s  c a n  be r e s t r a i n e d  u t i l i z i n g  t h e  p i p e - t o - s o i l  
friction a l o n g  the branch and the passive resistance of the 
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soil on the run, on each side of the tee. Since the equation 
involves two "L's", the simplest method is to specify that 
at least a distance, Lr, he installed on each side of the 
run of the tee using a single length of pipe without joints. 
With this amount specified, the amount of pipe to be 
restrained on the branch can be easily calculated. In some 
branch reducing tees, wherein the run size is much larger 
than the branch, it is unnecessary to restrain the run 
joints on the tee. 

Lb = S f  (PAb  - R s L r ) / F s b  (I0) 

Where: 
Lb = Length of restrained pipe on the branch, 
Ab = Cross sectional area of the branch pipe, 
Lr = single pipe length on each side of the run of 

the tee, 
Fsb = Frictional resistance along the branch using 

the entire circumference of the pipe for Ap, 
S f  = S a f e t y  f a c t o r .  

R e d u c e r s  

An u n b a l a n c e d  f o r c e  e x i s t s  a t  r e d u c e r s  c a u s e d  b y  t h e  
d i f f e r e n t i a l  a r e a  b e t w e e n  t h e  l a r g e  a n d  s m a l l  p i p e s .  T h e  
t h r u s t  c a n  b e  r e s i s t e d  b y  t h e  f r i c t i o n a l  r e s i s t a n c e  o f  
e i t h e r  t h e  l a r g e  s i d e  o f  t h e  r e d u c e r  o r  t h e  s m a l l  s i d e  o f  
t h e  r e d u c e r .  I f  a s p e c i f i e d  l e n g t h ,  L s ,  o n  t h e  s m a l l  s i d e  i s  
f r e e  o f  b e n d s ,  v a l v e s ,  t e e s  o r  o t h e r  f i t t i n g s  t h e  s m a l l  p i p e  
w i l l  t a k e  t h e  l o a d  i n  c o m p r e s s i o n  a n d  no  r e s t r a i n t  i s  
n e c e s s a r y .  H o w e v e r ,  i f ,  Ls  i s  n o t  f r e e  o f  u n b a l a n c e d  t h r u s t  
t h e n  r e s t r a i n t  m u s t  b e  u s e d  i n  t h e  l a r g e  p i p e l i n e  s i d e  f o r  a 
l e n g t h ,  L1 .  

Ls = Sf P(AI-As)/Fsb (11) 

W h e r e :  
Ls  = L e n g t h  o f  s t r a i g h t ,  u n o b s t r u c t e d  p i p e  o n  t h e  

s m a l l  s i d e  o f  t h e  r e d u c e r .  
A1 = A r e a  o f  l a r g e  p i p e ,  
As  = A r e a  o f  s m a l l  p i p e ,  

F s b  = F r i c t i o n a l  r e s i s t a n c e  b a s e d  u p o n  t h e  e n t i r e  
c i r c u m f e r e n c e  o f  t h e  s m a l l  p i p e ,  

S f  = S a f e t y  f a c t o r .  

L1 = Sf P(AI-As)/Fsb (12) 

Where: 
L1 = L e n g t h  o f  r e s t r a i n e d  p i p e  o n  t h e  l a r g e  s i d e  

o f  t h e  r e d u c e r ,  
F s b =  F r i c t i o n a l  r e s i s t a n c e  b a s e d  u p o n  t h e  e n t i r e  

c i r c u m f e r e n c e  o f  t h e  l a r g e  p i p e .  
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Dead Ends 

Dead ends usually require the ability to extend the 
pipeline at a later date. The restrained length required can 
be found from the following equation. However in some larger 
pipelines it may be more economical to pour an axial thrust 
collar across the trench. Please note that the extreme end 
thrust caused by a dead end cannot ordinarily be restrained 
by a concrete thrust collar without a thrust collar 
attachement to the pipe. 

The restrained length is: 

L = S f  ( P A ) / F s b  ( 1 3 )  

W h e r e :  
L = restrained length 

Fsb = Frictional resistance based on full 
circumference of the pipe. 

Bend Combinations 

Often, two or more bends are located in close 
proximity to each other. For example, a 90 degree 
bend located close to a 45 degree bend results in a 
change in direction of flow of 135 degrees. The 
resultant thrust is much greater for the combination 
than for either of the fittings considered separately 
and consequently requires a much greater length to be 
restrained. Therefore, when possible, no bend should 
be located within the calculated length, L, of any 
other bend or combination. 

CONCLUSIONS 

Pipe-to-soil interface shear strength is a major 
component of the design of thrust restraint systems. Its 
value depends upon soil type, moisture content, soil 
compaction, and surface roughness. The pipe-to-soil 
interface shear strength of actual pipe samples was found to 
be considerably different from the original assumptions made 
for design. 
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S o c i e t y  fo r  Tes t ing  and M a t e r i a l s ,  P h i l a d e l p h i a ,  1990. 

ABSTRACT: A soil mass shifts load from its weaker components 
to its stronger components such that the load is distributed 
in proportion to the stiffness of the components. This 
characteristic often results in the shifting of load around 
weak zones or cavities in the soil. Such redistribution of 
stresses in a soil mass is called arching. Arching is usually 
thought of in regard to pipe and tunnels. However, arching is 
a consequence of a more general property of soil known as 
internal shearing resistance. Slope stability, the bearing 
capacity of shallow footings, and the pressure distribution on 
retaining walls depend on the internal shear resistance. This 
paper discusses internal shearing resistance, the movement 
required to mobilize it, its measurement, typical values for 
common trench soils, and how it relates to the load applied to 
a buried pipe. 

KEYWORDS: a rch ing ,  bu r i ed  p ipe ,  shear  r e s i s t a n c e ,  e a r t h  
p r e s s u r e  

The past quarter century has seen the introduction and widespread 
use of plastic pipes. Early on, plastic pipes were manufactured in 
small diameters, the largest sizes being less than 12 inches. The 
design of this pipe for underground installation consisted mainly of 
the calculation of pipe deflection using Spangler's Iowa Formula. As 
manufacturers and design engineers learned more efficient methods for 
making pipes with larger diameters and lighter cross-sections, two 
other buried design considerations became significant: (1) compressive 
wall crushing from ring thrust loads and (2) local wall buckling. Both 
of these considerations depend on the earth pressures acting on the 
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p ipe .  To o b t a i n  t he  most e f f i c i e n t  d e s i g n  the  e a r t h  p r e s s u r e s  must be 
a c c u r a t e l y  known. 

In d e s i g n i n g  sma l l  bore  p l a s t i c  p i p e s  i t  i s  commonplace t o  assume 
t h a t  t he  ove rbu rden  load  a p p l i e d  t o  t he  crown of  t he  p ipe  i s  equa l  t o  
t he  we igh t  o f  t he  p r i s m a t i c  e l emen t  o f  s o i l  p r o j e c t i n g  above the  p i p e ,  
o f t e n  r e f e r r e d  t o  as t h e  pr i sm load .  The pr i sm load  i s  a handy 
c o n v e n t i o n  f o r  c a l c u l a t i n g  d e f l e c t i o n ,  but  t he  a c t u a l  l oad  a p p l i e d  t o  
a p l a s t i c  p i p e  may be c o n s i d e r a b l y  l e s s  than  t h e  we igh t  o f  t he  
ove rburden  s o i l .  Th is  r e d u c t i o n  in t he  a p p l i e d  load  i s  due t o  a r c h i n g .  
To accoun t  f o r  a r c h i n g ,  p i p e  d e s i g n e r s  can use  t he  Marston method f o r  
c a l c u l a t i n g  l o a d s .  But,  many d e s i g n e r s  o f  p l a s t i c  p i p e s  use t h e  pr i sm 
load  r o u t i n e l y ,  even when c o n s i d e r a b l e  a r c h i n g  o c c u r s .  This  paper  w i l l  
show the  s o i l  mechanics  c o n c e p t s  t h a t  l i n k  a r c h i n g ,  e a r t h  p ress%re  
p a r a m e t e r s  and l oads  on b u r i e d  p i p e ,  so t h a t  d e s i g n e r s  can b e t t e r  
u n d e r s t a n d  the  c a s e s  where a r c h i n g  w i l l  e x i s t  and where i t  can be 
s a f e l y  c o n s i d e r e d  in d e s i g n .  

PRISM LOAD 

The s i m p l e s t  c a s e  f o r  d e t e r m i n i n g  the  v e r t i c a l  e a r t h  load  on a 
h o r i z o n t a l  s u r f a c e  in  a mass o f  s o i l  o c c u r s  when the  s o i l  has un i fo rm 
s t i f f n e s s  and we igh t  t h r o u g h - o u t  w i th  no l a r g e  v o i d s  or  b u r i e d  
s t r u c t u r e s  p r e s e n t .  Then, t he  v e r t i c a l  e a r t h  p r e s s u r e  a c t i n g  on a 
h o r i z o n t a l  p l ane  a t  dep th  H i s  equa l  to  t he  g e o s t a t i c  s t r e s s :  

P : WH (I) 

where P = vertical soil pressure, W = unit weight of soil, and H = 
height of soil mass above the horizontal surface. The prism load per 
unit length of pipe is defined as the geostatic stress times the 
outside diameter of the pipe. 

If a structure is present in the soil mass, there will be a 
redistribution of load toward the stiffer zones. Consequently, it is 
unlikely that the vertical load on a horizontal plane at the top of the 
structure will equal the prism load. The load may be greater or less, 
depending on the structure's stiffness relative to the soil. The 
variance from the prism load can be considerable as demonstrated in 
pipe whose crowns are so corroded as to expose the overburden soil. In 
this case the prism load does not act on the crown of the pipe; in 
fact, there is no vertical load at this point. 

Theoretically, the prism load occurs on a buried pipe only when the 
pipe has the equivalent stiffness of the surrounding soil. More 
commonly, the pipe and soil are not of the same stiffness and therefore 
the pipe either sees more or less than the prism load, depending on the 
relative stiffness between pipe and soil. When the pipe is less stiff 
than the soil, as in the case of most flexible pipe, the soil above the 
pipe redistributes load away from the pipe and into the soil beside the 
pipe. The load "flows" away from the pipe. This is illustrated in 
Fig. I, which shows the distribution of soil pressure around a buried 
pipe. The arrows indicate the general path along which the load flows. 
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FIG. 1 - -  Soil o r c h i n g  o s  i l l u s t r o f e d  by t h e  h o r i z o n t o l  
stress distr ibut ion for  18 in. HDPE pipe in soil box (Yopa [1]) .  

The path suggests that the soil forms an arch. Terzaghi points out 
that the notion of an arch forming is credited to Bierbaumer in 1913, 
although the mechanics of load reduction were worked out by Engesser in 
1882 and Kotter in 1899 [2]. More recently, Handy suggests that the 
horizontal flow of load from the backfill into the side fill resembles 
a catenary, in other words the soil hangs from the trench walls [3]. 
Arching can be defined as the difference between the applied load and 
the prism load. The term "arching" is usually taken in the sense to 
imply a reduction in vertical load. When the pipe takes on more 
vertical load than the prism load, "reverse arching" is said to occur. 

ORIGIN OF STRENGTH IN SOIL 

As demonstrated in the previous section, the actual load applied to 
a buried pipe varies from the theoretical prism load because of the 
redistribution of stresses. Redistribution is possible because the 
soil mass possesses shear strength, which enables it to resist 
distortion much like a solid body. Shear strength, or shear 
resistance as it is often called, arises from the structure of the 
soil's fabric. Soil is an assemblage of (1) mineral particles such as 
silica or aluminum silicates, {2) water, and (3) air. Mineral 
particles can range in size from the large, such as boulders, to the 
microscopic, such as the colloidal particles making up clay. The size 
of the individual soil particles or grains is significant in 
determining the soil's behavior. Very small (colloidal} size soil 
particles are capable of adsorbing large quantities of water, as much 
as I0 times their own weight. These particles attract each other to 
produce a mass which sticks together. This property is called cohesion 
or plasticity. Soils containing such particles are referred to as 
"cohesive" and include clayey soils. Cohesion gives clayey soils 
resistance to shear. The strength of clayey soils is dependent on the 
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FIG. 2 - -  Groin movement  dur ing sheor. 

amount of water within the soil.  As the content of water increases, 
the shear resistance decreases. On the other hand assemblages of 
larger particles such as s i l t s ,  sands, or gravels do not exhibit 
plasticity.  Their strength is almost unaffected by water. These soils 
are called "cohesionless" or "granular." Normally, cohesionless soils 
have high shear resistances. When a mass of cohesionless soil is 
sheared individual grains either roll ,  slide, fracture, or distort 
along the surface of sliding as shown in Fig. 2. Likewise, many 
cohesive soils contain grains of sand or s i l t ,  so they can exhibit 
significant shear resistance. 

The grain size, shape, and distribution will affect the shear 
resistance. In general, soils with large grains such as gravel have 
the highest strengths. Rounded grains tend to rol l  easier than 
angular, or sharp, grains which may interlock. So, the angular grains 
resist  shear better. Well graded mixes of grains, that is soils which 
have a good representation of grains over a wide range of sizes, tend 
to offer more resistance than uniform graded soils, which contain 
similar size grains. Aside from the grain characteristics the density 
has the greatest affect on shear resistance. For instance, in a dense 
soil there is considerable interlocking of grains and a high degree of 
grain to grain contact. When shear occurs in a dense mass, the volume 
of the soil along the surface of sliding expands (dilatancy) as the 
grains are displaced. This requires a high degree of energy. 
Therefore, the soil mass has a high resistance. In a loose soil ,  
shearing causes the grains to rol l  or to slide, which requires far less 
energy than dilatancy. So, loose soil has a lower resistanc%to shear. 

ANGLE OF INTERNAL FRICTION 

Shear resistance can have both frictional and non-frictional 
components. The frictional component being that resistance which is 
affected by increasing the pressure normal to the surface of sliding 
and can be likened to the static friction between two rigid bodies. 
The resistance to shear of cohesionless soils such as sand and gravel 
is determined by the frictional component. The non-frictional 
component is related to cohesion or the bond between individual 
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p a r t i c l e s .  Thus, i t  i s  no t  a f f e c t e d  by i n c r e a s i n g  the  normal  p r e s s u r e .  
Most c l a y e y  s o i l s  p o s s e s s  both  a f r i c t i o n a l  and a n o n - f r i c t i o n a l  
component.  The d i f f e r e n c e  between f r i c t i o n a l  and n o n - f r i c t i o n a l  f o r c e s  
i s  i l l u s t r a t e d  by the  d i f f e r e n t  ways v e r t i c a l  c u t s  in sand and v e r t i c a l  
c u t s  in c l a y  behave .  I f  we a t t e m p t  a v e r t i c a l  cu t  in sand,  t he  g r a i n s  
s l i d e  downward to  the  t r e n c h  bot tom.  The g r a i n s  c o l l e c t  in a p i l e ,  
wi th  the  s i d e  o f  t he  p i l e  hav ing  a d e f i n i t e  s l o p e .  The a n g l e  o f  t h e  
s l o p e  i s  c a l l e d  the  a n g l e  o f  r e p o s e .  Whereas,  a cu t  in c l a y  w i l l  s t a n d  
v e r t i c a l  due to  c o h e s i o n  u n t i l  i t  c o l l a p s e s .  A f t e r  c o l l a p s i n g ,  i t  does  
not  e x h i b i t  an a n g l e  o f  r e p o s e .  

F r i c t i o n a l  r e s i s t a n c e  in s o i l s  i s  d e v e l o p e d  the  same way as 
f r i c t i o n a l  r e s i s t a n c e  between r i g i d  b o d i e s .  The shea r  f o r c e ,  T, 
r e q u i r e d  t o  overcome the  s t a t i c  r e s i s t a n c e  between two r i g i d  b o d i e s  
a long  t h e i r  s u r f a c e  o f  c o n t a c t  i s  g iven  by the  f o l l o w i n g  e q u a t i o n :  

T= Ntan(u)  (2) 

where N = the  f o r c e  normal  to  t he  s u r f a c e  o f  s l i d i n g ,  t a n ( u )  = the  
c o e f f i c i e n t  of  f r i c t i o n ,  and u = the  a n g l e  o f  f r i c t i o n .  Coulomb 
d e v e l o p e d  an ana logous  e q u a t i o n  f o r  shea r  r e s i s t a n c e  in a s o i l  mass. 
For a c o h e s i o n l e s s  s o i l ,  Coulomb's  e q u a t i o n  i s :  

s = ptan(O) (3) 

where s = the  s h e a r  s t r e s s ,  p = the  normal p r e s s u r e  a long  the  s u r f a c e  
o f  s l i d i n g ,  and O = the  ang l e  of  i n t e r n a l  f r i c t i o n ,  which i s  somet imes  
s imply  c a l l e d  the  " f r i c t i o n  a n g l e " .  Coulomb's  e q u a t i o n  shows t h a t  t he  
r e s i s t a n c e  to  s l i d i n g  w i t h i n  a mass o f  s o i l  depends on the  p r e s s u r e  
a c t i n g  normal t o  t he  s u r f a c e  o f  s l i d i n g  and on t h e  s o i l ' s  f r i c t i o n  
a n g l e .  The f r i c t i o n  a n g l e  r e p r e s e n t s  t he  s o i l ' s  " i n t e r n a l "  ( w i t h i n  t he  
s o i l  mass) f r i c t i o n a l  r e s i s t a n c e ,  which i s  a p r o p e r t y  o f  t he  s o i l ' s  
f a b r i c  and d e n s i t y  as d i s c u s s e d  above.  For i n s t a n c e ,  dumped or  l o o s e  
sand has a f r i c t i o n  a n g l e  around 30 d e g r e e s .  (The f r i c t i o n  a n g l e  f o r  
dumped sand i s  u s u a l l y  equa l  t o  t he  ang l e  o f  r e p o s e . }  When the  d e n s i t y  
o f  sand i s  i n c r e a s e d  by compact ion  the  f r i c t i o n  a n g l e  i n c r e a s e s  and 
t h e r e f o r e  so does i t s  shea r  r e s i s t a n c e .  

Non-frictional resistance, such as the cohesion in clay, is 
accounted for by an additional term, c, which does not depend on the 
normal pressure. Coulomb's equation for soils with cohesion is: 

s = c + ptan(O) (4) 

The s h e a r  r e s i s t a n c e  o f  s o i l  can be d e t e r m i n e d  by s e v e r a l  l a b o r a t o r y  
methods.  Perhaps ,  t he  s i m p l e s t  i s  t he  d i r e c t  s h e a r  t e s t .  S o i l  i s  
p l a c e d  in  a shea r  box which c o n s i s t s  o f  two r i g i d  f rames as shown in  
F ig .  3. A load  head i s  p l a c e d  on top  o f  t he  s o i l  t o  c o n f i n e  the  s o i l  
and t o  app ly  normal p r e s s u r e .  A h o r i z o n t a l  f o r c e  a p p l i e d  to  t he  top  
frame s h e a r s  t he  top  h a l f  o f  t he  s o i l  o v e r  t h e  bot tom h a l f .  U s u a l l y ,  
t he  t e s t  i s  run a t  s e v e r a l  normal  p r e s s u r e s .  The r e s u l t i n g  h o r i z o n t a l  
f o r c e  o r  peak shea r  s t r e s s  a t  f a i l u r e  i s  p l o t t e d  in t e rms  of  t he  normal  
p r e s s u r e  as shown in F ig .  4. G e n e r a l l y ,  t he  graph o f  s h e a r  s t r e s s  
v e r s u s  normal p r e s s u r e  i s  a s t r a i g h t  l i n e .  The s l o p e  o f  t h i s  l i n e  i s  
d e f i n e d  as the  f r i c t i o n  a n g l e .  I f  t he  s o i l ' s  d e n s i t y  i s  changed and 
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the test is repeated, a line with a new slope is obtained as shown in 
Fig. 4. For cohesionless soils the straight line can be extended back 
to the origin. For cohesive soils the line will be straight, but it 
will not pass through the origin. The value of shear resistance when 
no normal pressure is applied is the cohesion term, c, in Coulomb's 
equation. 

Table 1 gives typical values for the f r ic t ion angle taken from 
Bowles [4]. No fr ic t ion angles are shown for clay because they depend 
on the load history and the drainage condition of the clay. Depending 
on these conditions the f r ic t ion angle can range from 0 to 30 or more 
degrees. 

Wetting or submerging a soil  will reduce i t s  f r ic t ion angle. In 
cohesionless soi ls  the reduction may only be one or two degrees, but in 
clay i t  can be much larger. 
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TABLE i -- TYPICAL VALUES FOR ANGLE OF INTERNAL 
FRICTION (Bowles [4]) 

S o i l  D e n s i t y  F r i c t i o n  Angle ,  deg.  

Gravel Medium 40-55 
Dense 35-50 

Sand Loose 28-34 
Dense 35-46 

S i l t  & S i l t y  Sand Loose 20-22 
Dense 25-30 

MOBILIZATION OF SHEAR RESISTANCE 

Shear  r e s i s t a n c e  in a s o i l  mass d e v e l o p s  o r  i s  " m o b i l i z e d "  wi th  t h e  
i n i t i a t i o n  o f  movement a long  a s u r f a c e  o f  s l i d i n g .  Even s l i g h t  
movements may m o b i l i z e  h igh  r e s i s t a n c e s .  As movement c o n t i n u e s  more 
r e s i s t a n c e  i s  m o b i l i z e d .  Th is  c o n t i n u e s  up t o  a p o i n t  when t h e  maximum 
l i m i t  to  r e s i s t a n c e  i s  r e ached .  At t h i s  p o i n t  movement may c o n t i n u e ,  
but  t h e r e  i s  l i t t l e  change in  r e s i s t a n c e .  The s o i l  i s  s a i d  t o  have 
reached  a s t a t e  o f  l i m i t i n g  e q u i l i b r i u m .  As a p r a c t i c a l  m a t t e r ,  most 
s o i l s  in a s t a t e  o f  l i m i t i n g  e q u i l i b r i u m  can undergo l a r g e  shea r  
d e f o r m a t i o n s  w i t h o u t  s i g n i f i c a n t  l o s s  o f  s h e a r i n g  r e s i s t a n c e .  

EARTH PRESSURE COEFFICIENTS 

The e a r t h  p r e s s u r e  e x e r t e d  on a b u r i e d  s t r u c t u r e  depends on t h e  
s t a t e  o f  t he  s o i l  p l a c e d  a g a i n s t  t h e  s t r u c t u r e .  There  a r e  t h r e e  e a r t h  
p r e s s u r e  s t a t e s  to  c o n s i d e r :  (1) a t - r e s t ,  (2) p a s s i v e ,  and (3) a c t i v e .  
The a t - r e s t  s t a t e  o c c u r s  n a t u r a l l y  in t he  ground,  whereas  t he  p a s s i v e  
and a c t i v e  s t a t e s  a r e  b rough t  about  by movement o f  t he  s o i l  which 
u l t i m a t e l y  m o b i l i z e s  t he  l i m i t i n g  r e s i s t a n c e  o f  t he  s o i l .  

The pressure existing at a point in a fluid is the same in all 
directions. This is not the case at a point within a soil mass. 
Seldom does the horizontal (or lateral) pressure equal the vertical 
pressure. The horizontal pressure can be found by multiplying the 
vertical pressure times an earth pressure coefficient, K. 

K = ph/Pv (5) 

w h e r e  Ph : h o r i z o n t a l  p r e s s u r e  and Pv = v e r t i c a l  p r e s s u r e .  The v a l u e  
o f  t he  e a r t h  p r e s s u r e  c o e f f i c i e n t  depends on the  s t a t e  o f  t he  s o i l  
mass, i e .  whether  i t  i s  a t - r e s t ,  p a s s i v e ,  o r  a c t i v e .  

Consider the condition existing in a mass of cohesionless, backfill 
soil located beside a vertical wall. If the wall is perfectly rigid, 
the horizontal pressure exerted by the wall on the soil mass is no 
different than the horizontal pressure existing in a large, level soil 
mass, such as the ground. That horizontal pressure is: 

Po = KoWR (6) 
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FIG..5 - -  Active ond passive eorfh pressure sfofes. 

where Po = h o r i z o n t a l  e a r t h  p r e s s u r e  a t - r e s t ,  W = u n i t  w e i g h t  o f  t h e  
s o i l ,  H = d e p t h  , and K o = c o e f f i c i e n t  o f  a t - r e s t  e a r t h  p r e s s u r e .  The 
v a l u e  o f  K o de pends  on t h e  s o i l  t y p e  and i t s  l o a d  h i s t o r y ,  b u t  
t y p i c a l l y  f o r  g r a n u l a r  b a c k f i l l ,  t h a t  i s  n o t  h e a v i l y  compac ted ,  K o 
r a n g e s  from 0 .4  t o  0 . 6 .  The e a r t h  p r e s s u r e  c o e f f i c i e n t  i s  s a i d  t o  be 
" a t - r e s t "  b e c a u s e  t h e  w a l l  i s  p e r f e c t l y  r i g i d  and w i l l  a d m i t  no 
movement.  U n d i s t u r b e d  g r o u n d  i s  c o n s i d e r e d  t o  be i n  t h e  a t - r e s t  s t a t e .  

I f  t h e  w a l l  were t o  move, t h e  e a r t h  p r e s s u r e  e x e r t e d  on i t  would 
c h a n g e .  C o n s i d e r  such  a c a s e .  I f  a f o r c e  i s  a p p l i e d  t o  t h e  w a l l  i n  
such  a manner  a s  t o  push  t h e  w a l l  i n t o  t h e  s o i l ,  t h e n  t h e  s o i l  w i l l  
o f f e r  r e s i s t a n c e  t o  t h e  movement by v i r t u e  o f  i t s  i n t e r n a l  s h e a r  
r e s i s t a n c e .  Because  t h e  f o r c e  i s  a c t i n g  on t h e  s o i l ,  t h i s  r e s i s t a n c e  
i s  r e f e r r e d  t o  a s  " p a s s i v e "  r e s i s t a n c e .  As t h e  f o r c e  i n c r e a s e s ,  
movement a l o n g  s h e a r  p l a n e s  a s  shown i n  F ig .  5 e v e n t u a l l y  m o b i l i z e s  t h e  
s o i l ' s  maximum s h e a r  r e s i s t a n c e  and b r i n g s  t h e  s o i l  t o  a s t a t e  of  
l i m i t i n g  e q u i l i b r i u m .  The p r e s s u r e  r e q u i r e d  t o  b r i n g  t h e  s o i l  t o  t h i s  
s t a t e  i s  t h e  s o i l ' s  " p a s s i v e "  e a r t h  p r e s s u r e ,  pp, a s  g i v e n  by:  

pp = Kph~{ (7) 

where K = coefficient of passive earth pressure, which depends on the 
frictio~ angle of the soil. It is given by the following: 

Kp = t anZ(45  + ( 0 / 2 ) )  (8) 

T y p i c a l  v a l u e s  f o r  Kp r a n g e  from 2 t o  14 f o r  c o h e s i o n l e s s  s o i l s  [ 4 ] .  
T h e r e f o r e ,  t h e  p a s s i v e  e a r t h  p r e s s u r e  i s  much h i g h e r  t h a n  t h e  a t - r e s t  
p r e s s u r e .  For  i n s t a n c e ,  t h e  f o r c e  r e q u i r e d  t o  p u l l  a b u r i e d  a n c h o r  
from t h e  g round  i s  found  u s i n g  t h e  p a s s i v e  p r e s s u r e .  L i k e w i s e ,  t h e  
minimum d e p t h  o f  c o v e r  r e q u i r e d  t o  p r e v e n t  f l o t a t i o n  o f  an empty,  
s h a l l o w  b u r i e d  p i p e  can  be d e t e r m i n e d  knowing t h e  p a s s i v e  p r e s s u r e .  

In  t h e  p a s s i v e  c a s e ,  t h e  s o i l  mass was a c t e d  on by a f o r c e ;  t h e  
r e v e r s e  may a l s o  o c c u r .  The s o i l  mass may a c t i v e l y  e x e r t  a f o r c e  on a 
s u r f a c e .  Aga in ,  c o n s i d e r  t h e  w a l l .  The a c t i v e  s t a t e  o c c u r s  when t h e  
w a l l  d e f l e c t s  away from t h e  s o i l .  When t h i s  o c c u r s ,  t h e  s o i l  u n d e r g o e s  
s l i p p a g e  a l o n g  many i n t e r n a l  s u r f a c e s  a s  shown in  F ig .  5. The s l i p p a g e  
m o b i l i z e s  s h e a r  r e s i s t a n c e ,  wh ich  c a r r i e s  p a r t  o f  t h e  s o i l  w e i g h t  and 
r e d u c e s  t h e  p r e s s u r e  a g a i n s t  t h e  w a l l  from t h e  a t - r e s t  p r e s s u r e .  The 
p r e s s u r e  on t h e  w a l l ,  o r  t h e  a c t i v e  e a r t h  p r e s s u r e ,  Pa '  i s  g i v e n  by:  
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Pa = KaWH (9) 

where K a : the  c o e f f i c i e n t  o f  a c t i v e  e a r t h  p r e s s u r e :  

K a = tanZ(45 - (O/2) )  (10) 

T y p i c a l  v a l u e s  f o r  K a range  from 0.25 to  0 .35 .  The s o i l  in  t he  a c t i v e  
s t a t e  e x e r t s  l e s s  p r e s s u r e  a g a i n s t  a w a l l  than  s o i l  in  t he  a t - r e s t  
s t a t e .  I t  i s  common p r a c t i c e  wi th  c o h e s i o n l e s s  b a c k f i l l s  t o  use  t he  
a c t i v e  e a r t h  p r e s s u r e  f o r  t he  d e s i g n  o f  r e t a i n i n g  w a l l s  t h a t  can 
t o l e r a t e  s l i g h t  movements. Seldom i s  c l a y  d e s i g n e d  f o r  t he  a c t i v e  
s t a t e  because  o f  s o i l  c r e e p .  

The amount o f  w a l l  movement r e q u i r e d  t o  produce  the  a c t i v e  s t a t e  i s  
s m a l l .  T y p i c a l l y ,  f o r  g r a n u l a r  s o i l s  t he  movement a t  t he  top  o f  t he  
wa l l  o n l y  need be 0.1% to  0.2% of  t he  w a l l ' s  h e i g h t .  Thus, f o r  a 20 
f t .  h igh  w a l l  a movement o f  o n e - q u a r t e r  to  o n e - h a l f  inch  can reduce  the  
p r e s s u r e  a p p l i e d  to  the  w a i l  by as much as f i f t y  (50) p e r c e n t .  

ARCHING 

T e r z a g h i  e x p e r i m e n t e d  wi th  a r c h i n g  by p l a c i n g  a t r a p d o o r  u n d e r n e a t h  
a b in  o f  sand as shown in F ig .  6 [2 ] .  As the  t r a p d o o r  was lowered  the  
sand f o l l o w e d  and the  downward movement m o b i l i z e d  s h e a r  r e s i s t a n c e  
a long  the  s u r f a c e  o f  s l i d i n g .  Th is  a c t i o n  t r a n s f e r r e d  some of  the  
we igh t  o f  t h e  sand above the  t r a p d o o r  to  t he  sand above the  b in  f l o o r .  
There f o l l o w e d  a d e c r e a s e  in p r e s s u r e  a g a i n s t  t he  door  and a 
c o r r e s p o n d i n g  i n c r e a s e  in p r e s s u r e  a g a i n s t  t he  f l o o r  o f  t he  b i n .  The 
t o t a l  p r e s s u r e  a g a i n s t  t he  bot tom o f  t he  b in  ( f l o o r  and t r a p d o o r )  
remained c o n s t a n t .  T h e r e f o r e ,  t he  load  r e d i s t r i b u t e d  o v e r  t he  t r a p d o o r  
and formed an a r ch .  T e r z a g h i  found t h a t  t he  p r e s s u r e  a g a i n s t  t he  
t r a p d o o r  was equa l  to  t he  we igh t  o f  t he  p r i sm o f  s o i l  above i t  l e s s  t h e  
s h e a r  r e s i s t a n c e  m o b i l i z e d  a long  the  s u r f a c e  o f  s l i d i n g .  He g i v e s  t h e  
f o l l o w i n g  f o r  the  p r e s s u r e ,  p, on t h e  t r a p d o o r  in a c o h e s i o n l e s s  s o i l :  

p - BW ( l - e x p ( - K t a n ( O )  2H )) (11) 
2Ktan(O) B 

where W = u n i t  we igh t  o f  s o i l ,  O = ang l e  o f  i n t e r n a l  f r i c t i o n ,  H = 
dep th  o f  c o v e r ,  B = wid th  o f  t r a p d o o r  and K = an e x p e r i m e n t a l l y  

l / SOIL PilSM P= H 

H ~ KPJ-. 
I SURFACE ~ I 

OF A ,  1 I SLIDING -J ~ 
FLOOR 

TRAP DO0 
FIG. 6 - -  Terzaghi 's  t rapdoor  

LKPtang 

FLOOR 

in soil bin exper imenf .  
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determined earth pressure coefficient equal to the ratio of horizontal 
to vertical pressure in the backfill above the trapdoor. The Ktan(~) 
terms in Eq 11 represent the shear resistance. The shear resistance in 
a cohesionless soil is a function of the normal pressure multiplied by 
tan(b) as shown in Eq 3. In the soil bin the normal pressure on the 
surface of sliding is the horizontal pressure. Therefore, as the ratio 
K increases more load will be carried in shear. Terzaghi established 
a value of one for K. Other values have been proposed. For instance, 
Handy suggests using a value of K = K a for conservative design [3]. 

The amount o f  a r c h i n g  o r  l oad  r e d u c t i o n  on the  t r a p d o o r  i s  e q u a l  to  
t he  amount o f  shea r  r e s i s t a n c e  d e v e l o p e d  a long  t h e  s u r f a c e  o f  s l i d i n g .  
The f o l l o w i n g  example i l l u s t r a t e s  t h i s .  C o n s i d e r  a b in  o f  l o o s e  sand 
t h a t  i s  3 me te r s  h igh  wi th  a 1 meter  t r a p d o o r .  Be fo re  l o w e r i n g  the  
door ,  t he  load  on the  door  i s  5700 kg (12,566 l b s . ) .  A f t e r  l o w e r i n g ,  
t he  load  on the  t r a p d o o r  can be c a l c u l a t e d  u s i n g  Eq 11. Th i s  g i v e s  a 
load  o f  1600 kg (3527 l b s . ) .  The d i f f e r e n c e  e q u a l s  t he  a r c h i n g ,  which 
i s  4100 kg (9039 l b s . ) .  Th i s  v a l u e  i s  a l s o  e q u a l  to  t h e  s h e a r  
r e s i s t a n c e  a long  the  s u r f a c e  o f  s l i d i n g .  Th is  can be d e m o n s t r a t e d  by 
c a l c u l a t i n g  the  shea r  r e s i s t a n c e  d i r e c t l y  from Eq 3. For t h i s  example ,  
o n l y  a g r o s s  a p p r o x i m a t i o n  can be o b t a i n e d  f o r  the  s h e a r  r e s i s t a n c e ,  
s i n c e  the  l e n g t h  o f  t he  s u r f a c e  o f  s l i d i n g  must be e s t i m a t e d  as w e l l  as 
the  h o r i z o n t a l  p r e s s u r e  on i t .  The f o l l o w i n g  i s  assumed; t he  s h e a r  
s u r f a c e  has a l e n g t h  o f  2 door  w id ths  (which e q u a l s  2 m), K e q u a l s  one,  
and the  a v e r a g e  v e r t i c a l  p r e s s u r e  in t h e  volume of  s o i l  t h a t  i s  s l i d i n g  
e q u a l s  h a l f  t he  we igh t  o f  t h a t  volume {2 m 3) d i v i d e d  by 1 m 2, which 
g i v e s  (2 m) * (1900 kg/m3)/2 = 1900 kg/m 2. In Eq 3, l e t  t he  normal 
p r e s s u r e  be equa l  to  t he  h o r i z o n t a l  p r e s s u r e  on the  s u r f a c e  o f  s l i d i n g ,  
which e q u a l s  K t imes  the  a v e r a g e  v e r t i c a l  p r e s s u r e ,  and l e t  ~ = 30 de E . 
Equa t i on  3 g i v e s  a s h e a r  s t r e s s  o f  {1900 kg/m2)2* t a n ( 3 0 )  ~ 1097 kg/m 
The s h e a r  r e s i s t a n c e  m o b i l i z e d  i s  equa l  t o  4 m (1097 kg/m ) o r  4388 kg 
(9674 l b s . ) .  In l i g h t  o f  t he  s i m p l i f y i n g  a s sumpt ions  i t  can be seen  
t h a t  t h e  shea r  r e s i s t a n c e  {4388 kg) and the  a r c h i n g  {4100 kg) a r e  
e q u a l .  

T e r z a g h i ' s  e x p e r i m e n t  r e v e a l e d  an i m p o r t a n t  consequence  o f  a r c h i n g .  
The s u r f a c e  o f  s l i d i n g  in  a sand b in  e x t e n d s  f o r  on ly  two to  t h r e e  door  
wid ths  above the  t r a p d o o r .  Th i s  means t h a t  as  t he  h e i g h t  o f  sand in  
t he  b in  i s  i n c r e a s e d  the  p r e s s u r e  on the  t r a p d o o r  r e a c h e s  a l i m i t .  
Once the  l i m i t  i s  r e a c h e d ,  add ing  sand has v i r t u a l l y  no e f f e c t  on the  
p r e s s u r e  on the  t r a p d o o r .  

ARCHING IN PIPE TRENCH 

M o b i l i z a t i o n  o f  an a c t i v e  s t a t e  in t he  b a c k f i l l  above a b u r i e d  p i p e  
can be b rough t  about  by downward movement o f  t he  b a c k f i l l .  Th i s  can 
o c c u r  as the  r e s u l t  o f  d e f l e c t i o n  o f  a f l e x i b l e  p i p e ,  s e t t l e m e n t  o r  
compres s ion  o f  the  d e e p e r  l a y e r s  of  t he  b a c k f i l l ,  s e t t l e m e n t  b e n e a t h  a 
p i p e ,  o r  p lacement  o f  s o f t ,  c o m p r e s s i b l e  m a t e r i a l  in  t he  t r e n c h  above 
the  p i p e .  As s t a t e d  in a p r e v i o u s  s e c t i o n ,  w a l l  movements t h a t  a r e  a 
f r a c t i o n  o f  a w a l l ' s  h e i g h t  a r e  s u f f i c i e n t  t o  m o b i l i z e  an a c t i v e  s t a t e  
in t he  s o i l  beh ind  the  w a l l .  L i k e w i s e ,  sma l l  v e r t i c a l  d e f l e c t i o n s  in 
b u r i e d  p ipe  can produce  s i g n i f i c a n t  load  r e d u c t i o n s .  
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86.2 kPa W = 1900 kg/m 3 (119 PCF) 
(1800 PSF) H 5 (16.7 FT) 

26.3 kPa \ 
(550 PSF) ,~ 

800 mm HDPE PIPE 

FIG. 7 - -  Ver t i ca l  ear th  p ressu re  at  p ipe  c rown  per  Gaube.  

As f l e x i b l e  p i p e  unde rgoes  v e r t i c a l  r i n g  d e f l e c t i o n ,  i t  a c t s  l i k e  
T e r z a g h i ' s  t r a p  door .  The s o i l  t r i e s  to  f o l l o w  the  p i p e  downward, bu t  
t he  s o i l ' s  movement i s  r e s i s t e d  by shea r  r e s i s t a n c e s  ( f r i c t i o n a l  f o r c e s  
and c o h e s i o n )  a long  the  t r e n c h  w a l l s .  As t h i s  o c c u r s ,  s l i p p a g e  
s u r f a c e s  form t h r o u g h o u t  t he  b a c k f i l l  mass. Movement a long  t h e s e  
s l i p p a g e  s u r f a c e s  i s  r e s i s t e d  by the  s o i l ' s  s h e a r  r e s i s t a n c e ,  which 
b r i n g s  about  an a c t i v e  s t a t e  in t he  s o i l  above the  p i p e .  Through t h i s  
a c t i o n ,  p a r t  o f  the  we igh t  o f  t he  b a c k f i l l  s o i l  i s  c a r r i e d  o v e r  i n t o  
t he  t r e n c h  w a l l s .  T h e r e f o r e ,  t he  amount o f  f o r c e  e x e r t e d  on the  p i p e  
by the  b a c k f i l l  i s  l e s s  than the  we igh t  o f  t h e  b a c k f i l l  s o i l  mass, o r  
t he  pr i sm load .  F i e l d  measurements  i l l u s t r a t e  t h i s  l oad  r e d u c t i o n .  
For i n s t a n c e ,  L e f e b v r e  e t  a l .  i n s t r u m e n t e d  a 15.5 m (51 f t . )  meta l  a r ch  
c u l v e r t  in  a 13.4 m (44 f t . )  embankment on t h e  Vieux Comptoir  R i v e r  
[5 ] .  They r e p o r t e d  v e r t i c a l  s o i l  p r e s s u r e s  a t  the  crown e q u a l  to  about  
one-fourth of the prism load. Total crown movement, which mobilized 
this reduction, was 9 cm (3.5 in.) or 0.7% of the embankment height. 

When a r c h i n g  o c c u r s ,  t he  s o i l  d i r e c t l y  a d j a c e n t  t o  t h e  s i d e s  o f  t he  
p ipe  e x p e r i e n c e s  an i n c r e a s e  in  v e r t i c a l  p r e s s u r e  due to  t he  load  
t r a n s f e r r e d  from the  b a c k f i l l .  This  i n c r e a s e  in p r e s s u r e  i s  much l i k e  
the  p r e s s u r e  i n c r e a s e  seen by the  f l o o r  o f  T e r z a g h i ' s  b i n .  In t h e  case  
of  a f l e x i b l e  p i p e  i t  f u r t h e r  s t i f f e n s  t he  s i d e f i l l  s o i l ' s  r e s i s t a n c e  
to  h o r i z o n t a l  d e f l e c t i o n  o f  t he  p i p e .  Gaube has measured the  v e r t i c a l  
p r e s s u r e  d i s t r i b u t i o n  a c r o s s  t he  crown of  an HDPE p ipe  [6 ] .  See F ig .  7. 

The a r c h i n g  d e s c r i b e d  above r e s u l t e d  in a d e c r e a s e  in load .  I f  t he  
p ipe  i s  s t i f f e r  than  the  s u r r o u n d i n g  s o i l ,  i t  may a t t r a c t  more load  
s i n c e  i t  d e f l e c t s  l e s s  than  the  s o i l  b e s i d e  i t  compres ses .  Th i s  i s  
more l i k e l y  t o  be t he  c a s e  wi th  a r i g i d  p i p e  than a f l e x i b l e  p i p e .  

P ipe  d e s i g n e r s  o f t e n  q u e s t i o n  the  permanence o f  a r c h i n g .  Many use  
t h e  p r i sm load  " t o  be s a f e " .  T e r z a g h i  s t a t e s  t h a t  " s i n c e  a r c h i n g  i s  
m a i n t a i n e d  s o l e l y  by s h e a r i n g  s t r e s s e s  in  t he  s o i l ,  i t  i s  no l e s s  
permanent  than  any o t h e r  s t a t e  o f  s t r e s s  in t he  s o i l  which depends on 
the  e x i s t e n c e  o f  s h e a r i n g  s t r e s s e s ,  such as t he  s t a t e  o f  s t r e s s  benea th  
the  f o o t i n g  o f  a column [ 2 ] . "  He goes  on to  say t h a t  i f  s h e a r i n g  
s t r e s s e s  were no t  permanent  f o o t i n g s  would s e t t l e  i n d e f i n i t e l y .  As 
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shown p r e v i o u s l y  r e t a i n i n g  w a l l s  a r e  d e s i g n e d  u s i n g  an a c t i v e  o r  a rched  
load .  The s t a b i l i t y  o f  s l o p e s  i s  d e t e r m i n e d  by t h e  s h e a r  r e s i s t a n c e  o f  
t h e  s o i l .  Shear  r e s i s t a n c e  may be reduced  by s t r o n g  v i b r a t i o n s  o r  s o i l  
c r e e p .  In sha l l ow  c o v e r  a p p l i c a t i o n s ,  v i b r a t i o n s  from t r a f f i c  l o a d i n g  
may reduce  a r c h i n g  but  t y p i c a l l y  a t  t h e s e  dep ths  t h e  e a r t h  load  i s  so 
sma l l  t h a t  o t h e r  p a r a m e t e r s  c o n t r o l  t he  p i p e  d e s i g n .  P ipe  l o c a t e d  n e a r  
l a r g e  v i b r a t i n g  machines  shou ld  be d e s i g n e d  f o r  t he  pr i sm load .  Creep 
w i l l  r educe  a r c h i n g .  G e n e r a l l y ,  in t he  d e s i g n  o f  r e t a i n i n g  w a l l s  w i t h  
c o h e s i o n l e s s  b a c k f i l l ,  c r e e p  i s  no t  c o n s i d e r e d .  However, i t  i s  
c o n s i d e r e d  f o r  c l a y e y  b a c k f i l l s .  The u s u a l  a s sumpt ion  f o r  c l a y  i s  t h a t  
t he  f u l l  a t - r e s t  p r e s s u r e  i s  r eached  on the  w a l l  a t  some p o i n t  in  t ime .  
For b u r i e d  p i p e ,  s o i l  c r e e p  i s  a c c o u n t e d  f o r  in  t he  d e s i g n  method by 
s e l e c t i n g  c o n s e r v a t i v e  d e s i g n  p a r a m e t e r s ,  as  w i l l  be d i s c u s s e d  l a t e r .  

METHODS OF LOAD CALCULATION 

In 1930 Marston p u b l i s h e d  a d e s i g n  method f o r  d e t e r m i n i n g  l oads  on 
b u r i e d  p i p e  t h a t  a c c o u n t s  f o r  a r c h i n g .  His work was based  on 
e x p e r i m e n t s  and f i e l d  measurements .  His  method i s  w i d e l y  a c c e p t e d  and 
can be found in  ASCE Manual No. 60 [7 ] .  Marston assumed t h a t  t he  
v e r t i c a l  p r e s s u r e  on a p i p e  in a t r e n c h  was ana logous  to  t he  v e r t i c a l  
p r e s s u r e  on T e r z a g h i ' s  t r a p  door .  So, T e r z a g h i ' s  e q u a t i o n ,  Eq 11, can 
be used t o  o b t a i n  t he  l oads  on a b u r i e d  p i p e .  Bulson shows t h a t  t h i s  
can be done by r e p l a c i n g  B, in  Eq 11 wi th  t he  t r e n c h  wid th ,  Bd [8 ] :  

B~W ( 1 - e x p ( - K t a n ( O ) - ~ - - ) )  (12) 
P = 2Ktan(O) 

where t he  te rms  in  Eq 12 a r e  t he  same as  in Eq 11, e x c e p t  H = h e i g h t  of  
c o v e r  above the  p ipe .  There  i s  no c o h e s i o n  term in M a r s t o n ' s  e q u a t i o n .  
He assumed t h a t  s i g n i f i c a n t  c o h e s i o n  would no t  d e v e l o p  in  t he  p ipe  
t r e n c h .  Nor does  Eq 12 accoun t  f o r  t he  p ipe  f l e x i b i l i t y .  However, t h e  
cus tomary  method i s  t o  assume t h a t  t he  load  on a r i g i d  p i p e  i s  equa l  to  
t he  p r e s s u r e ,  p, in Eq 12 t imes  the  t r e n c h  wid th ,  Ba. Whereas,  f o r  a 
f l e x i b l e  p i p e  the  load  i s  equa l  to  t he  p r e s s u r e ,  p, t i m e s  t h e  p i p e  
d i a m e t e r .  Th is  g i v e s  a somewhat s m a l l e r  l o a d i n g  on f l e x i b l e  p i p e .  

S i n c e  M a r s t o n ' s  e q u a t i o n  and T e r z a g h i ' s  e q u a t i o n  have the  same form, 
many a n a l o g i e s  can be drawn between a r c h i n g  in  a p ipe  t r e n c h  and 
a r c h i n g  in  a s o i l  b i n .  Two i m p o r t a n t  ones  w i l l  be d i s c u s s e d  he re :  (1) 
t he  e f f e c t  o f  t he  h o r i z o n t a l  p r e s s u r e  in t h e  b a c k f i l l  on the  v e r t i c a l  
p r e s s u r e  a p p l i e d  to  t he  p i p e  o r  t r a p d o o r  and (2) t h e  l i m i t  to  t he  load  
r e a c h i n g  the  p i p e  o r  t r a p d o o r .  

The h o r i z o n t a l  p r e s s u r e  in  t h e  b a c k f i l l  i s  an i m p o r t a n t  p a r a m e t e r  
in d e t e r m i n i n g  the  amount o f  a r c h i n g .  The h i g h e r  t h e  v a l u e  chosen  f o r  
K in Eq 12, t he  g r e a t e r  t he  a r c h i n g .  T e r z a g h i  d e t e r m i n e d  t h a t  K e q u a l e d  
one,  but  Marston assumed t h a t  t h e  h o r i z o n t a l  p r e s s u r e  would equa l  t he  
a c t i v e  p r e s s u r e  and conc luded  t h a t  K = K a. I t  t u r n s  ou t  t h a t  M a r s t o n ' s  
a s sumpt ion  may be c o n s e r v a t i v e .  Bulson c i t e s  l a b o r a t o r y  s t u d i e s  which 
i n d i c a t e  Marston u n d e r e s t i m a t e d  K f o r  dense  c o h e s i o n l e s s  s o i l s  t o  such 
an e x t e n t  t h a t  t he  a c t u a l  p r e s s u r e  may o n l y  be h a l f  t h a t  p r e d i c t e d .  
L i k e w i s e ,  f i e l d  measurements  suppo r t  t h i s  n o t i o n .  L e f e b v r e  r e p o r t e d  
v a l u e s  f o r  K o f  a p p r o x i m a t e l y  0 .6  nea r  t he  crown and 1.2 h i g h e r  in the  
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fill. Wetzorke has proposed the following for K: 1.0 for dense sand, 
0.5  f o r  l o o s e  sand and c l a y ,  and 0.11 f o r  s a t u r a t e d  c l a y  [8 ] .  F i g u r e  
8 shows t h e  s e n s i t i v i t y  o f  t h e  v e r t i c a l  p r e s s u r e  t o  t he  v a l u e  o f  K. 

Terzaghi showed that as the depth of the bin increased the load on 
the trapdoor approached a limit. This suggests that the same phenomena 
may occur in a pipe trench, at least in cohesionless soils. Figure 9 
is a plot of the vertical crown pressure calculated with Eq 12 versus 
depth of cover for a flexible pipe in a trench of I m width. The load 
approaches a limit. The depth at which the load reaches the limit 
depends on the value of K. Whether a limit is actually reached or not 
in practice has not been established. Adams et. al. report that the 

i . i  
t ~  

n,*  
n 

LIJ 

. J  
, <  
( J  

LIJ 
> 

50 

' 3 '  ' W=1900 kg/rn ~ ~ K=Ka 
n~ 40 Bd=l m 

. ~ . /  K=0.5 
Z 
5 30 

,., 20 K=I.0 
a_ 

@10 

I I I t I I I t I 

1 2 3 4 5 6 7 8 9 10 
HEIGHT OF COVER, m 

FIG. 9 - -  Vert ical  ea r fh  p r e s s u r e  v e r s u s  
depth of cover per Marston's equation, Eq 12. 



PETROFF ON INTERNAL SHEAR RESISTANCE AND ARCHING 279 

vertical pressure on a 600 mm (24 in.) HDPE pipe in a 30.5 m (100 f t . )  
embankment continued to increase up to the completion of the f i l l ,  
although the resulting pressure was only a f if th of the prism load [9]. 

All soils creep. However, most pipe designers ignore creep, when 
the backfill is cohesionless. This is a conservative design approach 
for plastic pipe, which tends to creep at a faster rate than 
cohesionless soils [I0]. Clayey soils, especially when saturated, 
exhibit significantly more creep than cohesionless soils. When clayey 
soils are subjected to loads of 50% or more of their peak shear 
strength, considerable creep occurs. When a clay backfill is in i t i a l ly  
placed over a pipe, mobilization of shear resistance occurs and arching 
may be high. In the backfill where stress concentrations exist such as 
along surfaces of sliding, the stress level in the clay may approach a 
significant portion of i ts  peak value. At these points of stress 
concentration creep occurs, which allows movement of the backfill soil 
toward the pipe with a corresponding load increase. With the passage 
of time more creep occurs. Because most clays have some frictional 
resistance the prism load is usually not reached. But a conservative 
approach should be taken for design. Therefore, a low friction angle 
is usually assumed for clays when using Marston's equation. Typically 
the values assumed for an ordinary clay is 11 deg. and for a saturated 
clay 8 deg. 

Other methods for load calculation include the ATV method [11] and 
the TAMPIPE method [12].  The ATV method finds the load on a pipe by 
multiplying the Marston load by an additional factor which accounts for 
the redistribution of stresses around the pipe due to the relative 
stiffness between the pipe and the soil.  When calculating loads on 
flexible pipe the ATV method usually gives lower loads than the Marston 
method. 

The Marston method considers only the vertical earth pressure. 
Typically, a designer would apply the Marston load to the pipe as a 
normal (radially directed) load. In fact, the distribution of normal 
pressure around the pipe is not uniform. Where arching occurs, the 
horizontal pressure on the pipe may exceed the vertical pressure. Both 
Adams and Lefebvre measured horizontal pressures equal to about half 
the prism load at the pipes' springlines, which is a pressure greater 
than the vertical pressure. Additional pressure occurs due to the 
tangential shear between the soil and the pipe's surface. This  more 
complicated stress distribution can be analyzed using a f ini te  element 
code. In lieu of this, the resulting stress in the pipe can be found 
using TAMPIPE. For instance, TAMPIPE shows that pipe placed in highly 
compacted embedment and entrenched in s t i f f  insitu soil may see total 
loads as l i t t l e  as a f i f th of the prism load [13]. 

When the Marston load is used in conjunction with the modulus of 
soil reaction, E', the designer must be careful in selecting the 
appropriate value for E'. For instance, Howard has made an extensive 
determination of E' values [14]. He measured pipe at 113 
installations. Howard backcalculated E's using Spangler's equation. 
Since he did not know the exact soil load on the pipe, he assumed the 
prism load. Based on the discussions in this paper, i t  is a reasonable 
assumption that arching did occur on those installation, thus his E' 
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value in part accounts for arching. Whenever Howard's E' values are 
used in design, it is appropriate to use the prism load. Whenever E' 
values suggested by Spangler are used, it is appropriate to use the 
Marston load. 

SUMMARY 

Designers  commonly assume t h a t  the  maximum e a r t h  load  a p l a s t i c  p ipe  
w i l l  see i s  the  pr ism load .  This assumption i s  u n n e c e s s a r i l y  
c o n s e r v a t i v e  as a r ch ing  occurs .  Arching i s  as permanent as any o t h e r  
form of shear  r e s i s t a n c e .  Arching may be c o n s i d e r a b l e .  In dense 
c o h e s i o n l e s s  s o i l s ,  on ly  a f r a c t i o n  of the  pr ism load  i s  a p p l i e d  to  the  
p ipe .  The Marston load  with a va lue  of K such as K a i s  a p r a c t i c a l  
choice  fo r  a c o n s e r v a t i v e  des ign  load .  
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ABSTRACT: ASTM Committees are nearing the end of long projects to 
revise and upgrade Standard Practices D 2321 and D 3839 for the 
installation of buried thermoplastic and fiberglass pipe, respectively. 
These revisions include improved and expanded guidance for selection 
of soils, control of construction procedures and compaction of backfill. 
The Appendices to D 2321 provide a commentary on installation issues 
that are critical to the long term performance of flexible pipe and specific 
guidance to engineers on important topics to be considered in preparing 
project specifications. The task group working on D 3839 is considering 
modifications to the deflection prediction equation that will treat flexible 
pipe deflection in a broader, more rational way than previous versions. 
This paper highlights the important revisions being addressed in these 
standard practices and provides background on their development. 

K ~ O R D S :  Compaction, Culverts, Deflection, Installation, Plastic Pipe, 
Soil Density, ASTM D 2321, ASTM D 3839 

INTRODUCTION 

ASTM Standard D 2321 has just been revised, culminating several years of 
work by ASTM Committee F17.62. This standard, with the new title "Standard 
Practice for Underground Installation of Thermoplastic Pipe for Sewers and Other 
Gravity-Flow Applications", was first published in 1964 and may be the most cited 
installation standard for plastic pipe. The revisions include broader guidance on 
the use of various soil classes as pipe embedment, on various aspects of ground 
water control and on other important issues. Most of the information is not new 
from a research point of view. The achievement of the revisions is that they bring 
known information about the interaction of pipe and soil into an understandable, 
application-oriented standard. 

Another Task Group in Subcommittee D20.23 is actively pursuing revisions 
to ASTM Standard D 3839 "Standard Practice for Underground Installation of 
Fiberglass Pipe'. This standard provides much the same information for fiberglass 
pipe as D 2321 does for thermoplastic pipe, and many of the anticipated revisions 
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will include information similar to D 2321; however, D 3839 maintains an Appendix 
that offers guidance in predicting the deflection in buried flexible pipe subjected to 
earth and live loads. This equation is used to select appropriate soils and 
densities for given installation conditions. The revisions being considered will 
broaden the range of conditions that can be addressed with the deflection 
prediction equation. 

This paper first considers the important general principles of behavior of 
flexible pipe, and then presents the new revisions that have been or are being 
considered for incorporation into D 2321 and D 3839 and finally, how these 
changes can contribute to a better pipe installation. Although the title of this 
paper, and the standards that serve as its primary focus, include the term "plastic 
pipe", the principles discussed are applicable to all flexible pipe. 

REQUIREMENTS FOR PIPE PERFORMANCE 

The main subject of this paper is standard installation practices for buried 
thermoplastic and fiberglass pipe. These practices do not directly specify pipe 
materials or performance guidelines, yet, as discussed below, the soil placed and 
compacted around a pipe plays an integral role in its performance. Key structural 
aspects of pipe performance that should be considered when developing 
installation specifications include: 

Constructability - The installer must have the means available to him to achieve 
a quality installation. Groundwater must be controlled, the pipe must withstand 
handling and installation forces and the specified soils must have the necessary 
stiffness to support the pipes. 

Stability - The pipe must maintain its shape and strength to resist imposed loads 
over the installation design life. 

PIPE-SOIL INTERACTION 

Investigation of the behavior of buried pipe is often called the study of "soil- 
structure interaction". We do not use that phrase here because it implies that the 
pipe constitutes the sole structural element of the pipe and soil system. Most 
buried pipe (flexible and rigid) are not capable of performing as an independent 
structure under earth loads without the benefit of uniform bedding and lateral soil 
support; thus, it is the interaction of the pipe with the surrounding soil that forms 
a structure. We will refer here to "pipe-soU interaction" to emphasize the 
importance of both the pipe and the soil in providing a viable structure. 

The emphasis on pipe-soil interaction suggests that design of pipe for earth 
loads is an interactive process of designing both the pipe and the soil envelope 
around it. If engineers allow different types of pipe in a specification, they must 
separately consider, for each type of pipe, if the backfill specification is appropriate. 
The pipe and the soil together constitute an engineered system. 

Flexible Pipe 

What constitutes a flexible pipe installation is often discussed among experts 
and various definitions have been put forth. This paper will work with the 
imprecise definition of a flexible pipe as a pipe with relatively low flexural stiffness, 
such that when vertical earth load is applied the pipe will deflect downward 
vertically and outward horizontally. This outward horizontal deflection mobilizes 
passive lateral soil support for the pipe, in turn preventing further downward vertical 
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deflection. Thus, pipe deflection is controlled more by soil stiffness than pipe 
flextural stiffness. This definition emphasizes pipe-soil interaction as discussed 
above. 

One of the benefits of this flexible behavior is that the quality of the 
installation can be readily checked via a deflection test after installation is 
complete. 

Soil Density and Soil Stiffness 

One of the chief purposes of a standard practice for installation of flexible 
pipe is to provide guidance to the pipeline installer in providing suitable, uniform 
soil support such that the pipe will perform successfully as a conduit, culvert, 
sewer or any other purpose for which it was designed. The primary soil property 
that provides this support is stiffness. In engineering terms soil stiffness is 
measured as a modulus. The most common modulus used to define soil stiffness 
around a buried pipe is the modulus of soil reaction or "E' ". This is the semi- 
empirical term used in Spangler's equation to calculate pipe deflections (1,2) and 
is not a true material property. 

The importance of soil stiffness is not always evident in practice because 
installation specifications rely on measurement of soil density for field quality 
control and no direct correlation between percent of Proctor density and soil 
stiffness exists. There is even considerable confusion about density specifications, 
i.e. the differences between standard Proctor, modified Proctor and relative density. 
This is also important but is outside the scope of this paper. 

The varying relationship between soil stiffness and soil density can be 
demonstrated with the recommended values of E' developed by Howard (3). 
Howard proposed a table that related values of E' to soil density for various 
general types of soil. This table has since been reproduced in many publications 
and adopted by some standards. Although normally listed in tabular form, Figure 
1 is a graphic presentation of the relationships proposed by Howard. Examination 
of Figure 1 shows that a fine grained soil with less than 25 percent coarse 
particles must be compacted to 95 percent of maximum standard Proctor density 
to achieve the same soil stiffness (i.e. the same value of E') as crushed stone that 
is simply dumped around a pipe, 

COMPACTIVE ENERGY 

One of the major economic decisions in the design of buried pipe 
installations is the cost of achieving the required soil stiffness (E'). A processed 
granular backfill material will cost more to purchase, but, as shown in Figure 1 will 
provide high soil stiffness (as measured by E') at a low percent of maximum 
Proctor density, i.e. with relatively little compactive effort. A fine-grained backfill 
may be very inexpensive as a material (it may be the same material that was 
excavated from the trench) but may require compaction to a significantly higher 
percent of maximum Proctor density to achieve the same level of soil stiffness. 
The increased amount of compactive energy required relates directly to an increase 
in installation costs. 

The relative cost of compaction, as indicated by required compactive energy 
is demonstrated in Figure 2, by Selig (4). This figure shows the percent of 
maximum density achieved in various types of soil as a function of the percentage 
of the total energy specified in AASHTO T-99 (ASTM D698, also known as the 
standard Proctor test). Figure 2 shows that a coarse grained soil can be installed 
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to 90 percent of maximum standard Proctor density with about one third the 
compactive energy required for a fine grained soil with less than 25% fines. 
Furthermore, Figure 1 then shows that at about 90 percent of maximum density 
the coarse grained soil will have an E' of 2000 psi (13.8 MPa) while the fine 
grained soil will have an E' of 400 psi (2.75 MPa). Thus with a coarse grained soil 
five times the soil stiffness is achieved with one third of the compactive effort. 

Table t is a combination of Figures 1 and 2 that demonstrates the relative 
amount of energy required to achieve a specific value of E'. This approximates 
the relative cost of achieving soil stiffness. As discussed later, D 2321 indirectly 
considers a value of 1000 psi (6.89 MPa) as the recommended minimum value of 
E' for typical installations. Table 1 shows that about seven times the energy is 
required to achieve this soil stiffness in a silty clay compared to a gravelly sand. 
This is a significant difference in installation requirements and cost; yet, even this 
may be optimistic, since the comparison is made at optimum moisture contents. 
If the soil moisture contents are at other than optimum then the relative cost of 
compacting fine grained soils is even higher. 

The above discussion shows that Table 1 may be used in a general fashion 
to determine the relative installation cost of a soil for comparison with the cost of 
the soil itself to reach an economic decision about overall costs. It may often be 
the case that using "expensive" granular backfill is economical when compaction 
costs are considered. 

Another indirect consideration in evaluating costs is the cost of quality 
control. The increased level of effort required to achieve high soil stiffness in fine 
grained soils will also generally mean increased levels of monitoring and inspection 
for quality assurance purposes. 

OTHER GENERAL ASPECTS OF FLEXIBLE PIPE BEHAVIOR 

The above discussion relates to the general behavior of flexible pipe. There 
are a great number of situations that occur in the field that can influence that 
behavior and these must be addressed in any comprehensive installation standard. 

Native in-sitv soil stiffness versu~ pioe embedment stiffness: Passive soil 
support at the sides of a pipe is derived from the stiffness of the pipe embedment 
soil and, when buried in a trench, the stiffness of the native in-situ soil in the 
trench wall. Thus, the trench width and the relative stiffness of the pipe 
embedment and native in-situ soils must be considered. 

Water: The presence of excessive water is typically one of the biggest 
problems faced during installation. Sometimes the absence of water will make it 
difficult to achieve specified compaction levels in fine grained soils. 

Bedding and haunching: The bedding, the soil on which the pipe rests 
(Figure 3) should provide a firm base for the pipe that will not settle beyond 
acceptable limits. The bedding should also isolate the pipe if the native soil is too 
hard. Because of difficulty of access, the soil in the haunch zone (Figure 3) 
generally needs to be compacted by hand, making it the most difficult area  in 
which to achieve uniform soil properties. 

The manner in which these items are addressed in D 2321 and D 3839 is 
discussed below. 
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Table 1 

Energy (1) Required to Achieve Soil Stiffness 

Soil 
Type (2) 

400 

Modulus of Soil Reaqtion - E'. (Dsi) (3) 

1000 2ooo 30oo 

Gravelly 
sand (SW) _<5 10 17 30 

Sandy 
Silt (ML) 25 33 40 _>100 

silty 
Clay (CL) 50 70 _>100 _>100 

Notes: 

1. Energy expressed as a percent of the energy specified in AASHTO T-99 
(standard Proctor test) 

2. Soil types correspond to Howard soil descriptions as follows: 

Gravelly Sand (SW) = coarse grained soil _<12%, fines 
Sandy Silt (ML)= fine grained soil, liquid limit <50 and more than 25% 
coarse grained particles 
Silty Clay (CL)= fine grained soil, liquid limit _<50 and less than 25% coarse 
grained particles. 

3. 1 psi = 6.89 kPa 

IMPROVEMENTS TO ASTM D 2321 

Soil Types 

The revised version of D 2321 expands the description of soil types by not 
only describing soils in physical terms, such as gradation, but also in practical 
terms such as: 

�9 compactibility - This is a subjective term used to describe the relative amount 
of compactive energy that must be supplied to produce acceptable levels of 
soil stiffness (as was demonstrated in Table 1). Guidance is also provided 
on appropriate types of compaction equipment required for different classes 
of soil. 

�9 susceptibility to migration - When an open-graded soil is placed next to a 
soil with substantial fines, the movement of water can carry the fines into 
the voids in the open coarse graded material. This mixing can result in a 
net loss of soil volume that will in turn result in a loss of soil support to the 
pipe and an increase in pipe deflection. This is the major concern in using 
open-graded backfill materials that are otherwise very compactible. Migration 
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can be controlled by geotextile filter fabrics or by specifying appropriate 
gradations for adjacent materials. Appendix X.1 to D 2321 provides criteria 
for evaluating the gradation of adjacent materials. 

Trench Construction 

In the area of trench construction, the revised version of D 2321 provides 
more background and more definitive information in several areas related to trench 
construction. 

Dewatering - As noted above the control of groundwater is one of the most 
difficult tasks encountered in installing buried pipe and an area with many pitfalls. 
D 2321 provides guidance in areas where the installer should pay particular 
attention. 

The water table should be kept below the bottom of the pipe trench 
excavation to such an extent as to provide a stable and sound foundation 
and bedding and to allow proper assembly of the pipe and proper 
compaction of most soil types. 



288 BURIED PLASTIC PIPE TECHNOLOGY 

Table 2 

D 2321 Guidelines for Use of Class III Soil Around Buried Pipe 

General Recommend=ions 
and Re=rictions 

Found~ion 

Bedding 

Haunching 

Initial Backfill 

Embedment Compaction 

Final Backfill 

Do not use where water conditions in 
trench may cause instability. 

Suitable as foundation and for 
replacing over-excavated trench 
bottom as restricted above. Do not 
use in thicknesses greater than 12 in. 
total. Install and compact in 6 in. 
maximum layers. 

Suitable only in dry trench conditions. 
Install and compact in 6 in. maximum 
layers. Level final grade by hand. 
Minimum depth 4 in. (6 in. in rock 
cuts). 

Suitable as restricted above. Install 
and compact in 6 in. maximum 
layers. Work in around pipe by hand 
to provide uniform support. 

Suitable as restricted above. Install 
and compact to a minimum of 6 in. 
above pipe crown. 

Minimum density 90% Std. Proctor. 
Use hand tampers or vibratory 
compactors. Maintain moisture 
content near optimum to minimize 
compactive effort. 

Compact as required by the engineer. 

�9 Oewatering should be completed in such a fashion that fines are not 
removed from soils that will stay in place (e.g. water coming out of pumps 
should not be muddy), since this may cause subsequent loss of support to 
the pipe. It also should be completed to assure that soils behind sheet 
piling do not wash into the trench, leaving voids that will have a deleterious 
effect on the pipe after the sheeting is removed. 

Backfilling - D 2321 and D 3839 both provide sketches to classify the most 
important areas of the backfill (Figure 3). D 2321 now includes a table that notes 
special considerations for each of the soil classifications when used in each of the 
major backfill areas. The part of this table that pertains to what D 2321 calls Class 
III soils (coarse grained soils with more than 12 percent fines) is reproduced in 
Table 2. The table notes such important matters as the compactibility in wet and 
dry conditions, minimum and maximum lift thicknesses and recommended types 
of compaction equipment. The table also recommends a minimum percent of 
standard Proctor density at which a given soil type should generally be used. This 
minimum is based on providing a soil stiffness (E') of at least 10(X) psi (6.89 MPa), 
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which is considered adequate for typical pipe installations. This should always be 
given careful consideration when designing for specific conditions. 

Commentarv 

Appendix X.1 to D 2321 is a commentary on the major variables that affect 
pipe-soil interaction and pipe behavior. The commentary emphasizes the 
importance of verifying the quality of installation during and after construction 
whenever possible. This includes monitoring soil density as embedment is placed 
and compacted around the pipe, and/or monitoring pipe deflection levels with a 
defiectometer or a properly sized go no-go mandrel after the backfill is placed in 
its entirety. The commentary notes the desirabUity of waiting thirty or more days 
after construction before measuring deflections. This allows for a period of soil 
consolidation and stabilization after backfilling. On large projects, designers should 
consider deflection checks after installing the first sections of pipe. This practice 
can detect problems with backfilling procedures before they are multiplied over an 
entire project. 

Guidelines for Specifications 

D 2321 now includes an Appendix X.2 titled "Recommendation for 
Incorporation in Contract Documents =. This Appendix provides a list of sections 
of the standard where information provided is general in nature and where more 
specific information should be provided whenever available. 

This recognizes that the number of soil types, water conditions, burial depths, 
construction methods and pipe materials are such that a standard practice such 
as D 2321 can not address all possible situations. 

IMPROVEMENTS TO D 3839 

The proposed revisions to D 3839, the standard practice for installing 
fiberglass pipe, are still being developed. The general guidance that will be 
provided in the body of the standard will be similar to that in D 2321 because 
both standards are concerned with the behavior of flexible pipe. This section will 
focus on perceived problems with the methods that are currently used to estimate 
field deflections in the Appendix to D 3839 and modifications being considered to 
address those problems. 

Backfill Soil and Native Soil 

When a pipe is installed in a trench both the native material in the trench 
and backfill material will contribute to the soil support provided to the pipe. This 
is a function of the stiffness of the two individual materials, the width of the trench 
and the diameter of the pipe. The Spangler equation for calculating deflection 
offers no method to treat this situation. Leonhardt (5) developed a simple 
interaction equation that considers the important parameters and computes a 
factor((') that, when multiplied by the E' value for the trench backfill, produces a 
composite value of E'. The Leonhardt expression is: 

1.662 + .639I B -  11 
= Eq.  (1) 

(. I B -  11 + E 1.662- "361I B -  11" ]  E~ 
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Where E_ is the value of E' for the trench backfill, ~ is the value of E' for 
the native in-si~u material and B/D is the ratio of the outside pipe diameter to the 
trench width. The derivation of this factor assumes that when a trench is five pipe 
diameters or wider that the native material has no effect on pipe behavior. This 
Leonhardt factor can be used to help engineers decide how wide a trench must 
be when the native materials are very soft. 

Behavior of S0il~ 

When making analytical models of soils there is always a problem in 
determining properties because soils are both variable and nonlinear. As was 
noted, the modulus of soil reaction, E', is semi-empirical in nature and there is no 
practical test method available to determine a value for this parameter for a 
specific type of soil. The use of E' implies a linear relationship between load and 
deflection in a buried pipe, even though actual soil behavior and therefore, buried 
pipe behavior, is nonlinear. Since the standard values of E' (Figure 1) were 
determined over a wide range of soil types and over typical ranges of soil depths 
they are suitable for typical installation conditions; however, if a designer wants 
values for E' for a specific soil type, or wishes to consider the effects of depth of 
backfill there is currently no guidance offered in D 3839. The task group revising 
D 3839 is considering methods to handle these situations as discussed here. 

On~ dimensional modulus: The one dimensional modulus (M~), also called 
the constrained modulus, is a measure of the stiffness of a rfiaterial when 
subjected to a uniaxial stress and no lateral strain is allowed. It is related to 
Young's modulus by the equation: 

E(1 - v) 
Ms = (1 + v)(1 - 2v) Eq. (2) 

Where E is Young's modulus and v is Poisson's ratio. 

Values for the one dimensional modulus can be determined from a test 
where the soil is compacted to the desired density in an appropriately sized 
consolidation ring and then subjected to an increasing amount of vertical stress 
while monitoring vertical strain. The results can be used to plot a stress strain 
curve, as shown in Figure 4. The one dimensional modulus for any given vertical 
stress is the instantaneous slope of the curve at that stress as shown at stress p, 
in Figure 4. An average value for M s over a given range of loads can b~ 
computed as the slope of the secant from the starting point of the range to the 
end point of the range, as shown for stress 0 to Pv in Figure 4. 

Research by two of the authors (6) has shown that the one dimensional 
modulus may be substituted directly for values of E' in the Spangler equation. 
This allows a designer to run a test on a specific soil to determine soil stiffness. 
By applying load incrementally and using appropriate values of M s , as shown in 
Figure 5, the designer can also approximate nonlinear soil behavior. This method 
uses lower values of M s for shallower burials and higher values for deeper burials, 
even though the soil may be the same type and compacted to the same density. 
This reflects the effect of greater soil confinement at greater depths of fill. 

This increase in soil stiffness with increasing burial depth is an important 
aspect of buried pipe behavior that designers and installers should bear in mind 
when specifying pipe installations. Pipe deflection will occur at a higher rate during 
the early stages of backfilling when the soil is confined by a lower stress. 
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The use of the one dimensional modulus gives designers the opportunity 
to evaluate the actual soils on a project and to better understand how deflections 
will develop with increasing fill height. 

DEFLECTION VARIABILITY 

Deflection calculations result in a single value of deflection for a single set 
of input parameters. In the field, however, deflections will vary along the length 
of a pipeline as a result of inherent variability in soil, moisture, construction 
practices and other factors. We call variability "Installation Deflection" because it 
is a function of the overall installation practice and cannot be predicted by the 
Spangler equation. 

Variability cannot be measured in a laboratory test because it is by nature 
a result of field conditions. Attempts to measure it in the field are limited by the 
number and types of installations that are available for measurement. Until more 
specific guidance is available designers should consider that deflection variability 
is generally reduced when: 

�9 pipe with higher stiffness is used. 

pipes are installed in soils that do not require a lot of energy to compact 
to suitable levels of soil stiffness, (i.e. coarse grained soils) 

�9 specified compaction levels are lower. 

The last two items suggest that variability is increased with increased passes 
of compaction equipment, but no studies have been made to verify this. 

The most important aspect of variability is that it occurs while the pipe is 
being installed and while backfill is being placed to the top of the pipe. Spangler's 
deflection equation (1) only predicts deflection that occurs as fill is placed above 
the crown. The label "Installation Deflection" helps to emphasize this and increase 
concern for control of construction practices. 

SUMMARY 

The reorganization and revision of D 2321 and D 3839 were undertaken to 
provide engineers with a wider range of information on important installation issues, 
and to provide it in a format that is easily referenced and readily incorporated into 
specifications. The revisions reflect a better understanding of the interaction of 
pipe and soil, and of practical construction problems that can affect that 
interaction. The standards should help specifiers develop a better understanding 
of the situations that may occur in the field and prepare for those situations with 
more detailed specifmations. Careful advance study of conditions on any project 
will generally pay dividends in a more precise specification and fewer field 
problems. 
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ABSTRJ~CT: Case history of two large diameter sanitary sewer 
rehabilitation projects in Florida. The projects, located 
in Jacksonville and Tampa, involved the rehabilitation of 
deteriorated reinforced concrete pipe (RCP) by sl ipl ining 
new centrifugally cast fiberglass pipe into the interior of 
the existing RCP. The projects are described from the 
planning stage; including an evaluation of replacement 
versus rehabilitation; the design stage, which specified a 
pipe product that would be a structural- and corrosion- 
resistant alternative to replacement and the construction 
stage, ensuring not only conformance to installation 
requirements but product compliance through laboratory 
testing. 

KEY WORDS: rehabilitation by sl ipl ining, structural and 
corrosion protection, centrifugally cast fiberglass pipe 

Many of the nation's large diameter sanitary sewers installed 20 
or more years ago were constructed either with unlined/ unprotected 
or coal-tar, epoxy-coated concrete sewers. Today many of the 
municipalities who installed these concrete sewers are faced with 
the inevitable task of total replacement or rehabilitation of these 
concrete sewers due to the corrosive effects of hydrogen sulfide on 
the concrete. In the State of Florida the production or generation 
of hydrogen sulfide in the sewers is more significant than in most 
other areas of the country due to the ideal, warm climate and the 
fact that the relatively f lat  terrain dictates the use of gravity 
piping with minimum slopes and requires more pumping and repumping 
of wastes. Each of these factors, temperature, f lat  slopes, and 
depth of flow, pressure mains and long detention times of wastes 
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contribute to an oxygen-depleting and sulfide-producing environment 
which ultimately releases hydrogen sulfide to the pipes. The 
hydrogen sulfide generated in the wastewater stream causes severe 
deterioration of the concrete and steel reinforcing bars. The 
effects of the hydrogen sulfide eventually wi l l  cause catastrophic 
fai lure of these pipes. To combat this problem, many municipalities 
are now in the process of restoring these concrete pipes so that 
such major sewer system failures do not occur. 

In the ci t ies of Jacksonville and Tampa, i t  was recognized that 
a failure of the major interceptor or trunk sewers could seriously 
affect the health and safety of the citizens of the area as well as 
the c i ty 's  economy. Based upon the foregoing, each of the two 
cit ies init iated programs in the early Ig80s to investigate the 
conditions of these important infrastructure links and to establish 
appropriate rehabilitation or replacement requirements. 

This paper wil l  discuss two case histories on large diameter 
sewer system rehabilitation projects in the State of Florida. The 
two projects, 16th Street Trunk Sewer Rehabilitation - Phase I l l  in 
Jacksonville, and Main Outlet Interceptor Rehabilitation Project in 
Tampa, involved the rehabilitation of 1,280 m (4,200 LF) of 1,82g-mm 
(72-inch) diameter reinforced concrete pipe and 3,292 m (10,800 LF) 
of 1,21g-mm and 1,372-mm (48- and 54-inch) diameter reinforced 
concrete pipe, respectively, by sl ipl ining centrifugally cast 
fiberglass l iner as manufactured by HOBAS. The planning, design, 
and construction-related services were provided by Reynolds, Smith 
and Hil ls, of Jacksonville and Tampa, Florida. The Jacksonville 
project was completed by Hall Contracting Corporation and the Tampa 
project was constructed by Kimmins Contracting Corporation. The 
projects are described from the planning stage, including an 
evaluation of replacement versus rehabil i tation; the design stage, 
specifying a pipe product that would be both structurally sound and 
corrosion resistant; and the construction stage, ensuring not only 
conformance to installation requirements but product compliance 
through laboratory testing. 

PLANNING STAGE 

The planning stage in Jacksonville involved the development of 
a cost-effective program for rehabilitation or replacement of the 
trunk sewer. This program involved four basic steps: 

o 

Evaluation of trunk sewer capacity requirements; 
Evaluation of present sewer conditions; 
Assessment of rehabilitation/replacement methods; 
and 
Formulation of the program plan. 
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The program involved the study of approximately 5,578 m (18,300 
LF) of 1,676-, 1,067- and 2,134-mm (66-, 72-, and 84-inch) diameter 
reinforced concrete sewer pipe (RCP). Due to the enormous capital 
expenditures required for replacement or reconstruction of the 
entire length of this project, the project was divided into six 
phases. Since the most recent project, Phase I l l  (1,280mof 1,829- 
mm diameter) was completed in the last quarter of 1989, this paper 
wil l  address the success of the Phase I l l  project. 

The hydraulic capacity analysis of the trunk line was completed 
to ensure that the rehabilitated or replaced line would be adequate 
to carry the required present and future wastewater flow rates. In 
addition, since many rehabilitation alternatives required removing 
the line from service, a detailed understanding of by-pass pumping 
requirements was included in the analysis of the rehabilitation 
alternatives. The hydraulic capacity analysis was completed by: 

I .  Flow monitoring existing trunk sewer to determine 
average and peak flow conditions; 

2. Performing sewer hydraulic capacity comparison 
between existing concrete pipe and new 
rehabilitated pipe (reduced diameter); and 

3. Determining future flow requirements. 

Based on this data, i t  was determined that by-passing fac i l i t ies  
installed to divert flow during construction should be designed to 
handle an average daily flow of 20 MGD and a peak flow of 50 MGD. 
This meant install ing temporary or portable pumps capable of pumping 
approximately 35,000 GPM plus a major network of aboveground force 
mains. 

Table No. ] presents the results of the sewer hydraulic capacity 
comparison between the existing reinforced concrete pipe and a 
proposed plastic/fiberglass l iner pipe or other rehabilitation 
methodology which reduces the internal diameter. From this 
evaluation, i t  was determined that the existing hydraulic capacity 
of the sewer could be maintained even though the internal diameter 
(I.D.) was reduced a total of 153 mm to a final I.D. of 1,676 mm. 
The use of an inserted pipe material such as a fiberglass or plastic 
l iner would, of course, reduce the cross-sectional area of flow but, 
due to the extremely smooth flow characteristics of fiberglass, the 
f r ic t ion factor or roughness coefficient is lower which results in 
the flow carrying capacity of the new 1,676-mm diameter pipe to be 
greater than the original 1,82g-mm diameter RCP. 

A review of the future flow projections for this line found that 
the existing 1,82g-mm RCP or a new 1,676-mm fiberglass/plastic pipe 
would be adequate to transport flows through this reach. 

Table I also presents the comparison of the flow capacities of 
the existing and proposed (planning stage) pipe with the actual pipe 
installed. The l iner pipe, centrifugally cast fiberglass pipe 
manufactured by HOBAS, had a nominal diameter of 1,676 mm; but due 
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TABLE I -- Sewer Hydraulic Capacity Analysis 

City of Jacksonville - I6th Street Trunk Sewer Rehabilitation - Phase I I I  

Existinq Proposed (c) Actual (d) 
Internal S l o p e  Capacity Internal Capacity Internal Capacity 
Diameter % (N=0.013) D iameter  (N=O.OIO) Diameter  (N=O.IO) 
1,829 mm 0.092 (a) 83.2 MGD 1,676 mm 85.8 MGD 1,708 mm 90.4 MGD 
1,829 mm 0.050 (b) 61.3 MGD 1,676 mm 63.2 MGD 1,708 mm 66.4 MGD 

(a) - 
( b )  - 

(c) - 

( d )  - 

Maximum slope on project. 
Minimum slope on project. 
Based on fiberglass/plastic pipe with n = 0.010. 
Based on actual pipe provided on project; 
Hobas centrifugally cast fiberglass pipe. 
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to an oversized internal diameter, this pipe was actually 1,708 mm 
in diameter which provided a flow capacity increase of almost nine 
percent over the original 1,82g-mm diameter RCP and f ive percent 
over the capacity of the proposed 1,676-mm diameter. 

The next step in the planning program was the evaluation of the 
structural conditions of the existing sewer. An actual walk-through 
inspection was performed to measure the depth of concrete or rebar 
deterioration and core samples of the existing pipe were obtained to 
perform a detailed structural analysis. The core sampling was used 
to veri fy present compressive strength of the concrete, the 
thickness of the existing concrete pipe, and the depth of corrosion 
on the inside face of the pipe. The evaluation of this f ie ld data 
determined that the l ine was in an advanced stage of deterioration 
and had become severely weakened by the corrosion in the pipe. In 
the Phase I l l  project, which had an original concrete thickness of 
178mm (seven inches), the concrete loss ranged from 64 mm to 114 mm 
at the spring l ine and 38mm to 8gmm at the crown. The inner layer 
of reinforcing steel was completely deteriorated. I t  was estimated 
that the flexural capacity of the outer cage of reinforcement was 
just above the capacity required to carry the backfi l l  and l ive 
loads on al l  reaches. The l i f e  expectancy of much of this l ine 
section was estimated to be, at best, only f ive years. 

In Tampa, the in i t i a t ion  of a planning program in the early 
Ig80s was prompted by various collapses of the c i ty 's  large diameter 
concrete interceptors. This program involved the determination of 
the structural condition of the existing interceptor sewers, an 
evaluation of the existing sewer l ine capacity and, ultimately, the 
development of a program for replacement or rehabi l i tat ion. The 
study to determine the structural s tab i l i t y  of the c i ty 's  
interceptor sewers began with an evaluation of techniques for 
determining the actual condition of the large diameter concrete 
sewers. Methods such as ground-penetrating radar, ultrasound, and 
electromagnetic pulse were analyzed. Ultimately, a methodology was 
developed, referred to as "Sonic-Caliper measurement," to determine 
the internal dimensions of the sewers. This technique used the 
travel-time measurement of a sonic signal to determine the distance 
from a sonic transmitter to the target. 

The actual investigation work involved the movement of an 
instrument raf t  through the interceptor sewer system. The end 
result of this effort was longitudinal plots showing original pipe 
diameter, water level during inspection, measured crown location, 
and the amount of debris measured in the invert. The study verif ied 
the concrete loss in the pipe at an accuracy of 13 mm. Lines found 
to be in the most c r i t i ca l  condition were pr ior i t ized for 
rehabi l i tat ion or replacement. 

One of the interceptor sewers that was the subject of this study 
was the Main Outlet Interceptor which was comprised of 2,347 m of 
1,372-mm diameter reinforced concrete pipe and 945 m of 1,21g-mm 
diameter reinforced concrete pipe. This l ine was found to have 
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serious structural problems and rehabilitation/replacement was 
imminent. Concrete loss in the original 127-mmwall of the 1,372-mm 
diameter RCP was up to 76 mm in the crown of the pipe. 

Prior to selecting a rehabilitation or replacement option, a 
hydraulic capacity analysis was conducted to ensure that the 
renovated/replaced sewer interceptor could adequately transport the 
required wastewater volumes. Table 2 shows that, i f  a smooth 
fiberglass/plastic pipe is used, the existing interceptor sewer 
could be reduced in diameter by 152 mm; 1,372 mm reduced to a 
1,219 mm, and 1,219 mm reduced to a 1,067 mm; and s t i l l  maintain 95% 
and 91%, respectively, of the two pipes' original flow-carrying 
capacity. I t  was determined from this analysis that the flow 
capacities of the new 1,21g- and 1,067-mm diameter pipe would be 
acceptable for a rehabilitation option such as sl ipl ining. Table 2 
also presents the flow comparison of the actual l iner pipe installed 
on the project versus the original and proposed (planning stage) 
pipes. From this table, i t  is evident that the use of the HOBAS 
centrifugally cast fiberglass pipe with an oversized internal 
diameter (for example, the nominal 1,21g-mm diameter was actually 
1,245 mm) produced much better results than originally proposed. 
Instead of a five percent flow loss compared to the original 
capacity of the 1,372-mm diameter RCP, the HOBAS pipe provided no 
loss of hydraulic capacity. In comparison to the original 1,067-mm 
diameter RCP, the centrifugally cast fiberglass pipe improved to 
only a four-percent loss of hydraulic capacity compared to the 
previous estimate of nine percent. I f  factors such as Manning's "n" 
of O.OOg is taken into consideration, as recommended by the 
manufacturer, then the nominal ],067mmwould actually be considered 
to have no loss of hydraulic capacity. 

In both Jacksonville and Tampa, the process for determining the 
procedure for repairing or replacing the deteriorated sewers 
involved the evaluation of various rehabilitation techniques and 
total replacement. Of the many rehabilitation alternatives 
available, the sl ipl ining of new liner pipe into the existing 
reinforced concrete pipe was found to be the most favorable option. 
Basically, the sl ipl ining alternative involved the placement of a 
new fiberglass/plastic pipe, which is structurally sound and 
corrosion resistant, into the interior of the deteriorated sewer 
pipe. The new liner pipe extends the l i fe  of the old sewer and 
eliminates excessive excavation work associated with a new 
installation. 

The s l i p l i n ing  option, a proven method for rehabi l i ta t ing 
deteriorated sewers, has been act ive ly  u t i l i zed  in the smaller 
diameter sewer rehab i l i ta t ion  programs over the last  two decades. 
Due to the recent development of larger diameter p last ic / f iberg lass 
products in the U.S., s l i p l i n ing  of large diameter concrete or brick 
sewers with these new l iner  pipes has become a viable method for 
rehab i l i ta t ion .  The greatest advantage of u t i l i z i n g  the s l ip l ine  
process in these two c i t i es  was that the re l in ing operation could 
take place without d iver t ing or by-passing the wastewater flow. Due 



TABLE 2 -- Sewer Hydraulic Capacity Analysis 

City of Tampa - Main Outlet Interceptor 

Existinq Proposed (c) Actual (d) 
Internal S l o p e  Capacity Internal Capacity Internal Capacity 
Diameter % ( N = O . O ] 3 )  D iameter  (N=O.010) Diameter (N=O.]O) 
],372 mm 0.065 (a) 32.6 MGD 1,219 mm 30.9 MGD ],245 mm 32.6 MGD 
],372 mm 0.040 (b) 25.6 MGD 1,219 mm 24.2 MGD 1,245 mm 25.6 MGD 
],2]9 mm 0.072 (a) 25.0 MGD 1,067 mm 22.7 MGD ],090 mm 24.1MGD 
],2Ig mm 0.070 (b) 24.6 MGD 1,067 mm . . . . . . .  22.4 MGD I,OgO mm 23.7 MGD 

(a) - 
( b )  - 
( c )  - 
( d )  - 

Maximum slope on project. 
Minimum slope on project. 
Based on fiberglass/plastic pipe with n = 0.010. 
Based on actual pipe provided on project; 
Hobas centrifugally cast fiberglass pipe. 
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to the quantities of wastewater being transported in these large 
sewers, by-passing is a very costly procedure. 

To compare the selected sl ipl ine rehabil itation alternative to 
the total replacement option, the following cr i ter ia or factors were 
evaluated: 

I. Cost, 
2. Constructability, 
3. Corrosion resistance, 
4. Durability, and 
5. Disturbance. 

A cost comparison developed between the two options found that, 
in both ci t ies, sl ipl ining of fiberglass l iner pipe was a more cost- 
effective alternative than total replacement. For example, in 
Jacksonville i t  was found that total replacement would cost 
approximately 70% more than the sl ipl ining. This was attributed to 
several factors: 

By-passing costs are either substantially reduced 
or not required during the sl ipl ining project. 
By-pass requirements during the replacement 
project involve continuous operation of large 
electric or diesel pumps and maintenance of 
temporary force mains 24 hours a day for several 
weeks or months. 

Compared to sl ipl ining, excavation work during 
replacement is very extensive. Excavation for a 
1,372- or a 1,82g-mm diameter pipe requires 
trenches up to 2.7 to 3.7 m wide for the entire 
length and depth of the instal lation. The 
excavation work required for the sl ipl ining 
project is limited to 3.7 m by 9.1 m insertion 
pits located every 229 to 305 m along the length 
of the project. Therefore, sheeting, dewatering, 
and backfil l ing costs are also substantially 
reduced for sl ipl ining. 

Ut i l i t y  relocation costs for potable water, 
underground, electric, telephone, cable 
television, gas, storm, fiber optics, etc., is 
much greater for the replacement option due to 
the extensive excavation work along the pipeline 
route. Collector sewer reconnection to the new 
sewer is also another factor that pushes the 
replacement cost higher. 

The constructability factor of a project is an attempt to assess 
the complexity of the construction or rehabil i tation project. Each 
alternative involves the performance of a number of sequential tasks 
which, when successfully completed, result in the finished product. 
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The potential for undetected quality or workmanship problems is also 
included in this factor. The sl ipl ining option was considered to be 
the least complex procedure. The rationale for this is that 
sl ipl ining has less potential for installation problems since the 
construction act iv i t ies are limited to the insertion operation and 
grouting of the pipe annulus. Replacement involves signif icantly 
more construction tasks, e.g., excavation and preparation of 
subgrade, pipe bedding compaction, which can have a significant 
effect on the successful construction of this alternative. 

Corrosion resistance was probably one of the most important 
considerations in the evaluation process because of the importance 
of providing a system with long-term protection against hydrogen 
sulfide and other corrosive acids. The fiberglass/plastic l iner 
pipe used in the sl ipl ining work is manufactured from fibers or 
resins which are resistant to specific corrosive environments. 
Since the fiberglass/plastic pipe can also be considered as an 
alternative for direct burial, the two alternatives were rated 
equal. In the case of the installation of new reinforced concrete 
pipe with mechanically bounded PVC, the sl ipl ining option would rate 
somewhat higher. 

Durability, as i t  relates to l i fe  expectancy or the endurance 
characteristics of a material or structure, is a concern. Since the 
fiberglass/plastic pipe could be considered for direct burial, the 
replacement and sl ipl ining alternatives were considered equal. 

Disturbance, such as noise, t ra f f ic  problems, public 
inconvenience, etc., occurs on either replacement or sl ipl ining. 
Conventional construction or installation procedures would create 
signif icantly more t ra f f ic  disruptions and public inconvenience than 
sl ipl ining. In the congested urban areas of Tampa and Jacksonville, 
sl ipl ining requires a minimum interruption of vehicular and 
emergency t ra f f ic .  Also, since the installation work is being 
performed in these congested residential, commercial, and industrial 
rights-of-way, relocating other u t i l i t i es  (water, gas, fiber optics, 
etc.) to accommodate this new line is almost impossible. Therefore, 
i t  was determined that the sl ipl ining alternative would result in 
the least disturbance to these communities. 

When all these factors (cost, constructability, corrosion 
resistance, durabil i ty, and disturbance) were considered in the 
evaluation of the sl ipl ining or total replacement options, the 
sl ipl ining method was found to be the most viable alternative. 

DESIGN PHASE 

Since the structural integrity of the large diameter sewers was 
less than acceptable in both municipalities, the potential for sewer 
collapse has been a major concern of these cit ies for a number of 
years. Therefore, the design cr i ter ia for the project had to be 
written to ensure "that the sliplined pipe was designed and 
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manufactured to be corrosion resistant, structural ly sound, and 
instal led properly so that the newly rehabil itated system would 
perform for many decades. The municipalities not only wanted to 
provide a continuation of sewer service, they wanted assurances that 
the public's health and welfare was protected for the present and 
into the future. Both municipalit ies, aware of the hazards 
associated with the fai lure of large diameter sewers, fu l l y  expected 
the completion of these rehabi l i tat ion projects to provide long-term 
"peace of mind." 

The design cr i ter ia  for the manufacturing of the l iner  pipe used 
on the project was established as follows: 

I .  No consideration of structural load-carrying 
support was given for the existing concrete pipe. 
Liner pipe must be designed as a total structural 
replacement. 

. Pipe must withstand al l  dead loads such as soil 
weight and l ive loads such as H20-44 highway 
loading or Cooper E80 railroad loading. Weight 
of soil was given as 120 Ibs/cu. f t .  and depths 
were as detailed on the drawings. 

. Water table (hydrostatic pressure) was 
established as being one (0.3 m) foot below 
finished grades. 

. Liner pipe must withstand a minimum of f ive psi 
grouting pressure. 

. Pipe material must be corrosion resistant and 
unaffected by hydrogen sulfide and other 
corrosive gases normally found in domestic 
wastewater streams. 

. Pipe must withstand al l  jacking loads during 
instal lat ion.  

. Minimum pipe stiffness, in accordance with ASTM 
D-2412, was established as 18 psi for 
Jacksonville and 36 psi for Tampa. 

. Pipe must be manufactured and tested in 
accordance with applicable nationally recognized 
AWWA and ASTM standards. Centrifugally cast 
fiberglass pipe installed on the project was 
manufactured in accordance with AWWA cg50. 

. A minimum factor of safety of 2.5 was required on 
al l  design calculations. 
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In order to ensure that the l iner pipe manufacturer s t r ic t ly  
adhered to the project design cr i ter ia,  each Bidder, as a 
requirement of the contract documents, had to provide a Design 
Submittal with his bid proposal. This procedure allowed the 
Engineer to review all design calculations from the manufacturer so 
that product compliance could be confirmed prior to award of the 
contract. By analyzing the pipe product (at least from a design 
standpoint) and locking into a particular manufacturer prior to the 
bid award, meant that the cit ies would know, precisely, the pipe 
product to be uti l ized before contracts were signed and would also 
benefit from the best overall pipe price. Many times after the 
lowest bidder has received the contract, the bidder, by using the 
leverage of a signed contract, may shop around for a lower pipe 
price which would not benefit the municipality. 

The specifications developed for the project included procedures 
for cleaning and preparing the existing concrete pipe, install ing 
the l iner pipe and performing the grouting work. The key to the 
success of the installation of the new l iner pipe is the proper 
cleaning and preparing of the deteriorated concrete sewers. 
Specifications were written to ensure that all sand, sludge, 
deteriorated rebar, and debris were removed from the sewer line. 
Project guidelines also detailed that all obstructions and leaks 
were removed or repaired prior to attempting the sl ipl ine activity. 

Since the pipe installation guidelines as published by ASTM or 
AWWA for the fiberglass/plastic pipe are written around direct- 
burial installation only, specifications had to be developed for the 
sl ipl ine operation. In lieu of detail procedures directing the 
contractor as to how to install the pipe, certain guidelines were 
established to ensure proper instal lation. These guidelines were 

I) Optimum location of pits to control length of jacking 
operation; 

2) Homing marks installed on all pipe to ensure proper joint 
instal lat ion; 

3) Limitations on pipe deflection and jo int  separation; and 
4) Limitations on length of pipe in order to minimize use of 

pipe joints. 

The actual l iner pipes uti l ized on the 16th Street Trunk Sewer 
Rehabilitation - Phase I l l  and Main Outlet Interceptor were HOBAS 
centrifugally cast fiberglass pipe. These pipes were manufactured 
in accordance with ASTM D3262 and AWWA cg50. The pipe, including 
fabricated bends and shorts, were designed to withstand all dead and 
live loads, external hydrostatic pressure and grout pressures. The 
pipe was designed to resist buckling in accordance with AWWA C950. 
The buckling analysis accounted for a combination of dead, live, and 
hydrostatic loads and a modulus of soil reaction (E) of 2000 psi. 
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CONSTRUCTION PHASE 

The construction phase act iv i t ies related to sl ipl ining vary 
substantially from conventional direct burial pipeline installation. 
First and foremost is the minimum amount of excavation work that is 
required to complete the sl ipl ineproject.  Sliplining involves only 
periodic excavations along the route compared to a continuous 
excavation for direct-bury. This is a tremendous advantage in the 
congested ci ty rights-of-ways of today. Generally, the sl ipl ining 
procedure is conducted as follows: 

o Construction of insertion pits, 
o Preparatory cleaning and pipe condition verif ication, 
o Insertion of new liner pipe, 
o Liner pipe closure, and 
o Grout f i l l  annular space between l iner and existing 

concrete pipe. 

The insertion pits used on the two projects were approximately 
3.7 by 9.1 m except at certain pipe bends which were 3.7 by 12.2 m 
or 3.7 by 18.3 m. The construction of these pits included steel 
sheeting, excavation, u t i l i t y  relocation, removal of crown of RCP, 
backfilling and compaction. Pits were located at various intervals 
to fac i l i ta te the pushing of the new l iner or to allow the 
installation of a prefabricated bend. 

The preparatory cleaning phase of the project is the removal of 
solids, sludge, rocks or dislodged pipe materials (concrete and 
rebar) to allow the designated sewer section to be rehabilitated. 
This operation also includes the removal, dewatering and proper 
disposal of the sewer waste. Due to the huge volume of debris in 
these large diameter sewers, the cleaning operation is the most 
time-consuming component of the project. The contractor can spend 
80% of the total contract time in just the cleaning effort alone. 
Also, the limited avai labi l i ty and effectiveness of conventional 
sewer cleaning equipment may require the contractor to develop his 
own equipment and/or procedures. The cleaning effort/procedure is 
the major reason why sl ipl ining of large diameter sewers is so much 
more d i f f i cu l t  than conventional sl ipl ining of small diameter 
sewers. 

Prior to beginning the sl ipl ining work, the exiting pipe is 
inspected either visually or by television camera to ensure that no 
blockages or major leaks are occurring in the concrete pipe. Any 
obstructions or major leaks are repaired prior to inserting the new 
liner pipe. 

The actual installation of the l iner pipe can be a smooth 
operation i f  the sewer has been properly cleaned and sufficient 
annular space is available between the l iner and the existing pipe. 
The centrifugally cast fiberglass pipe uti l ized on the Jacksonville 
project has an outside diameter of 1,758 mm which provided an 
overall clearance of 71 mm in the 1,82g-mm pipe. In Tampa, the 



COLLINS ON LARGE DIAMETER SEWER REHABILITATION 309 

outside diameter was 1,311 mmand 1,151 mmwhich provided clearances 
of 61 mm in the 1,372-mm pipe and 69 mm in the 1,21g-mm pipe. 

The sl ipl ining begins by lowering the l iner pipe into the 
insertion pit  and placing the pipe into the open concrete pipe. The 
l iner pipe is then pushed into the existing sewer. The pipe is bell 
and spigot and all joining of the pipe sections is completed in the 
pi t  area. Depending on flow conditions, the l iner pipe can be 
pushed in both directions. 

Prior to installation of any l iner pipe on either project, a 
close inspection was performed on each piece of pipe by the project 
inspector. The pipe was inspected for defects such as cracks, 
spl i ts,  imperfect bell or spigot, and general defects which would 
effect the pipe's performance and/or joining abi l i ty .  

During the instal lation, certain guidelines were established to 
ensure that proper installation procedures were uti l ized. Generally 
these guidelines were: 

I) Existing line is to be properly cleaned prior to 
installation of l ine; 

2) Bell and spigots shall be as clean as possible and gasket 
properly placed; 

3) Bell and spigots shall be "homed" in accordance with 
manufacturer's homing marks; 

4) Bell and spigots shall be protected from mechanical injury; 
and 

5) Limitation on length of l iner pipe. 

After sl ipl ining in both directions of the insertion pit  is 
completed, the new line is closed with a prefabricated bend or 
mechanical coupling. The insertion pits are then closed by pulling 
sheeting, backfilling/compacting the excavated soil and then 
restoring surface materials. 

The rehabil itation work is completed bycompletely grout- f i l l ing 
the annular space between the l iner and the concrete pipe. 

In Jacksonville, the construction project involved the 
installation of 1,280 m of 1,676-mm nominal diameter HOBAS 
centrifugally cast fiberglass pipe. Prior to the shipping of the 
l iner pipe to the job-site, the manufacturer performed project 
verification testing on the new pipe. The testing was performed at 
the manufacturer's North Florida plant and witnessed by the 
Engineer. The testing performed on the pipe was 

Pipe stiffness testing in accordance with ASTM D2412, and 
Hydrostatic pipe testing of 10 psig for three minutes. 

The results of the tests proved that the pipe products met the 
project design cr i ter ia and the pipe was approved for shipment. 
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On the Phase I l l  project in Jacksonville, the pipe manufacturer 
and contractor had to overcome several d i f f i cu l t  applications. 
These problem areas were: 

I) 

2) 
3) 

4) 

Large quantities of sand and dislocated, hanging rebar 
presented a monumental cleaning task; 
Four 1,82g-mm ninety-degree bends; 
Existing pipe sections under railroad tracks were deemed as 
cr i t ical  due to concrete deterioration; and 
Approximately 213 m of the trunkline had very serious 
structural problems. Concrete loss was so severe that only 
25 to 51 mm of the original ]78-mm thick wall remained at 
the crown. Since this pipe section had experienced two 
previous cave-ins, an emergency repair plan had to be 
implemented in case of failure prior to the completion of 
the sl ipl ining. 

The cleaning work required an enormous effort by the contractor 
to remove, dewater, and dispose of the wastes in the trunkline. 
This was complicated by the fact that new debris was constantly 
entering the trunk sewer through a collector line which tied into 
one of the upstream sections of the project and that several large 
rainfall events occurred during the project which transported debris 
into the construction area. Eventually, the pipe was adequately 
cleaned and the sl ipl ining work proceeded. 

The ninety-degree bends on the project were repaired by 
constructing insertion pits over the bend area and installing 
prefabricated centrifugally cast fiberglass pipe elbows. These 
bends were closed by mechanical couplings when required. 

The repair of the cr i t ical  sections of the concrete pipe was 
accomplished successfully without having to implement any emergency 
plan of action. In fact, the contractor installed over 488 m of 
1,676-mm diameter fiberglass pipe in the 1,82g-mm concrete pipe in 
less than one week. The sl ipl ining accomplished during this week 
included the cr i t ical  sewer sections. Therefore, the completion of 
sl ipl ining in these areas prevented the occurrence of a serious 
public safety and health hazard. 

The Tampa sl ipl ining project involved the rehabilitation of 
3,292 m of 1,372-mm and 1,21g-mm diameter pipe by install ing 1,219- 
mm and ],067-mmnominal diameter HOBAS centrifugally cast fiberglass 
pipe. Confirmatory pipe product testing was performed at the 
manufacturer's plant in the presence of the c i ty  and the Engineer. 
These tests were comprised of the parallel plate test or pipe 
stiffness test in accordance with ASTM D2412 and hydrostatic pipe 
testing. The tests confirmed the pipe design and the pipe was 
shipped to the project site. Several items on this project 
presented potential problems to Kimmins Contracting Corporation, the 
contractor for the Main Outlet. The single most d i f f i cu l t  problem 
was the cleaning of the interceptor line. Unfortunately, debris in 
a major portion of the 1,372-mm diameter concrete sewer was at a 
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depth of 457 to 914 mm. This required a 24-hour cleaning operation 
to effectively clean this reach for sl ipl ining. After many months 
of cleaning these sewer sections, the contractor was set to begin 
his sl ipl ining work. 

Other potential obstacles were a 53-degree bend with a radius of 
approximately 366 m and four short radius bends of 20, 22, 51, and 
90 degrees. The long radius bend was sliplined by inserting three 
m sections of fiberglass pipe into the 1,371-mm diameter concrete 
pipe. This work was completed without any problems due to the 
smooth outside surface of the fiberglass pipe and the shortened 
length of the pipe. 

The 22- and gO-degree bends were rehabilitated by constructing 
insertion pits and install ing prefabricated bends or elbows. The 
other bends were completed with short lengths of fiberglass liner 
pipe. 

After the installation of all l iner pipe was completed on these 
two trunk sewer systems at Jacksonville and Tampa, the annular space 
between the l iner pipe and existing reinforced concrete was 
completely grouted with 3,000 psi concrete. The grouting of the 
void not only secured the fiberglass pipe in place permanently but 
prevented any future collapse of the existing deteriorated concrete 
pipe. 

CONCLUSION 

The completion of the two rehabilitation projects marked an end 
to the serious concern each municipality had about the tol l  that 
corrosion, age, and wear had taken on their concrete trunk sewer 
systems. The exceptional corrosion resistance and structural 
s tab i l i ty  of the new fiberglass l iner pipe assures the cit ies that 
the public welfare, safety, and economy has been protected. 

By selecting the sl ipl ining rehabilitation alternative, these 
municipalities were saved the inconvenience and social costs 
associated with the conventional direct-bury installation. These 
social impacts--such as disrupting vehicular, emergency, and 
pedestrian t ra f f ic ,  and creating noise, vibration, and air pollution 
during the extensive trench construction; and social costs--such as 
u t i l i t y  relocation, by-pass pumping, extensive excavation, 
dewatering, backfi l l , and pavement replacement associated with 
conventional pipeline construction--were substantially reduced on 
these sl ipl ining projects. The success of the rehabilitation 
program in these two municipalities proves that the "slipl ining" 
option was the most viable and cost-effective alternative for 
restoring the structural integrity and corrosion resistance of these 
large diameter sewers. 
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l~lyethylene pipes far irri~dml and municipsl ~ have been 
installed sirme 1960, thirty y~ms ago. Irsert Bs~al of 
gravity flow seaers is a w4el~]y a c ~  ~ usir~ high 
dersity polyMahylene pipe (ie: a pipe in a pipe). ~he 
plaoemaat of high ckmsity poly~lene (I~ liner in a high 

metal pipe began in ~ early 1960's. ~hat 60's 
tedmolc~y was adv-o~coS_ during the 1980's using an 
liner approach based on the ductility, touch, and 
durability of HDPE, as well as using more effective 
installation equipment, product c]~ign, and c ~ o n  
metlxx~. ~he 1980's inr,m~ticrs ~a~e directed ~ icroer 
distzrme, higher pressure, t ~  pipelims in sizes of 2" 
(51111m.) ~ 24" (6ia~.) a~,,eter. ~ t~e last decade, 
a n ~  l l -ol i feraticn of ~ ~ ii~,%~*~s and ~ have 
evo l~d  to  meet the chiUenges o f  the 1990's. ~ paper 
~Jefly evaluates ~e zequimmms and effoct of ~ 
a~ ~ ~ on the ~ truer. ~e ~/n~ 
ir*%~try of H[]i~ iinir~ of pipes has ~ to oil patch 
c]cmd~le tubulars, tra~ pipplires (oil, gas, and pm99x~t), 
ir~/al/municip~l w~ter and g~s distr]]mtion m~ins, ax~in 
some c~ms, mmic~ soa~m, abe four 9meric 
ccrsi~ herein are- 

X. Lin~ mmnsion 
2. Uner ~ Rs~,~kn 
3. Lin~ ~at ~ ~ ~  
4. L~ V~]~tic l~Cta 

mmmm: higm~msity poli~d~,i~me, iir~r, iin~ ~msmn, 
rolldown, swage reduction, visco-elastic reduction, 
r~mbilitation. 

liarvey Svetlik is the Senior Tedanical ReprOve far 
millin~ [x-~ipe Irc.'s ir~trial, mmic~, and defense 
pipe products located at 2929 Ncrth (]matral Expressly; 
Rid~, Te~zks 75083. 
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~RAL P~PE ~ C S  

Inert poll~hylene is used as a liner due to its mmterial 
characteristics, d~mical resistance, e.~m/lent 'Sm~r/e~' 
p r ~ ,  ~ ,  ductility, durability, han~hility, and 
~n~_~ ~b!e ~ cost. 

RR~yl~e ~s a ~ ~p1~ic mterial. In pi~e 
gra~ p~myi~ ~ ~ fc~r " ~ "  that gi~ ~h 
polyethylene its specific ~ ~ :  ~lym~r dmmdcsl 
o=~=sitim ~ mmDh~y, ~msity, w~k~t ~ mm~mar 
weight, ~d m~ex~ar weight distribu-tz'~n. G~m-~Uy, ~e high 
density higher molecular weight polMMihylenes are t~, 
ductile, fatigue resistant and mcme "~l~T/d' compared to lower 

~-~ ~ o ,  with rea~ ~ .  Attach all pipe 
pol~hylene ras/n~ are ~rally ~ as be/rig 

tough, duct/le, and ~ ;  s~ific n~i~s e~dbit 
differing degrees of elasticity, viscoelasticity, and 

Polyethylene exhibits both elastic and viscoelastic 
�9 ' . k ol~,=~t.i.C m~t~rials, stress is .,~;~id to be a 
of strain only: 

0"- = E'r  E = Mcr~Kus of 
F3 ~t/city ~3si) 

= ~ (~/m) 

~r vico~ mate~a1~, the stress ~ in the mterial 
depe~s r~t Qnly Gn the strain but also un the rate at ~kh 
strain is a~pli~: 

0"  : (7" 4- ~r" ~-,ere: 71.= coe__ffioient of 
Elasticity Total S ~  

"(:=time 
: E ~  + g ~ _  ~ = s t ~ _ m ~ t e  

i: 

~ ~ a mater~ with an i r ~  elastic r e ~  
tcx~u:Cd~ ~ th  a ~ dlqp1;z~J=n,~rfc, cr~ can d:fcaJn a 
~ e  a p ~  c~ the ]c*~l'kTr C~ a ~ 
H~erial. ~ simplest mnae! having such ~ i , - ~  i.~ 
ocmi~ir~it.i.an m ~ of a i ~  ~ ~ a lir~,: ~ .  
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A s ~ to the ~ series develop a tEtifcEm 
stze~: Total= Spring+ D~t. Bm~r, total strain is 
the sum of ~e s~mg a~ ~ t  e~=~mts: ~=Es+ 
E D. mvidingtbestrainbyt~timdUratianover~idiit 
~q~d, the stminr~ isk~. ~ b e ~ ~ i s  
cor~ to be bhe elashic d ~  and the r~oot the 
visao-~!a-,~..ic ( ~ ,  as illustl-ated in F~ure i, A 
through D. 

~= s + s 

s s § E D 
t t t 

_ d - + o  ~ a li.[ 
Eg:d',r 

)t 
o ' = 0  

0 tl ' t 

B: STEP LOADING CURVE 

G: CREEP CURVE 

A: DISPLACEMENT ( 8TRAIN ) 

0:. 81RE88 ~ T I O N  CURVE 

~e ,~L~lus of elast/city and the ooefficient of elasticity are 
stoutly t~U=e ~.~nt. 

Each of ~ four pipeline renuvati~ ixooess~ use t~e elastic 
and viscoelastic pro~xti~ of p ~  ~ liner resins in 
diffeL~t ways to effect pipe rebabilitat/~. Specific 
is necessary in ~_~ah~ case to man~ the PE material 
properti~ in a ;re~et~n~ way. 

Expard~ Liner 

~be expm-dE~__ ~ liner ~ is a iiuven ~ with a 30 
year hist~ of ~ .  Origin~ imta~ati~ w~e ~ 
in Ck]BhcI~'s oil-~ flag lines, ~ e  tubLdars, Brad brine 
di~ systams. 

L 
! 
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F~m~mmntally, a custem diameter liner of relati~aly thin wall 
is e~t~rl~ from a high performmx~ pipe grade resin so as to 
~uvide a 3% to 8% areolae" ~ ~ the ~ OD a id  
metal pipe ID. As pressure is applied interior to the liner, it 
strains wi%hin its ci~T/le, ~ limit to o~r the 
metal pipe I.D. ~he pr~m~e maintains fhe ~ condition 
while ~le }~PE resin begins to visco-~]~T_ically stress-relieve 
itself and ~ the ~ metal pipe ]]3 as its ~ new 
pemmment OD. ~he liner becomes moldsd to the metal pipe I.D. 
with t~e. 

In all c~ms, hhe liner is in r~] c~sian due to the fl~; 
strum q~ratieml pms~__ ~. 

In some cases the '~oldin~' or visco-e]astic strain of the liner 
to the ~gr m~ pipe ~ can he accelecdted ~ p~ssm~ 
testing the liner at a pr~qJre ~hiQh ~ the campressive 
yield s t ~  of the liner naterial, or, in the cases of lower 
test pressures, by warming or heating the liner to icwsr the 
em~msi~ ~ mxe~f~h of the li~r to within the t~t or 
q~zating ~ of ~e fired pi~] i~. An ~ ~ a~ 

Hence, expanded liner is installed undersize and is 
visom~1~tically campressi~ly molded to the host pipe I.D. 

The obvious impact of this process is that ~bient ~ture 
flow strea~ press/re3 usslly greater than i00 psi are ge~rally 

to initiate expansicn, v ~  strain, and molding 
of the liner to the pipe ID. Use of hot water cr low ~ressure 
stean to ~!erate (xmpressi~ m:~idirg of %he ~ w[x'ks 
eff~.tiv~ly but ~ to i[~all~ exist. 

(A~r 800 miles of ~ liner ha~e ~ inst~l led in the last 
decade with insta]]atien les~hs av-~girg 2500 ft to m~e than 
a mile. Zhe e x ~  liner design and installation is cost 
effecti~, especially ~mn evaluated on the hesis of an 
20 to 30 year s~viee life, with the e~ctatien of mare than 50 
years of serviceable life. 

Liner R~kk~n ~ien 

F~ gravity flow ~ low pm~u~ pipalin~, ~h~ an 
c~q~A~ lin~ is n~4, hhe ~ liar emce~ ~rst he 
applied. In the mid 1980's a semi-elliptical, dual roller 
mm~ina ~ dm~lq~d ~hiQh ~cally r~%~es ~ OD 
high-density polyethylene pipes to an OD sufficiently small to 
allow insertinn of the liner into a metal, cast ~ or c~rete 
p~. 
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~lis wBs tr~/ltl in t~D wayS o First, the liner co/Id ~ y  be 
made with a thickar wall wb_ich then cIm/id functicn as a "~u~' 
pipe within a pipe offering msxilma~ flow c I ~  area 
and bhe presmE~ ~ufudnmmYc _~gp~hility of a pipe; and vahich 
cculd d~n be 'Tapped" as a (x~-tnm diameter pipe to dJstz/b/te 
water cr %Bs. .e2c~nd, ira ~th!nnerwallIEI~ liner ware used, 
it also offend mmdm~ flo~tre~ area while _~]~ng le~dng, 
~ c a l  joints, gBsksts, cr pit c~ll co~i~osicn sites. ~he 

liner ~-o~_'~ o~i~n protactian and leak seal/n~ but 
is usually nat '~ ~;~". 

In the p~-cce~s of ID111g dc~n bhe liner with a pair of ~1 
rollers, ~rh pair oriented 9O ~ to the other, the liner is 
. ~ y 4 ,  zng_r~d in 0.D. as it passes across the 

poi~ of ~ toner I~ir. 

io~kirg at the elastic reoo~xy and the ~ recovery, 
the liner has to be squeezed signific~uYcly to force a 
v i ~  dlametl-al reducticn which wcttld last slfficie~cly 
lang to ~11C~; I~ ir6t~11at~. N signific~rfc {~Te is 

due to the very shart d]zatian of roller u~iact. 
simul~y, the pea~mtage of diametral z~%rtion rmst be 
sufficiently large to provide a ~ p e ~  of 
urdersizirg, m,=e, by ~ Z y  s~,~zi.g the pipe with 
rollers, the liner is made smmller. Part of this re~x~an is 
p e ~ ,  part is J.m~iately zz~oovqP.zBhle ( ~ ) ,  and a 
small part is near e~m ~ e  (visco-e/estic). If the 
liner thidu~ss, roll ounfigurat/cn, and othe/ factors are nut 
~ y  ocntzDlled, the liner my end up cnly "~luc~' not 
tight; and/or it may ~ too quickly and loQk-up in the hcst 
pipeline halfway th~ the ~ being lined. 

A~a! tansicn on the ~ liner being ~ through the 
rollers will terd to hold the d/ame~ re--an by r e ~  
the rate of elastic and visame]~iic reoove? as ~ by 
Poissicn's Ratio to the axial length. When the axial tension is 
released, the ~i _~ter ~ and the length shutters (ie: 
like the "Chinese Fi~') with elastic and visx)~l~tic 
recovery. Tnis generally leaves this liner in ra~ial 
omp~ssion and a~m t~sicn relative to the host pipe I.D. 

If the liner is driven or ~ ~ a l y  fozImd thr~ the 
rollers by means of a cilxAm~er~ntia] hydrmzlic and msd~anical 
clamp, the roller rR%rtion ~tes slight ~ia] elongat/~ 
and s~e a~e~ of radial wall ~ .  C~e is ~ ~ 
develop an emlct roller ccnfiguraticn such that the roller's 
compressive force cloes not cm~e wall cru~/ng at t h e ~  
s~ing line separat/ng the t~D zDllers. Wall ~ at the 
spring line would result in ncn-tmifozm wall ~ ard the 
possibility of ' ~ '  in the pipe wall. 
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~e targnt vel~ity of the ~I n~l~s is diffract depa~ent 
q0an d~e point of cantact with the roller. At the crawn of the 
pipe an~ at the tzrizuYa~ spring line of the roller, d~re may 
exist  up to a 50% diffe~-,a-~e in z~mtuianal ~zloci ty z~s.Kting in 

~s!ipp~je of ~ pipe ~ t~e ron~ Os~mdi~ 
upun d~e tan~ point, such that roller psir at the ~ 
~ri~-~i~ ten~ to '~x~' the ~ ~ ~  by ~ipm~ 
remlting in s~e ~ layer ~ef~,~ti~. 

the end user shou]d recei~ test data showing the effective SIR 
is main~insd in ~e ~Y~4 liner, that s a ~  wall 
u~mity is ~ ;  ~d that ~e ~ ~/r~ line is 
as stzrn~ as the L~,~dng liner cr pipe wall. If d~e roll 
r~%*Ycian meth3d is to he used to fc~m a ~ pipe in a 
pipe, a ~ life cur~ ~ pressure and service life 
e~m ~ ~ ~ pi~ mieht ~ ~ .  

If sewz~l sctedLzles of steel pipe are used in the host 
pipeline, ~he liner might nut be tight ar e~n snug, but "loose" 
%here dlametral ~ was insufficient. In the locse ~vees, 
the liner wo/Id then flmcti__an as an e x ~  ~ ~ higher 
pmesm=~, car as a pipe at IciEr pressure. 

If the loose liner did nut ~ the host pipe ID, at lower 
pressure it wm~Id be subject to c/zum~,tlal t~msian due to 
pmssure, and as such, may be acting as an ~ - / z e d  d~in 

of the ~ pi~ gr~e resin. Hen~, this "line~' parian w~Od 
be a pipe and the tensile stress life curve wm/Id apply. 
tensile stmess life cum~ does nut apply to liner in radial 
~ a n .  

To inmm~ this loose liter situat/an does not ccour, a st~x~- 
ixesmme test of the liner and pipeline is usually dane to 

the ~6s~ly ~ }EPS mleo,lar ~ ,  
~dch ~ould put the ~ in contact with the host pipe ID. 

Hence, the rollduwn liner ~ nt=thDd p~-o~es }K~E 
tubular Ixofile bath as an insert pipe or a liner. But there 
~eam to be sme limitatiu~ to its ~ of 
pipe/liner. ~he gz~ at the end of this paper (~hich are 

in ~e n~t ~ s~ia~) ~y to r o ~  and the 
uther liner r~Irtian methods. 

Lin~ Hot Swaqe ~tian 

As previously noted, the modulus of ~'l-'%-"tiCl'ty" and "hhe 
coefficient of elasticity are st/ongly dependent upon 
~ .  ~he cole~r it gets, the s~rjirg force increases. 
As the temperdtixre gets ]x~tar, the s~ging foLoe and m~nitude 
of elast/c ~ ~ .  
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Her, m, ~ .is a~ ~ ~ ran~ within ,.,aid', to 
'%r~r d~e polyethylere lh~r. 

~ntinn~ ~PE lin~ (wi~ ~ fuskn b~ ~ )  into 
a pren~ d%m~r. R~id~z~ time in ~he ~ zune is 
affected by the pipe wall thickness, hot air ambient 
~ ,  and ini~_~ p~e' waU ~ .  ~ pipe is 

- ; ,  t h e  

pipe warms beard a critical tamperatum~ an the pipe ID, thought 
to be about l~E)~ (60~ 

Hence, d~re is a thmmel gradient in the pipe wall. 

But ~he ~ m~ul~ /s signif~u r~r~d and the 
coefficie~ of elasticity bs~dns to d~line. At elemt~ 
~ ~ r e  ~d straim of I0% to i~%, s~e pen~m~t strain 
( ~  reducti~) is m~i]y i,~ed. Ele~ted ~ t u m  
~e/r~s: the s nes~d to push ~he liner into the swaging 
d/e; the pull furce reeded to R~ep the liner straight; ard the 
~ n  ~n ~he line to minimize ~]~/c ~d vlsam~/ast~ 
re~cvery. EVen so, the ~ length of irstallat/rns to date 
in theUSA~ 500 ft to i000 (20Omto 30~m) ft usir~hc~ 

r~r~dcn. 

AI~ t~e ~ liter s-Fstem is ~ f~r use with 
IPS polyethylene pipe, ~ of the variables in ID 

ard wall d~canesses for s~], ~ iron, clay, and camnt 
pipe, it appears sune ~ }~PE liner OD's may be 
required to provide fcr ~ with complete ~metl-dl 

of ~he ~ liner to all ID's of the pipeline being 
lined. 

~ at 8 ft to ~0 ft per minm~ (3 m~em/min.), ~ds 
p~-ocess tames abuut an hour to insert a 500 ft lung liner. 
Colder ~ ,  ~in ~d ~ wall liners may affect the 
rate of ~Gn. 

In c~er to ~ the hut liner at ~ i n g  temperature, the 
se~r fl~strea~ ~ pro~ ~t flo~s~ m~t be ~ cr 

When the air t e m ~  gets to abuut 30~ (0~ roll 
reduction does not work well h ~  the coefficient of 
~]~T_ic1"ty ~ nearly zero thus loddng in the medmmical 
rul/er's ~-~nn strain with v/ztually no e/ast/c ~ .  

~ y ,  even in freezing w~her, the hut ~ i/ning 
technique creates an artificial temperature controlled 
environ. ~ temperature ~ pr~n'rl~ a zone far 
material workability while allowing sufficient time for 
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inserted, the hot swage l ine r  wi l l  diametrical ly enlarge 
and aL~'~;~l l y  ~ ~ .  After  ~ and dillBlsiorh]. 
stab~li~-;tion oamms, the erds are usually 1 ~  into posi t ion 
by one of  several means. Sure o f  the e~d ~ are 
intex,-~l stiffneas ~ ~ 1  ly, stiffen and lock the end in 
position; externally applied clamps with inserts; and an 

e~s~ofuskn ~vi~e. P r e - ~  p~stic fU~s 
are not current/y used. Allow the ~/ins~]lers to 
desx/be ~ _ ~  cl~res. 

After irstallatian wit~ ~d tmatmmts, ~ radi~ side - 
wall ~ might be mde if hhe liner were to be used as a pipe. 
If t~e liner were used in a se~r c~rduit, ~ I m a l ~  
would be cut i n  6" and la rger  d . ~  se,~ars. I a te ra l s  are 
usually located by electlzr/c or video detect/ran s the Iz:use 
lateral ~ the liner wall. 

OJLi-ei,T.. I:EDjects add ~ oa, ver sizes ~ 4" (ll4mm) to 
24" (61(Mm) pipe, wid~ plar~ for 24" (610ram) to 48" (1220ram) 
sizes. 

V ~  Bs~ctian: 

This process systematically reduces the OD of standard 
pol~lene pipe sizes to make the pipe t~pc~-~rily Lrdersize 
to facilitate its insertion into a host pipeline. It 
mechanically works the polyethylene to quickly farce a 
diametrical reducticn, but then holds the size r~v~ian 
(ampressive strain) for an app~ariate time to allow time far 
the ~ c ~  of the PE material to stress relax 
under fiMsd am~ressi~ strains. 

~fis ~%~ the ~ t y  of the di~etr~ r~cian required to 
prance ~d~sizing lasting an ~ d~atian. It ~cv~a~ 
for a greater degree or ~ of recovery frcm the 
v i ~  pcrticn of the dimetrical size rech~cic~. And it 
-pm~_~s the effective SIR of the liner cr pipe. 

~he ~u~bined effect is to ir~ a ~ 1 1 e r  ~ of  
penmmEr~ defumlmticn; to handle the mtsral ~1~T/c, quickly 
~ l e  def~3__cn, and to provide a greater ~ of 
~ l e  def~uicm from the visco-~la-~::~ ms'rcry o f  the 
high molecular weight polymer ( ~ l e  creep). 

~he p r Jmry  s ize  ~ i o n  devioe consis ts  of  several s t a g ~  
multi-roller sets. F2~h roller set consists of three ar more 
roller ~ d e ~  upcn liner size. Multiple s e ~  
roller sets p~v~ ~if~m diametral r~vTi~ with unifom 
wall thiakening to mintain the liner SnR with minim~ axial 
elongation, while avoiding wall cracking, crushing and 
wrinklin~~ of the lin~ O.D. 



SVETLIK ON REDUCTION, REVERSION, RENOVATION:R 3 321 

~e s e ~  s i z e ~  devioe ~mlskgts of a set of 

hold hbe liner to its r~*~sd diaieter for an appm~sr/ate 
duration such that elastic recovery is prevented, and 
~ cre~ is f~z~d to o~ur in the liner wall. 

Upon exiting d~e machine, the liner eM~ibits ~ 4% to 6% 
elastic ~ ~ quickly; foll~ by a lazger degree of 
~ l e  creep over a longer period. 

upon ~he pipeline size, size r~ar~ions (strains) of 
9% to 19% have b~n used. Wihh 4% to 6% ~ elastic 
~ ,  r~c~rable cresp of 5% to 15% may be adzieved 

upon the specific liner material used and the p~xmss 
ts~erah=e. 

~u~, a l~hencm~xllcgical viewpoint, for indivi~ml pipe grade 
high m~les~ar w/ght high dsr/ty pol~d~]l~nes, the stsss 
relaxation, defc~maticn and creep r~c~u~zy curves must be 
c~nsidered ~ p~perties of a specific resin and must 
be determined ~ y .  Important paraneters to be 
defined for a given resin, pipe size, and wall thid~ are 
LUus~at~ ~ ~e ~ gr4ts. 

Fiqure 2 illustrates three diffe~,t perce~ diametral 
r~%*wcicns. ~ greatest r~%rfcicn does not allow the liner to 
fully re,vex hm~e making it a "srLr/' pipe. ~he least 
reduction shcws the slight permanent ~uion of the 

reduction with elastic ~ and v~l~gt/c refx~r 
sufficiently slow (I hr to 5 hrs) to permit installaticn 
follc~d by d~ametrical ~u~act having an inter~ererDe fit 
leaving the liner in radial ampr~ssicn and slight ax~] 
t~ion. 

Figure 3 is a study of ~ e  creep ~ersus % diametrical 
r~%r~ion at gi~ tamperatures. Fcr a given material ard a 
host pipe ID, the liner size and % reduct/cn can then be 
engineered. 

Figure 4 avoids yieldirg of the I~ in te~sicn or ccrgpressian 
based upcn diametral ~ and t ~ .  If the liner 

~ ~e pun~ thr~ ~e ~o~sing ~ ~d pi~ine, 
loss of the pulling bAad would be catast~. Setting tansicn 
limits avoids this. 

F ~  pL--~dicts the expected womkirg t/me available for liner 
inserticn ard henze the maxim~ ~ e  pipeline se~ length 
kased on the s~ed of the Le/~t/on ~ .  
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Figure No. 2 

Diametral Reduction 
versus 

Working Time . . . .  To Achiev.e Interference Fit. 
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Figure No. 3 

Recoverable Deformation 

versus 

Diameteral Reduction. 
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Figure No. 5 

Working Time versus Diameteral Reduction. 
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Figure No. 7 
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A three-dimensional plot of stress-strain and time. (From Structural DesigTe 
with Piostics, B. S. Benjamin, Van Nostrand Reinhold, 1964) 
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Fiqure 6 should illustrate the effect of t~e process cr 
m ~  ~ ~ liar ~, wall ~.~ le~. With the lin~ 
volume being cunser~, tr~f~ece of ~ r~%r~icn into 
r-.~i~ wB.l.l t h i c ~  with ~ e l c ~  is the most 
desirable ocr~d.i.ticn. 

Fiqure 7 illustrates the basic, t~ dimsnsicr~l "surface' 
relati~ stm~, ~xain, ~ t~ at a gi~m te~pa~t~ f~ a 
specific polyn~_r. ~ relationsh/p of tb~ isochront%s 
s t r ~  c~ve and c~ ~r~ is also sh~n. 

%'/sco-e/Bst..~J= z-_,-9-~,wt_ian m e ~  ~ ~ feafIIres and 
benefits of the hut s~ pL-oo~ss %idle gaining p ~  

lengthening working time, t~ prcvidi~ fcr icz~ger 
i ~  l~x/d~. 

t ~  s~m to /nclu~e p ~ f ~  plastic fla~, 
thermally fo~ ~ and ~ t~rminat/cns si~d/ar to 
c~d~er ~ .  ~he c ~  size i~ is 2", 3" and 4" 
(51mm-ll4mm) pipel~ a~ ~J~da~s. Future pl~s my irclude 
6" to 12" follcwsd later with sizes to 24" (168mm-610mm). 

O~usion: 

Pol~hyl~ tu~]ar p~ofile can be used as pipe su~ect to hccp 
tension, or, as liners in radial c~iun. ~ liners 
are usually used in higher ix~ssme pipelines. E~__ liners 
are put into service immediately and becrm~ molded to the pipe 
ID over a period of time cr by d~e use of high pressure and hot 
water in a ahcrt time. Exp~ liners can be inserted in %~/y 

~ my be used in low pressure s~ce ~ high 
pressure ~ q~n in~a]]aticn. Moldi~ to the pipeline ID 
is imms~. Irsert~_nn le~ are ms~erately ic~. 

Wach pmocess is ~lique. ~//cw Aach to speak for itself. But, 
all ~ _  u~ the elastic ~ visa:,~la.~:tic pz'q:~-'H~,~ of  
HE~ in an ergineered m~rr~_r to provide an}K~ lined, currosicn 
and abrasion resistant pipe3 i re or d~le tubular. 
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ABSTRACT: Trenchless technology is rapidly entering the 
North American marketplace as demand creates an increasing 
need for cost-effective pipe renovation. One of these 
technologies is Cured-In-Place Pipe (CIPP). Generally, 
these lining processes consist of a resin impregnated 
flexible tube, inserted into the existing pipeline by winch, 
air pressure or hydrostatic head, and cured to final 
structural properties through the application of heat. CIPP 
technology will be reviewed and its position in the market- 
place discussed. Factors affecting selection of this type 
of process will be assessed. Performance criteria and 
installation requirements will also be discussed. 

KEYWORDS: cured-in-place pipe, liner, inversion, sewer 
reconstruction 

The deteriorating infrastructure, in the United States as 
well as worldwide has been well documented in countless journals 
and magazines. Wastewater collection system requirements amount 
to billions of dollars over the next decade in this country alone. 
To address thatneed, more cost-effective technology is required 
to extend the benefit of the limited monies available to utility 
owners. 

Trenchless technology is the most rapidly expanding market 
of infrastructure renewal. This is evidenced by the many 
specialized conferences and symposiums that are devoted to this 
aspect of construction practice. Numerous technologies are being 
developed here while others are imported to position themselves 
for a share of the North American market. Companies are scramb- 
ling to meet the growing recognition that reconstruction efforts 
must proceed even in times of tight money. Many of these firms 
and their technology are represented at this conference and the 

Philip M. Hannan, P.E. is the Maintenance Reconstruction 
Division Head at the Washington Suburban Sanitary Commission, 
4017 Hamilton Street, Hyattsville, MD 20781. 
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subject of presentations and papers. One segment of this 
trenchless technology market is the cured-ln-place pipe or CIPP. 
Generally, these lining processes consist of a resin impregnated 
flexible tube, inserted into the existing pipeline by winch, air 
pressure or hydrostatic head, and cured to final structural 
properties through the application of heat. 

The Washington Suburban Sanitary Commission, the seventh 
largest water and wastewater utility in the United States, has 
over i0 years of experience in utilizing this rehabilitation 
technology. In presenting this topic, the point of view will be 
primarily that of an owner and end user. CIPP technology will 
be reviewed and its position in the marketplace discussed. 
Factors affecting selection of this type of process will be 
assessed. Performance criteria and installation requirements 
will also be discussed. 

CIPP OVERVIEW 

The allure of CIPP, as with any trenchless technology, is 
the minimization of disruption to the urban community and 
environment. Those same advantages are also what contribute to 
the cost-effectiveness of these lining techniques. Through the 
elimination of excavation, significant costs are deferred for the 
associated equipment, labor, and paving restoration. 

There are a number of characteristics common to CIPP 
products that influence the selection and application of this 
technology over other reconstruction methods. 

Materials 

The fundamental product is a felt liner, sized to the length 
and diameter of the existing sewer, impregnated with a thermoset 
resin system to provide structural capabilities after curing in 
the host pipe. Patent considerations have led to a variety of 
distinctions in the liner material, resin formulation, and 
installation characteristics among the manufacturers. 

All of the techniques available today utilize existing man- 
hole access for insertion. "Soft liner" had been used by some to 
describe these techniques because of the flexible nature of this 
material prior to curing. This "soft" aspect is what permits the 
liner to bend and maneuver through the manhole frame, channel and 
existing pipe conditions to achieve its' final position in the 
sewer. This also provides the desirable characteristic of one 
continuous, liner membrane from manhole to manhole. 
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Because the structural capability is achieved through the 
interaction of the liner tube and resins, the overall wall thick- 
ness of these piping systems is very small with respect to the 
existing pipe diameter. In many collection system applications, 
liner thickness of 5-15mm are common. For a 200mm inside 
diameter pipe, a 6mm close fit liner still maintains nearly 94% 
of the existing cross-sectional area. An improved flow friction 
factor on the face of the liner serves to counteract the diameter 
reduction for sustaining pipe capacity. 

The same flexible characteristics that permit insertion of 
the liner from manholes also allow for llne conditions to 
influence the final product. Poor line and grade in the host 
pipe will be reflected in the CIPP. A belly, sag, or offset is 
mirrored in the renovated pipe. Missing pipe will appear as a 
bulge in the liner. If those characteristics are undesirable in 
the renovated pipe, they need to be excavated and repaired prior 
to lining, decreasing the cost-effectiveness of this type of 
renovation. 

Service Connections 

A primary advantage of CIPP is the ability to reopen service 
laterals from inside the pipe. Cutters of various designs are 
capable of removing the coupon covering over the service 
connection. This addresses key economic issues in comparison to 
techniques requiring excavations, particularly when 

o there are frequent taps in the line or 
o when excavations would be very disruptive and costly 

as in a commercial business district or arterial road. 
Conversely, this is of no advantage if the renovated line section 
has few or no taps or is in an open area where excavations are of 
limited economic impact and restoration costs low. 

In most CIPP, there is limited interaction between the liner 
and service connections. Because the cured liner is relatively 
discrete, connections that are defective before lining will 
remain essentially unchanged. If leakage existed around the tap 
or thimble at the point of connection, the leakage will likely 
resume when the coupon is removed. For an infiltration reduction 
application, therefore, CIPP is most effective when existing 
connections are sound or are limited in number, it is ideal for 
excluding groundwater if the liner is continuous or unbroken the 
full length from manhole to manhole. 

Protruding taps are another item that must be addressed in 
preparing a host pipe to accept a liner. Thimble connections or 
pipe to pipe appurtenances are susceptible to shifting over time 
resulting in an encumbrance on the cross sectional area of the 
sewer main. All CIPP applications must have significant 
protrusions removed by cutting, grinding, or excavating before 
lining. 
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Execution 

Since CIPP involves lining the entire length of sewer and 
temporarily blocking the lateral connections, the CIPP process 
has been tailored by manufacturers to be completed in a tolerable 
time for customers to be without sewer service. For most 
techniques, this involves loss of service for 8-12 hours before 
coupons are removed and service to the customer re-established. 

Since curing the liner in a controlled environment is 
required, the host pipe must be isolated by plugs. Bypass pump- 
ing is required to move existing sewage flow around the isolated 
section for the duration of the operation. 

WSSC EXPERIENCE 

The Washington Suburban Sanitary Commission, serving 1/3 of 
the population of the State of Maryland, has been utilizing CIPP 
since 1978. The first application involved an 18" diameter sewer 
passing under a heavily traveled railroad corridor. Since that 
installation, the Commission has gone on to renovate nearly 126 
miles (203 km) of sanitary sewer by this technique. An annual 
outlay of $4 million has been established to address continuing 
reconstruction needs in our 4500 mile (7,240 km) system. 

The smallest diameter lines completed have involved 100mm 
sewer lateral pipes and the largest an 1800mm interceptor. Both 
projects were performed to explore the applicability and 
economics of the process at the two extremes of diameter ranges. 
The majority of the lining has been in the 200-400mm category. 

Why does WSSC utilize CIPP so extensively? The key elements 
lie in making use of those inherent advantages of CIPP. It's 
ease of application in urbanized areas with minimal disruption to 
the environment was important. Our service area is composed of 
well informed and politically savvy communities who demand the 
technological conveniences CIPP affords. The location of the 
sewer mains and high frequency of taps generally limit the 
economic advantage of alternatives such as sliplining. Leaking 
service connections have been addressed by other non-excavation 
rehabilitation techniques developed with industry in partnership 
with WSSC. A local CIPP source was established with volume 
pricing influencing the cost available to the Commission. Until 
recently, there have also been few alternatives to enter the 
marketplace. 

CIPP TECHNIQUES 

There are currently four potential CIPP products available 
in the United States marketed for sewer applications. 
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o Insituform 
o Paltem 
o In-Liner 
o Insta-Pipe 

The techniques differ by method of insertion, liner material, 
resin formulation, curing process, and final properties. The 
pioneer technique of the group is Insituform. It is the oldest 
(approximately 17 years) and has the longest record of experience 
in the United States. Paltem and In-Liner are recent licensed 
techniques from Japan and Germany respectively. Insta-Pipe is a 
domestically developed product here in the States. A summary of 
the key characteristics of these four technologies are found in 
Table I. 

Table 1: Comparison of CIPP Characteristics 

Product 

Liner 
Parameter Insituform Paltem In-Liner Insta-Pipe 

Insertion inversion inversion winched in- floated & 
using water using air to place winched into 
head pressure place 

Materials non-woven woven & non-woven woven & non- 
tube non-woven tube woven tube 
materials & tube materials & materials & 
thermoset materials thermoset epoxy thermo- 
resin & thermo- resin set resin 

set resin 

Curing circulating circula- circulating circulating 
Process hot water ting hot hot water hot air 

steam 

DESIGN & TESTING 

Although Insituform has been in the United States for a 
decade, the CIPP field is still relatively young. As such, each 
of the manufacturers has been promoting design formula and test- 
ing standards. As an end user, the owner of the project is 
required to sort through these competing approaches to establish 
a standard specification and minimum performance criteria. 

One movement has been underway to accomplish an industry 
standard through American Society for Testing and Materials 
(ASTM). ASTM Committee FI7 on Plastic Piping Systems has an ASTM 
document F1216-89 entitled "Standard Practice for Rehabilitation 
of Existing Pipelines & Conduits By the Inversion and Curing of a 
Resln-Impregnated Tube." This is a standard practice that is 
applicable for the present to only Insituform. 
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One of its accomplishments is to attempt to define a series 
of design considerations in specifying performance requirements. 
It establishes formula for specifying thickness of the liner for 
partially and fully deteriorated gravity pipe. These take into 
account groundwater, soil, and llve loads. There are also 
equations for pressure pipe applications and references for 
chemical resistance testing. 

A key element in utilizing these equations is the selection 
of the structural values for long term modulus of elasticity and 
flexural strength. This requires industry supplied values or 
proceeding on a path of independent testing. 

In order to define our requirements and address objectively 
the changing market conditions, the Commission entered into a 
partnership with WRC Inc./Carmen F. Guarino Engineers, Ltd. to 
develop a framework for evaluating sewer renovation systems. 
[I] The report included a basis of strategy for renovation 
studies, a review of the techniques currently available, and a 
generic review of material properties and principles of design. 
This effort included a classification of CIPP to determine 
appropriate performance criteria for the liner. 

In evaluating CIPP, WRC has determined several performance 
standards. They emphasize the relationship between the design 
requirement and the product specification to achieve the desired 
performance. Of key interest to assessing CIPP performance are 
the following properties; 

o long term flexural strength 
o short term and long term flexural modulus 
o long term tensile strength 
o long term tensile modulus 
o compressive strength 

If the CIPP technique meets the minimum criteria established 
for these properties, the process can he considered for WSSC 
approval. Many were developed from British Standards where a 
great deal of research has been performed. 

SUMMARY 

As a public water and sewer utility established to serve our 
ratepayers, the optimal situation for WSSC is to move to identify 
all innovative technologies that can meet minimum performance 
criteria, understand the inherent strengths and weaknesses that 
affect installation and applicability, and then devise site 
specific scopes of work that take advantage of those strengths. 
Competitive bidding should then develop a low price approach 
toward utilizing any approved new technologies. 
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CIPP technology is positioned in the marketplace to cost- 
effectively satisfy many of the reconstruction needs of 
utilities. It's "trenchless" lining ability enable CIPP to 
structurally renew sewer pipe without disruption and long term 
impact to the community. With proper application, it should 
continue to be an effective tool in addressing the growing 
infrastructure rehabilitation market. 
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ABSTRACT: Flexible pipes of thermoplastics such as 
polyethylene and polypropylene are excellently suited 
for the construction of submarine outfall systems 
because they can be extruded in long sections, towed 
fully equipped with anchoring weights to the outfall 
site from the production base, and sunk directly on to 
a seabed with a minimum of underwater work. When lying 
on the seabed they can yield to extreme wave and cur- 
rent forces and conform to the seabed when underscour- 
ed without failure. This factor allows a light struc- 
ture, a short implementation time and a cost-effective 
outfall system. 

KEYWORDS: ocean outfall, submarine pipeline, flexible 
piping, polyethylene pipe. 

i. Introduction 

In this paper are presented the principle topics of 
the flexible plastic submarine piping concept. This con- 
cept has been applied for a large number of submarine 
pipelines mostly in Europe since the early 1960's. The 
experience today comprises large diameter pipes made of 
high density polyethylene (HDPE), medium density poly- 
ethylene (MDPE) and polypropylene (PP). The largest pipe 
diameter is 1.6 m, while the most frequently used diameter 
range is from 0.4 m to 1.2 m, [i]. 

The problems related to ocean outfall are connected 
with heavy sea conditions and unstable seafloor. In the 
case of using conventional non-flexible pipe materials 
such as concrete or steel, the pipeline has to be buried 
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well below the seafloor thus being protected from wave and 
current forces and from effects of sand transport and 
seabed motion. Such construction may require expensive and 
time consuming sheet piling and trenching. The main pur- 
pose with introducing the flexible plastic piping concept 
is to solve these problems in a safe way but at a signifi- 
cantly reduced installation cost. (In many cases it has 
been proved that plastic ocean outfalls have a cost which 
is only half the one valid for conventional outfalls made 
of steel or concrete.) 

Another topic to be dealt with concerns the acceptable 
amount of temporary movement of the pipeline during heavy 
storm conditions, as the design stability of a flexible 
submarine pipeline is normally chosen for a significantly 
lower wave height than the statistically largest wave 
during the service life of the structure. 

To the special problems to be treated when designing a 
flexible outfall belong also the internal hydrodynamics. A 
particular question concerns the risk of free air coming 
into the pipe during certain transient flow conditions. 
This is connected with the fact that the pipeline is nor- 
mally not loaded as to prevent floating when air filled. 
To the topic belongs also the control of underpressure 
inducing buckling. 

2. Behaviour of a flexible submarine pipeline 
exposed to wave and current forces 

The external forces affecting a submarine pipeline are 
caused primarily by wave and current actions but often 
also by an unstable seabed. This type of forces requires 
large safety factors in the structural design, as the 
exact magnitude of the forces is always difficult to 
predict. This means also high costs for conventional 
submarine pipes made of concrete, cast iron or steel, as 
such pipes can afford only small deformation or strain 
before burst or leakage. Consequently, these pipelines 
have to be heavily loaded or buried down in the seabed 
sediments. 

The flexible submarine piping concept implies instead 
that the high safety factor, which is required by the 
uncertainty concerning design load, is replaced by a 
certain movability of the flexible pipeline in case of 
extraordinary forces coming up. This means that the 
flexible pipeline can normally be placed directly on the 
seabed without any trenching and only lightly loaded. 
Moreover a mimimum of pipe bed preparation is required as 
the pipeline can easily follow the bottom configuration 
independent upon whether the seabed is stable or mobile. 

It is primarily the very high strainability in 
combination with the stress relaxation ability of the 
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polyolefin materials, which create the basis for this new 
type of design philosophy for submarine pipelines, [2]. 
The flexibility and the continuity in the longitudinal 
direction with only few pipe joints, combined with the 
light weight, imply also that a simple and economic 
submersion technique can be applied. In this way long 
ocean outfalls or transmission pipelines can be submerged 
in a short time even during heavy sea conditions. By using 
polyolefin pipes many submarine pipe projects have been 
accomplished, which would not have been economically 
realistic with conventional pipe materials. 

The following shows examples of how the flexiblity and 
the strainability of the plastic pipe is a basis for the 
flexible submarine piping philosophy: 

Wave forces on pipes close to seabed consist of three 
components: a horizontal drag force, a vertical lift force 
and a horizontal inertial force. The first two components 
vary with the wave induced velocity, the latter with the 
wave induced acceleration. The latter is therefore phase- 
shifted from the other components and the magnitude of the 
maximum combined force is therefore smaller than the sum 
of the components. 

The lifting force on a pipe resting close to the sea 
bed and caused by wave action is significantly greater 
than on a pipe which is placed at a certain distance from 
the bed. This means that concrete weights designed so that 
they give an open space between the pipe and the seafloor 
will give rise to smaller lifting and horizontal forces on 
the pipeline than, for instance, saddle-shaped weights 
loosely placed over the pipe. When the wave induced forces 
on a pipe, distanced from the seabed by its weights, 
exceeds the seabed resistance, then the pipe will start to 
move forward and backward on the seabed by the combined 
action of the horizontal drag force and the inertial force 
without the lifting force being able to actually lift the 
pipe and weight. 

However, even if the loading weights are designed in 
such a manner that the pipe is placed at a certain dis- 
tance from the seabed, the pipe may, as a consequence of 
settlements and erosion, gradually sink and come to rest 
on the bed. When, in such a case, the maximum design wave 
force is exceeded, the pipe will (if not arrested by the 
soil suction) be heaved to a level, where the loading 
weights balance the lifting force from the wave. At the 
same time the lateral drag force will move the pipe hor- 
izontally. The pipe has, however, now reached the basic 
situation described above. 

Furthermore, as the pipeline can normally be placed so 
that the wave forces do not attack the pipe along its 
whole length simultaneously (wave refraction turns the 
wave direction towards the coast normal direction which 
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also is the preferred direction of the pipe) the longi- 
tudinal continuity and the axial and torsional stiffness 
of the pipeline imply that neighbouring parts of the pipe 
are capable of moving the displaced part of the pipe more 
or less back to its original position. 

By using computer simulation it is easy to predict the 
movement of the structure for various relations between 
pipe loading and wave forces, securing that the pipeline 
dislocation is kept within acceptable limits also for a 
wave height recurrency period of i00 years or more. 

3. Installation and operatiQn 

One important idea of the flexible submarine piping 
concept is that the installation of the pipe shall be pos- 
sible to be performed from a stage where the long pipeline 
is floating on the sea surface. This means that the pipe- 
line which is filled with air in this first stage cannot, 
from a practical towing and submerging point of view, be 
weighted to more than about 65 % of the pipe displacement. 
Fortunately, according to the flexible design philosophy 
described above, normal sea conditions close to the shore 
will not require weighting above 70 % of the displacement 
and in most cases a weighting of 25 to 50 % is quite 
sufficient. The submerging can then easily be accomplished 
by venting the pipe as described below. 

Loading weights of reinforced concrete are commonly 
used, symmetrically designed in relation to the centre of 
the pipe, and so constructed that the pipeline is placed 
at a distance from the sea floor corresponding to at least 
one-quarter of the pipe diameter. In such cases when the 
sea conditions are so heavy that a weighting above 65 % is 
needed, it is preferable to mount additional weights after 
completion of the submerging. 

The weights can in many cases also be used for streng- 
thening the pipe during operation. Thus a change in pump- 
ing or a sudden flow stop will give rise to transient 
pressures. A pressure drop will propagate along the pipe- 
line producing an ovalization of the pipe. This ovaliza- 
tion must be limited if buckling of the pipe is to be 
prevented. Here the weights, if properly distanced, can 
work as ring stiffeners. It has been shown that also the 
flexibility of the plastic pipe wall itself significantly 
reduces the propagated underpressure as compared with a 
pipeline of rigid material. 

The submersion of the air filled pipeline is effected 
by filling it with water from the shore and outwards 
whereby it gradually sinks to the bottom. In order to 
control the submersion procedure, arrangements are made 
for compression of the air of the air-filled part of the 
pipeline which has not yet sunk. In this connection the 
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air pressure must be carefully controlled and adjusted 
with regard to the load and depth of the bottom so that 
the bending radius at the time of sinking does not become 
smaller than is permissible both with regard to the 
strength of the material as well as with regard to the 
risk of buckling of the circular cross-section of the 
pipe. This technique also makes it possible to lift the 
pipeline in whole or in part if it proves necessary during 
the submerging operation to conduct repairs or corrections 
of the position. 

It has to be considered that the pipe material is vis- 
coelastic, which means that the buckling criteria are both 
time and temperature dependent. Therefore, long stoppage 
of the submerging procedure must be avoided with the 
pipeline bended. Instead measures have to be taken in 
beforehand so as to allow a continuous submerging. A sink- 
ing velocity of about 500 m/hour is normally recommended. 
Using numerical simulation, it is possible to predict the 
behaviour of the pipe during the total submerging pro- 
cedure. 

As mentioned above, an easy submerging procedure re- 
quires the loaded and air filled pipeline to weigh less 
than the water displaced by the pipe. Consequently, it is 
essential in such cases that air is prevented from enter- 
ing the outfall during operation so that the pipeline does 
not refloat or looses its lateral stability. The risk of 
getting air in the pipe is greatest in the case of ocean 
outfalls, for which consequently the design of the shore 
devices is of great importance. If, for example, the land 
section of the pipeline is joined directly to the sub- 
merged section, too rapid a pump start may result in the 
formation of an air bubble which may then transfer out 
into the submerged section, causing it to rise. If the 
rate of pumping is suddenly reduced, a hydraulic jump may 
form above the water line with a strong entrainment of air 
as a result. In the case of a partial or total stoppage of 
the pumps the kinetic energy in the water head may be so 
great that the interface between water and air in the pipe 
may proceed down into the underwater sections. 

These undesirable conditions can be avoided by insert- 
ing on the shore a surge chamber which should be suf- 
ficiently deep to prevent the water level in the chamber 
sinking below the entrance of the outfall pipe in the 
event of pump stopping. 

4. Quality control of the pipe material 

With the ambition to secure a plastic material which 
can really sustain the particular strength properties 
needed for fulfilling the advanced impact on a flexible 
submarine pipeline described above, some important quality 
control tests have to be performed. First of all the long 
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term strength of the material must be checked. A minimum 
requirement is that the accelerated long term hydrostatic 
internal pressure test at +80~ gives a time to failure 
exceeding 1,000 hours when the ring tensile stress is 
4 MPa. Simultaneously the linear relation between the 
tensile strain in the pipe wall and the logarithmic load- 
ing time shall show a rectilinear relationship. The same 
long term tensile strength shall be proved valid for butt 
welded joints. 

Another important quality control concerns the pipe 
manufacturing process in order to prevent thermal oxida- 
tion to occur at the internal surface of the pipe wall. 
The most simple way to prevent such an event is to require 
that the pipe shall be internally loaded with an inert 
gas, such as nitrogen or carbon dioxid during the extru- 
sion. This is an experienced practice in Europe, partic- 
ularly for large diameter pipes or thick-walled pipes. 

In addition to these main requirements, actual nation- 
al or international standards for polyethylene pressure 
pipes have to be referred to. 

5. Technology assessment 

For all structures there is a risk of failure which, 
however, can be minimized if the design and specifications 
and construction control are based upon established ex- 
perience. 

Assisting when evluating such risks could be first to 
identify the various impacts the structure has to with- 
stand, and then try to assess to which degree the tech- 
nique is sufficiently known for making it possible to 
disregard the consequences of these impacts as more or 
less insignificant. In this case the evaluation can be 
systemized by treating separately the impact, which the 
structure will be exposed to, of physical (mechanical, 
hydraulic, thermal), chemical and biological nature. 
Guiding for the evaluation should of course be the re- 
quirements which have to be fulfilled and which can be 
related to the user's demand of operational safety and 
functional stability of the structure. 

Concerning the physical impact on a submarine pipe- 
line, it is an established fact that both the mechanical 
and hydraulic load can much easier be taken up by a vis- 
coelastic material as polyethene than by conventional 
rigid materials. This is due to the very large strain- 
ability of polyethylene (5-10 %). In spite of the creep 
property of the viscoelastic material, the knowledge about 
how to chose safe stress and strain levels is well estab- 
lished since more than 30 years for standard specified 
polyethylene pipes. A part of the structure of particular 
concern is, however, butt welded joints which must be 
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perfectly performed under experienced supervision, shall 
the axial strength of the joints reach the same level as 
valid for the pipe itself. 

The thermal impact on polyethylene has always implied 
a weakness concerning the long term durability, but only 
at temperatures above +50~ In most cases the temperature 
will not reach that limit. 

Concerning the impact of chemical nature, it is a 
well-known fact that such corrosive environment which is 
dangerous for conventional pipe materials is totally safe 
for polyethylene. No accelerating degradation of the 
stabilization system of the polymer material has been 
noticed as a consequence of the impact of muncipality 
waste water or of waste water from cellulose industries. 
Nor is any biological degradation of the pipe material 
stored in the ocean referred to in the literature, neither 
of macro or micro nature. 

Based upon the statements above, it may momentarily be 
believed as there is no impact on a submarine polyethylene 
pipeline, which can be described as negative (in the sense 
of risky). Of course this is not the case. Hence there is 
an obvious and well-known risk which, however, primarily 
has to be classified as caused by the human factor. As an 
example, many pipe failures have occurred due to neglec- 
tion of an accurate quality control of the pipe delivery 
and of the butt welding procedure. Other types of failure 
(floating up to the sea surface, clogging, buckling during 
submerging, etc.) have been caused by pure design faults 
or by lack of understanding of the specific conditions 
valid for the flexible viscoelastic pipe material. The 
purpose of a proper design is to eliminate these types of 
negative impact. 

One impact which in addition has to be mentioned, and 
which has to be classified as exceptional, is the one 
which may be caused by big ships. In emergency cases, such 
as non-steerable situations, a ship can be forced to drop 
anchor near the coast. If the anchor catches the pipeline 
and the ship's drag force is big enough, the pipeline will 
be dislocated and probably spring at leak. This is a type 
of failure which cannot be disregarded despite good know- 
ledge and experience. That it can be accepted is of course 
due to the fact that the probability for the failure to 
occur, i.e. the risk, is very small. Hereto belongs also 
that appropriate technique and methods have been developed 
for rather rapid and simple repair of the polyethylene 
pipe in situ. Such effluents which can cause negative 
impact on the environment in the case of leakage, have of 
course to be monitored with special care. An experienced 
aid, to minimize the negative impact of uncontrolled 
discharge, is to store easily accessible equipment for 
adequate repair preparedness. A maintenance manual for the 
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ocean outfall shall perferably describe the equipment and 
how to use it in case of such failures. 
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ABSTRACT: A buckl ing theory for des ign  of bur ied  p l a s t i c  pipes 
i s  descr ibed,  which combines l i n e a r  she l l  s t a b i l i t y  theory for 
the structure with elastic continuum analysis for the 
assessment of ground support. The theory provides stability 
estimates which are superior to those generated using 'spring' 
models for the soil, predictions of phenomena such as 
long-wavelength crown buckling without the need to pre-guess 
the deflected shape, and rational assessment of the influence 
of shallow cover and the quality and quantity of backfill 
material. As well as describing the continuum buckling theory. 
the literature is briefly reviewed, buckling as a performance 
limit for buried plastic pipe is discussed, and the selection 
of appropriate soil and polymer moduli for use in the theory is 
also considered. 

KEYWORDS: Buckling, Buried Pipe, Design, S t a b i l i t y  

INTRODUCTION 

Curren t ly  a v a r i e t y  os procedures a re  be ing used for the design 
of bu r i ed  p l a s t i c  pipe,  depending on the pipe product  and i t s  country 
os o r i g i n .  I t  i s  widely recognised  tha t  these compressed f l e x i b l e  
c y l i n d e r s  can become e l a s t i c a l l y  u n s t a b l e .  Buckling may be caused by 
e x t e r n a l  s o i l  p ressures  ( e . g . ,  Molin [1] ,  Carls trom [2])  or f l u i d  
p r e s su re s  a s soc i a t ed  with groundwater or i n t e r n a l  vacuum (e .g . ,  
Car ls t rom [2] ,  Taprogge [3],  H e i e r l i  and Yang [4 ] ) ,  and i t  can be 
i n f l u e n c e d  by shallow b u r i a l  ( e . g . ,  Greatorex [5 ] ) .  However, there is  
some confus ion  about the mechanisms involved,  with phenomena such as 
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" l o c a l "  b u c k l i n g  ( S c h l u t e r  [ 6 ] ,  J e y a p a l a n  and Bolden [ 7 ] ) ,  
" f l a t t e n i n g "  and " c u r v a t u r e  r e v e r s a l "  (Hurd IS 3, J e y a p a l a n  and Bolden 
[7]}, "ring" buckling (Chambers and McCrath [9], Schluter [6]} and 
"upward" buckling (Greatorex [g]} being mentioned in the literature. 

A number of d i f f e r e n t  p r o c e d u r e s  have been  proposed for  
b u c k l i n g  s t r e n g t h  a s sessment .  The Levy [10] s o l u t i o n  fo r  the 
s t a b i l i t y  of an unsuppor ted  c i r c u l a r  r i n g  under  e x t e r n a l  p r e s s u r e  i s  
sometimes used ( e . g . ,  Taprogge [3]}  and v a r i o u s  v e r s i o n s  of  the 
Luscher  [11] t heo ry  for  a p ipe  suppo r t ed  by e l a s t i c  s p r i n g s  a re  
employed (e.g., Carlstrom [2], Heierli and Yang [4], Schluter [6], 
Jenkins and Kroll [12]}. Correction factors are sometimes employed to 
adjust for the effects os burial depth and fluid loads (AWWA [13]) as 
well as out of roundness (Taprogge [3], Jenkins and Kroll [12]}. The 
issue is further complicated as "excessive deflection" is often 
treated as a stability rather than serviceability criterion (e.g. 
Jenkins and Kroll [12], Watkins, Dwiggins and Altermatt [14]}. 

Recen t ly  Gumbel [15]  and Moore [16]  have r e p o r t e d  t h a t  the 
combina t ion  of l i n e a r  s h e l l  t heory  fo r  the  p ipe  wi th  e l a s t i c  continuum 
a n a l y s i s  for  the  assessment  of ground suppor t  p r o v i d e s  s u p e r i o r  
e s t i m a t e s  of b u r i e d  p ipe  buck l ing  s t r e n g t h .  This  "cont inuum buck l ing  
theo ry"  has been a p p l i e d  to the  d e s i g n  of long span c o r r u g a t e d  metal  
c u l v e r t s ,  Moore, S e l i g  and Haggag [17 ] .  The model can be used to 
examine the  e f f e c t  os shal low b u r i a l  (Moore [18]} ,  nonuniform hoop 
t h r u s t  (Moore and Booker [19]} ,  n o n c i r c u l a r  p ipe  shape (Moore [203) 
and nonuniform ground suppor t  (Moore, Haggag and S e l i g  [ 2 1 ] ) .  

This  paper  b e g i n s  wi th  a b r i e f  d i s c u s s i o n  os the  mechanism of 
b u r i e d  p ipe  b u c k l i n g .  The b e n e f i t s  of the  cont inuum s o i l  model 
compared to the  Winkler  or " e l a s t i c  s p r i n g "  model a r e  then  o u t l i n e d .  
A d e s i g n  p rocedure  based on the  cont inuum b u c k l i n g  model i s  d e s c r i b e d ,  
fo r  use  in  p r e d i c t i o n  of hoop t h r u s t s  which d e s t a b i l i s e  b u r i e d  p l a s t i c  
p ipe  compressed by the  su r round ing  s o i l .  The i n f l u e n c e  of shal low 
b u r i a l ,  nonuniform ground suppor t ,  nonuni form t h r u s t  d i s t r i b u t i o n  and 
the  s o i l  modulus a r e  d i s c u s s e d .  The s e l e c t i o n  of p ipe  modulus i s  
examined through r e f e r e n c e  to an example problem ( t h i s  i s  an  impor tan t  
i s s u e  fo r  polymers where modulus i s  a f u n c t i o n  of  t ime}.  F i n a l l y ,  
obse rved  p l a s t i c  p ipe  b u c k l i n g  phenomena a r e  l n t e r p r e t t e d  i n  a 
d i s c u s s i o n  os per formance  l i m i t s  f o r  b u r i e d  p l a s t i c  p i p e s .  

BURIED PIPE BUCKLING 

Column Buckl ing  

One impor t an t  concern  wi th  f l e x i b l e  s t r u c t u r e s  i s  the  e f f e c t  of 
t h r u s t  a c t i n g  i n  the  p lane  of the  s t r u c t u r e  on the  bend ing  response .  
For example, the  f a m i l i a r  "Euler  b u c k l i n g "  problem i s  shown in  F igure  
l a ,  where a t  some c r i t i c a l  va lue  of  a x i a l  t h r u s t  N an i n i t i a l l y  
s t r a i g h t  column bends f r e e l y  even when l a t e r a l  p r e s s u r e s  a r e  only 
smal l .  Now i f  t h a t  column i s  p r o v i d e d  w i t h  l a t e r a l  s u p p o r t s ,  F igure  
lb ,  t he  wave leng th  of the  de fo rma t ions  ( " b u c k l e s " }  i s  reduced and much 
h i g h e r  t h r u s t s  N can develop b e f o r e  l a t e r a l  s t a b i l i t y  i s  a f f e c t e d .  
The case  of  a ground suppor ted  s t r u c t u r e  i s  q u i t e  s i m i l a r ,  F igure  lc ,  
where l a t e r a l  suppor t  i s  d i s t r i b u t e d  a l o n g  the  s t r u c t u r e  l e ad in g  to 
s i m i l a r  r e d u c t i o n s  in  buckle  wave leng th  and i n c r e a s e s  in  t h r u s t  
c a p a c i t y .  In each case ,  the  t h r u s t s  i n f l u e n c e  the  f l e x u r a l  r esponse ,  
because  t h i s  f o r c e  produces bend ing  when l a t e r a l  p i p e  de fo rma t ions  
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p r o v i d e  e c c e n t r i c i t y .  For  t h o s e  r e a d e r s  who want t h i s  b u c k l i n g  
phenomenon e x p r e s s e d  in  t h e o r e t i c a l  t e rms ,  t he  s t r u c t u r e  b u c k l e s  when 
a " c r i t i c a l "  d i s t r i b u t i o n  os t h r u s t  d e v e l o p s  so t h a t  t he  s t r u c t u r e  can 
move from one e q u i l i b r i u m  p o s i t i o n  to  an  a d j a c e n t  p o s i t i o n  w i t h  no n e t  
e n e r g y  i n p u t  ( t h e  e q u i l i b r i u m  s t a t e  becomes " e l a s t i c a l l y  u n s t a b l e " ) .  

1 

N 

N N 

a. b. c. 

It N 
IN 

E u l e r  Column R e s t r a i n e d  Column E l a s t i c a l l y  R e s t r a i n e d  
Column 

F i g u r e  1. Buck l i ng  of  a S t r a i g h t  Column 

E l a s t i c a l l y  Suppor t ed  Bur i ed  P ipe  Buckl inK 

Le t  us  now c o n s i d e r  t h e  c a s e  of  a f l e x i b l e  p i p e  b u r i e d  in  
mas s ive  g round ,  F i g u r e  2. When the  p r e s s u r e s  a p p l i e d  to  the  p i p e  
a c r o s s  t he  i n t e r f a c e  a r e  l a r g e  enough,  t he  hoop t h r u s t s  N which 
d e v e l o p  p roduce  w a v e - l i k e  f l e x u r a l  d e f o r m a t i o n s ,  F i g u r e  2a,  ( a t  the  
l o c a t i o n s  of  maximum t h r u s t  o r  ove r  t he  crown where g round  s u p p o r t  i s  
r e d u c e d ) .  The t h r u s t s  N a f f e c t  e q u i l i b r i u m  i n  two ways: 

a .  s imp le  s t a t i c s  i n d i c a t e s  t h a t  a n e t  l a t e r a l  f o r c e  d e v e l o p s  - 
t h i s  i s  o b v i o u s l y  r e s i s t e d  by t h e  a c t i o n  of  t he  i n t e r f a c e  
p r e s s u r e  due to  s o i l  w e i g h t  Pw' F i g u r e  2b. 

b .  l o c a l  bend ing  i s  induced  a s  t h e  b u c k l i n g  d e f o r m a t i o n s  p r o v i d e  
e c c e n t r i c i t y  f o r  the  t h r u s t  - t h i s  i s  r e s i s t e d  by the  s t r u c t u r e  
which has  a smal l  amount of  b e n d i n g  s t i f f n e s s  and ,  
s i g n i f i c a n t l y ,  t he  nonun i fo rm e a r t h  p r e s s u r e s  Pr  which d e v e l o p  

a s  t he  s o i l  i s  deformed,  F i g u r e  2b.  

The w a v e l e n g t h  of  the  " b u c k l i n g "  d e f o r m a t i o n s  and the  a b i l i t y  
of  t he  p i p e  to  s u p p o r t  t h r u s t ,  depend  on the  f l e x u r a l  s t i f f n e s s  os the  
p i p e  and the  magni tude  of  the  g round  s u p p o r t .  For a p i p e  immersed in  
a f l u i d ,  t he  nonun i fo rm l a t e r a l  p r e s s u r e s  Pr  c an n o t  d e v e l o p  so t h a t  

t h r u s t  c a p a c i t y  i s  low and the  p i p e  de fo rms  i n t o  an  ova l  shape .  Where 
the  p i p e  i s  b u r i e d  i n  s t i f f  g round  i t  ha s  h i g h  t h r u s t  c a p a c i t y  and 
s h o r t  w a v e l e n g t h  b u c k l e s  occu r ,  s i n c e  the  s o i l  a c t i v e l y  r e s i s t s  the  
p i p e  d e f o r m a t i o n ,  and l a r g e  e a r t h  p r e s s u r e s  Pr  d e v e l o p .  
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a .  P ipe  C l o s e  to  B u c k l i n g  F a i l u r e  

\ 
\ 

development 

of tension _ Ground restraint 
leads to .../_ p 
elastic (" r 

instability \ - Soil Weight 

?l:':?s;~,. W 

Net Interface 
Pressure 

Pn, 

b.  I n t e r f a c e  S t r e s s e s  Pn" Pw and  P r  

F i g u r e  2.  B u r i e d  P i p e  B u c k l i n g  

S e p a r a t i o n  o f . S o i l ,  and  S t r u c t u r e  

The n e t  i n t e r f a c e  p r e s s u r e s  Pn = Pw + Pr  a r e  a l s o  shown i n  

F i g u r e  2b.  We have  a l r e a d y  shown how i n i t i a l l y  a s  p r e s s u r e s  Pw 

i n c r e a s e  p i p e  e q u i l i b r i u m  i s  m a i n t a i n e d  by t h e  a c t i o n  of  s o i l  s u p p o r t  
p r e s s u r e s  Pr"  These  a r e  a b l e  to  a c t  w h i l e  t h e  p i p e  and  t he  s o i l  

s u r r o u n d i n g  i t  r e m a i n  i n  c o n t a c t .  E v e n t u a l l y .  however ,  when p i p e  
d e f o r m a t i o n s  become l a r g e  enough,  t h e  n e t  p r e s s u r e s  Pn a t  some 

l o c a t i o n  d w i n d l e  to  z e r o  and  t he  p i p e  and  g r o u n d  s e p a r a t e .  At t h a t  
l o c a t i o n  t h e  a b i l i t y  of  t h e  s o i l  t o  r e s i s t  l o c a l  b e n d i n g  i s  a f f e c t e d  
and  t h e  t h r u s t  c a p a c i t y  of  t he  p i p e  s u d d e n l y  d e c r e a s e s .  Is e a r t h  
p r e s s u r e s  Pw a r e  m a i n t a i n e d  t he  p i p e  i s  e l a s t i c a l l y  u n s t a b l e  and  a 

c a t a s t r o p h i c  f a i l u r e  r e s u l t s ,  w i t h  t he  p i p e  " u n z i p p i n g "  f u r t h e r  from 



348 BURIED PLASTIC PIPE TECHNOLOGY 

t h e  s o i l  a s  i t  de fo rms  i n t o  a l ong  w a v e l e n g t h  d e f o r m a t i o n  p a t t e r n ,  
F i g u r e  3a  [ 1 5 , 1 6 , 2 2 ]  ( i f  t he  moment c a p a c i t y  of  the  p i p e  w a l l  i s  f u l l y  
d e v e l o p e d ,  the  l a r g e  p i p e  d e f o r m a t i o n s  wh ich  o c c u r  p r o d u c e  l o c a l  y i e l d  
and  " p l a s t i c  h i n g i n g " ) .  T h i s  sudden  i n c r e a s e  i n  b u c k l e  w a v e l e n g t h  and  
d e c r e a s e  i n  t h r u s t  c a p a c i t y  i s  s i m i l a r  to  t h a t  which  o c c u r s  when a 
straight column has one of its lateral supports removed, Figure 3b. 
Energy is released and rapid "snap-through" buckling is observed. 

a .  B u r i e d  P ipe :  D e s t a b i l i s e d  by  S e p a r a t i o n  of  P i p e  From Ground 

b.  Column: D e s t a b l i s e d  by  Removal of  L a t e r a l  S u p p o r t  

F i g u r e  3. Snap-Through  B u c k l i n g  A f t e r  Removal of  S u p p o r t  
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Deflection Control 

It is worth noting, in relation to this type of pipe failure, 
that pipe shape does not reliably indicate the extent of pipe 
stability, and that pipe stability cannot be assured through shape 
control. The pipe collapses at the point of separation from the 
ground, and this can occur before or after it flattens. Naturally, 
pipe flattening is of concern to the engineer responsible since it is 
a sign that pipe buckling strength may be barely adequate. However, 
distortions such as flattening and reverse curvature can, for example, 
be the result os concentrated load from a rock in contact with the 
pipe, or construction induced deformations. In such cases the 
potential for buckling collapse may be minimal and the wave-like 
deformations observed should not be regarded as "buckles". 

SELECTION OF PREFERRED BUCKLING THEORY 

There  a r e  two a p p r o a c h e s  a v a i l a b l e  f o r  estimating the 
nonuniform pressures Pr which occur as the soil resists lateral pipe 

deformations: (i) the spring model, and (ii) the continuum model. 

S p r i n ~  Model 

The u se  os t he  Lus che r  [11]  b u c k l i n g  t h e o r y  i s  common i n  the  
desig-n os b u r i e d  p l a s t i c  p i p e s  ( e . g .  AWWA [ 1 3 ] ) .  T h i s  a p p r o a c h  
employs  t he  e l a s t i c  s p r i n g  ( o r  " W i n k l e r " )  model to  e h a r a c t e r i s e  the  

s o i l  s u p p o r t .  For  g round  s u p p o r t  w i t h  E 'R 3 > SEI, t h e  c r i t i c a l  hoop 
t h r u s t  i s  g i v e n  by a n  e x p r e s s i o n  of  the  form 

Nch = 2 (EI) I/2 (E')I/2/(R) I/2 C1) 

where  EI i s  f l e x u r a l  r i g i d i t y  of  the  p i p e ,  E" i s  t h e  e l a s t i c  s p r i n g  
s t i f f n e s s ,  and  R i s  the  p i p e  r a d i u s .  

The s p r i n g  model r e p r e s e n t s  an  o v e r - s i m p l i f i e d  a n a l y s i s  of  the  
s o i l - s t r u c t u r e  s y s t em ,  s i n c e  i t  i g n o r e s  s h e a r  d e f o r m a t i o n s  i n  the  
s o i l .  Excep t  t h r o u g h  t h e  s t r u c t u r e ,  e a c h  p o i n t  on t h e  i n t e r n a l  s o i l  
b o u n d a r y  i s  a r t i f i c i a l l y  s e p a r a t e d  from the  o t h e r  p o i n t s  (no 
d e f l e c t i o n  o c c u r s  when loads  a r e  a p p l i e d  a t  the  o t h e r  p o i n t s ) .  A 
s e v e r e  p e n a l t y  r e s u l t s  - t he  e l a s t i c  s p r i n g  s t i f f n e s s  i s  a f u n c t i o n  of  
t h e  w a v e l e n g t h  of  t he  p i p e  d e f o r m a t i o n  which  o c c u r s ,  Duns and 
B u t t e r f i e l d  [ 2 3 ] .  There  i s  no u n i q u e  r e l a t i o n s h i p  b e t w e e n  s p r i n g  
s t i f f n e s s  and  e l a s t i c  s o i l  modulus .  E m p i r i c a l  s p r i n g  e s t i m a t e s  
o b t a i n e d  from s t a t i c  p i p e  d e f o r m a t i o n  s t u d i e s  ( e . g . ,  Howard [ 2 4 ] )  
c a n n o t  be  employed i n  b u c k l i n g  s t r e n g t h  a s s e s s m e n t  s i n c e  s t a t i c  p i p e  
r e s p o n s e  ha s  t o t a l l y  d i f f e r e n t  m e c h a n i c s .  A l s o ,  t h e  t a s k  of 
e m p i r i c a l l y  d e t e r m i n i n g  t he  e f f e c t  on s p r i n g  s t i f f n e s s  os c o m p l e x i t i e s  
such  s h a l l o w  p i p e  b u r i a l  and  n o n u n i f o r m  g r o u n d  s u p p o r t ,  i s  f o r m i d a b l e  
i n d e e d .  

Continuum Model 

Also  a v a i l a b l e  a r e  a n a l y s e s  which  u s e  e l a s t i c  c o n t i n u u m  t h e o r y  
to  d e t e r m i n e  g r o u n d  s u p p o r t  ( e . g . ,  F o r r e s t a l  and  Herrmann [ 2 5 ] ) .  For  
a f l e x i b l e  p i p e  s u p p o r t e d  by u n i f o r m  e l a s t i c  g round  of  modulus  E the  

s 
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c o n t i n u u m  b u c k l i n g  t h e o r y  s u g g e s t s  t h a t  where  E s R 3 > IOEI, c r i t i c a l  

hoop t h r u s t  t a k e s  t h e  form 

Nch = 1 .2  (EI )  1 /3  ( E s ) 2 / 3  (2)  

In contrast to the spring model, continuum theory employs 
modulus parameters with real physical meaning. Using numerical 
analysis, ground support can be determined for complex pipe burial 
conditions. Also note that according to equation (2) pipe radius does 
not influence the critical thrust for deeply buried pipes in uniform 
soil. This is perhaps the most significant difference between the 
continuum and elastic spring buckling solutions. As we shall see in 
the following section, pipe radius does affect the manner in which 
nonuniformities in ground support influence the buried structure. Of 
course, even for deeply buried pipes where thrust capacity is 
independent of radius, the pipe size significantly influences the 
thrusts that develop, and therefore the factor of safety. 

F i g u r e  4.  Maximum T h r u s t  N 
m a x  

C o m p a r i s i o n  of  Models  

A number of  s t u d i e s  have  b e e n  p e r f o r m e d  o v e r  t he  p a s t  two 
d e c a d e s  compar ing  e x p e r i m e n t a l  d a t a  w i t h  t h e o r e t i c a l  p r e d i c t i o n s  of  
b u c k l i n g  s t r e n g t h .  For  example ,  F i g u r e  4 shows n o r m a l i s e d  maximum 

t h r u s t  N 8R3ZEI d a t a  from t e s t s  on d e e p l y  b u r i e d  p i p e s  ( s e e  Moore 

[16 ]  f o r  f u r t h e r  d e t a i l s )  a s  w e l l  a s  p r e d i c t i o n s  of  c r i t i c a l  t h r u s t  
from l i n e a r  con t inuum b u c k l i n g  t h e o r y  and  t h e  t h e o r y  b a s e d  on e l a s t i c  
s p r i n g s  ( f o r  t he  l a t t e r  the  common b u t  i n c o r r e c t  a s s u m p t i o n  ha s  been  
made t h a t  s p r i n g  s t i f f n e s s  E ' i s  g i v e n  by  Es/2(1-Vs), where Us i s  

P o i s s o n ' s  r a t i o  of  t he  g r o u n d ) .  The h o r i z o n t a l  a x i s  i s  n o r m a l i s e d  

g r o u n d  modulus  8E R3/EI ,  where t he  w a v e l e n g t h  of  t he  b u c k l e s  s t e a d i l y  
s 

d e c r e a s e s  a s  n o r n m l i s e d  g round  s t i f f n e s s  i s  i n c r e a s e d .  

10 ~ 
; ' ' ~ " ~ x p ~ F i ' m ~ ' ~ a i  ba'i~ . . . . . . . . . . . . . . . . . . . . .  ~ , ; " "  

- -  Continuum Theory / ~  
~ - -  Wink]er  T~eory - -  Z m 

10 4 

1 0  2 

i i I . . . . .  I , , . . . . . .  I , , , , , , , , 1  . . . . .  , , , 1  . . . . . . . .  I . . . . . . .  i 
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El 

From Theory  and  E x p e r i m e n t  [16]  
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For these deeply buried pipes, the scatter of test  results is 
such that both models need some calibration before they provide 
rel iable estimates of s tabi l i ty .  Examining the line of best f ic to 
the experimental data, Moore [16], we find a slope os 0.647. This is 
very close to the 2/3 relationship associated with the continuum model 
of equation (2), but not the 1/2 relationship given for the spring 
model in equation (1). This i l lus t ra tes  the point made earlier  that 
i t  is incorrect to assume spring s t i f fness  is independent of buckle 
wavelength. Clearly interaction is occuring through the ground 
similar to that predicted using elastic continuum an~lysis. When this 
problem is taken together with those described before concerning the 
spring model, the performance of the continuum model is clearly 
superior. 

DESIGN OF BURIED PLASTIC PIPES FOR BUCKLING 

Design Equation 

A d e s i g n  a p p r o a c h  b a s e d  on t h e  c o n t i n u u m  b u c k l i n g  t h e o r y  i s  now 
d e s c r i b e d .  A s i m i l i a r  a p p r o a c h  h a s  r e c e n t l y  b e e n  r e p o r t e d  fo r  
c o r r u g a t e d  m e t a l  c u l v e r t s ,  Moore, S e l i g  and  Haggag [ 1 7 ] .  

Critical hoop thrust N is given by 
c 

N = ~ R h ( 3 )  c Nch 

Here ,  t h e  c r i t i c a l  t h r u s t  f o r  a p i p e  d e e p l y  b u r i e d  i n  e l a s t i c  g round  
Nch i s  m o d i f i e d  u s i n g  the  c a l i b r a t i o n  f a c t o r  ~ and  t he  c o r r e c t i o n  

f a c t o r  R h.  

For typical buried plast ic  pipes t h e  flexural s t i f fness  EI is 

less than E R3/10, and under these cirumstanees the c r i t i ca l  thrust 
S 

Nch f o r  d e e p l y  b u r i e d  p i p e  i n  u n i f o r m  g r o u n d  i s  g i v e n  by e q u a t i o n  ( 2 ) .  

Otherwise, Nch can be found by minimising the expression 

(n 2 -I)  EI/R 2 
E a 

S 

1 .82n  + 0 . 5 2  

w i t h  r e s p e c t  to  i n t e g e r  n > 2 ( s e e  Moore and  Booker  [26 ]  f o r  f u r t h e r  
d i s c u s s i o n ) .  

C a l i b r a t i o n  

D i s c r e p a n c i e s  be tween  l i n e a r  c o n t i n u u m  b u c k l i n g  t h e o r y  and  the  
e x p e r i m e n t a l  d a t a  o c c u r ,  F i g u r e  4,  p r o b a b l y  a s  r e s u l t  of  i n e l a s t i c  and 
n o n l i n e a r  s o i l  r e s p o n s e  a s  w e l l  a s  g e o m e t r i c a l l y  n o n l i n e a r  s t r u c t u r a l  
and  i n t e r f a c e  b e h a v i o u r .  A s i m p l e  a r i t h m e t i c  c a l i b r a t i o n  i s  u sed  to 
a l l o w  f o r  t h e s e  e f f e c t s .  

An examination os the available experimental data indicates 
that the calibration factor ~ takes the value 0.55 for granular 
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m a t e r i a l s ,  Moore [ 1 6 ] .  Lower v a l u e s  s h o u l d  p r o b a b l y  be used  i f  f i n e  
g r a i n e d  b a c k f i l l  m a t e r i a l s  a r e  employed,  a l t h o u g h  a t  p r e s e n t  t h e r e  i s  
i n s u f f i c i e n t  i n f o r m a t i o n  f o r  a s p e c i f i c  recommendat ion .  

Nonuniform Hoop T h r u s t  

The use  of  l i n e a r  s t a b i l i t y  a n a l y s i s  f o r  t he  p i p e  s t r u c t u r e  
t o g e t h e r  w i t h  t h e  e l a s t i c  con t inuum s o i l  model f o r  a p i p e  w i t h  
nonun i fo rm t h r u s t ,  Moore and Booker [19 ] ,  i n d i c a t e s  t h a t  b u ck l e  waves 
d e v e l o p  a t  the  l o c a t i o n s  of  maximum t h r u s t ,  and the  b u c k l e  wave leng th  
i s  a l m o s t  equa l  to  t h a t  f o r  the  same b u r i e d  p i p e  s u b j e c t e d  to  un i fo rm 
t h r u s t .  I t  i s  c o n v e n i e n t  and c o n s e r v a t i v e  to  e s t i m a t e  c r i t i c a l  t h r u s t  
u s i n g  s t a b i l i t y  a n a l y s e s  b a s e d  on u n i f o r m  t h r u s t  d i s t r i b u t i o n ,  
p r e d i c t i n g  f a c t o r  o f  s a f e t y  F by d i v i d i n g  t h a t  c r i t i c a l  t h r u s t  N c 
found u s i n g  (3) by maximum t h r u s t  e x p e c t e d  N : F = N /N 

m s x  c I1%B2(" 
W W 

Rhd 

a. Rhd 

~ , Z h ~iii~iuiiij,ih~,~uiii~iiiiiii~,:~!!!!!!!~ 

: for burial within ring of stiff soil within poor soil 

Rhs 

b. Rhs: for shallow burial within uniform soil w hl 
T R.s 

c. Rhs: for shallow burial within nonuniform soil 
Figure 5 Ground support models for buried pipe 
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Figure 7 Rhs values for shallow burial in uniform soil, [18] 
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Nonuniform Ground Suppor t  

The f a c t o r  R h c o r r e c t s  f o r  the  e f f e c t s  o f  p i p e  b u r i a l  c l o s e  to 

t he  ground  s u r f a c e ,  and f o r  t he  i n f l u e n c e  of  p o o r e r  q u a l i t y  s o i l  
beyond the  zone of  e n g i n e e r e d  b a c k f i l l .  Such n o n u n i f o r m i t i e s  in  
g round  s u p p o r t  a f f e c t  the  b u c k l i n g  s t r e n g t h  of  the  p i p e  crown and p i p e  
w a l l s  and i n v e r t  d i f f e r e n t l y .  

F i g u r e  8: 

Walls  and I n v e r t :  The b u c k l i n g  s t r e n g t h  of  the  p i p e  w a l l s  and 
i n v e r t  i s  n o t  s i g n i f i c a n t l y  a f f e c t e d  by the  p r e s e n c e  of  the  
ground s u r f a c e  ( e x c e p t i n g  the  i n f l u e n c e  of  b u r i a l  d e p t h  on 
e a r t h  p r e s s u r e s ,  and t h e r f o r e  s o i l  modulus ) .  The c o r r e c t i o n  
f a c t o r  R h = Rhd i s  employed,  F i g u r e  5a.  The f a c t o r s  Rhd have 

been  found u s i n g  a c l o s e d  form b u c k l i n g  s o l u t i o n  which 
c o n s i d e r s  the  hoop t h r u s t  c a p a c i t y  o f  a d e e p l y  b u r i e d  c i r c u l a r  
c o n d u i t  su r rounded  by a r i n g  os b a c k f i l l  r a u t e r i a l  of  modulus 
E s ,  which i s  in  t u r n  s u r r o u n d e d  by p o o r e r  q u a l i t y  m a t e r i a l  of  

modulus E o, Moore, Haggag and S e l i g  [21 ] .  One s e t  of  s o l u t i o n s  

f o r  Rhd a r e  shown in  F i g u r e  6, where  the  r i n g  o f  b a c k f i l l  has  

w i d t h  W = R/2.  R e s u l t s  a r e  g i v e n  f o r  E ZE = O, 0 . 1 ,  0 . 2 ,  0 .4 ,  
O S  

0 . 6 ,  0 . 8 ,  1 .0 and 1 .5 .  

a .  

1 , 2  , , , , , , , q  , , , , , , , , i  , , , , , , , , j  , T , , , , , , )  , , , , , , , , i  , , , , , , *  
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1 . 0  
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0.4 
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Eo/~=0 

J r,,,J.l , , ,p~,,,l , l,J,J,,f . t ,H,.I i lllJUll , J,H, 

O0 O -  5 10 .4  1 0 - "  ~ 10 .2 10 -~ 10  0 10 ~ 

3 
EVER 

s 

nR's Yalues  f o r  B u r i a l  h = R/2,  B a c k f i l l  Width W = 1t/2 

b.  C r o ~ :  The b u c k l i n g  s t r e n g t h  of  t h e  c r o ~  can be i n f l u e n c e d  
b o t h  the  b u r i a l  d e p t h  h and modular  r a t i o  E ~ . F i r s t l y ,  

O S  

f i n i t e  e l emen t  b u c k l i n g  a n a l y s i s  os the  s y s t em Moore [18]  
r e v e a l s  t h a t  r e d u c t i o n s  i n  b u c k l i n g  s t r e n g t h  a s s o c i a t e d  w i t h  
long w a v e l e n g t h  b u c k l i n g  a c r o s s  t he  p i p e  crown can occur  ~ e n  
the  p i p e  b u r i a l  d e p t h  i s  l e s s  t han  R. For  p i p e s  b u r i e d  a t  
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greater depths, the crown can be analysed in the same manner as 
the walls and invert, as described above, Figure 5a. Secondly, 
where structural backfill extends a long way from the pipe 
(more than one pipe diameter), R h = Rhs solutions for pipes 

shallow buried in uniform ground Figure 5b can he employed, 
Figure ? (see also Moore [18]). Finite element analysis can 
also be used to consider the case where the backfill zone 
stretches only a short way from the pipe, Figure 5c. For 
example, Figure 8 gives values of R h = Rhs for a pipe buried a 

distance R/4, with good quality backfill stretching W = R/2 
from the pipe. 

In a l l  cases, reductions in c r i t i c a l  thrust  are influenced by 

the normalised s s t i f f ne s s  EI/E R 3. Generally, buckle 
s 

wavelengths decrease as EI/E R 3 is  reduced, ground deformations 
s 

associated with pipe buckling attenuate more rapidly away from the 
pipe, and the influence of nonuniform ground support is reduced. 

Choice of Soil Modulus 

To make use  of  the  d e s i g n  e q u a t i o n  ( 1 ) ,  i t  i s  n e c e s s a r y  to 
e s t i m a t e  the  s o i l  modulus.  S e l i g  [27]  d i s c u s s e s  t h i s  i s s u e  in  d e t a i l  
and r e a d e r s  a r e  r e f e r r e d  to t h a t  work f o r  f u r t h e r  d i s c u s s i o n .  

Choice of Pipe  Modulus 

During the selection of pipe modulus, creep effects for the 
polymer concerned need to be considered carefully. For example, let 
us consider a high density polyethylene with an instantaneous modulus 
of 1200 MPa, a 24 hour modulus of 800 MPa and a long term modulus of 
only 200 MPa. Which of these values, if any, should be used in the 
assessment of pipe flexural rigidity El? (Modulus values are also 
influenced by stress and temperature, hut these issues are not 
considered here). 

The p r o c e s s  of  b u r i e d  p i p e  b u c k l i n g  was d i s c u s s e d  e a r l i e r  in  
some d e t a i l .  The impor tance  of  p i p e  s e p a r a t i o n  from the  ground was 
n o t e d ,  where t h i s  l o c a l i s e d  l o s s  os g round  r e s t r a i n t  l e a d s  to  a sudden 
r e d u c t i o n  in  b u c k l i n g  s t r e n g t h  and t h e r e f o r e  c o l l a p s e .  Hence p i p e  
s t a b i l i t y  i s  a f u n c t i o n  of  the  p i p e  d e f o r m a t i o n s ,  and f o r  a 
v i s c o e l a s t i c  m a t e r i a l  t h i s  i m p l i e s  a dependence  on the  manner in  which 
the  p i p e  i s  loaded  over  t ime ( t h e  " l o a d  p a t h " ) .  A c o r r e c t  
u n d e r s t a n d i n g  of  t he  p i p e  c o l l a p s e  mechanism i s  i m p o r t a n t  h e r e ,  s i n c e  
i n c o r r e c t  c o n c l u s i o n s  about  c o n t r o l l i n g  p i p e  modulus a r e  drawn i f  
l i n e a r  b u c k l i n g  t h e o r y  based  on s m a l l ,  r a p i d  d e f o r m a t i o n s  of  the  p i p e  
from i t s  undeformed p o s i t i o n  i s  u sed  a s  t he  framework f o r  a s s e s s i n g  
the  i n f l u e n c e  of  p i p e  c r e e p .  

To illustrate the influence of load path let us examine an 
example structure of 2 m diameter, of thickness 40 am, composed of 
high density polyethylene with time dependant modulus as quantified in 
the preceeding paragraph and Poisson's ratio 0.5. The pipe is buried 
a distance of 4 m in soil of modulus 13 MPa, Poisson's ratio 0.3 and 
unit weight 20 kN per cubic metre. 
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The hoop thrusts which develop depend on the time spent in 
backfilling the pipe. For example, using the static solutions of 
Haggag [28], if the pipe is buried rapidly then using the 24 hour 
modulus of 800 MPa a hoop thrust of about 80 kN/m is estimated for the 
pipe immediately at the end of burial. If pipe burial is extremely 
slow, then the long-term modulus 200 MPa is employed and thrust 
reduces to 60 kN/m. 

Now the pipe deformations and therefore the thrust capacity 
also depend on the manner in which loads are applied. For rapid 
loading, pipe deformation and therefore collapse is controlled by 24 
hour modulus, and using this in the buckling theory (3) yields a 
critical hoop thrust os 127 kN/m. For very slow loading, pipe 
deformations and therefore stability depend on long term modulus, 
which yields 82 kN/m when used in equation (3). 

Overall stability may be quantified using factor os safety 
defined as F = N /IN . For rapid loading we obtain F = 127/80 = 1.6, 

while for very slow loading F = 82/60 = 1.3, so this implies an 
overall decrease in factor of safety with reduction in load rate. 
Note however, that these are the two simplest load paths, and that 
more realistic paths (involving, say, initial pipe burial followed by 
loading to failure at some later time) will give different values of 
both thrust and thrust capacity which may be more critical. This load 
path dependence merits further study. 

SUMMARY AND CONCLUSIONS 

a. A design equation for estimation of critical hoop thrust has 
been described for ground supported plastic pipes. The 
equation can be used to determine thrust capacity for a range 
of ground support and burial conditions. The equation has been 
calibrated using available experimental data. Stability can be 
estimated by comparing thrust capacity with expected thrust. 

b. For pipes subjected to external earth (rather than fluid) 
loads, the distinction between "ring" and "local" buckling 
mechanisms is unnecessary, since both are multi-wave buckling 
phenomena. The buckle waves simply become more localised when 
the distribution of hoop thrust becomes less uniform, 
(observers will notice "local" buckling at the locations of 
maximum thrust). In both cases, continuum buckling theory can 
be used to determine critical thrust. 

c.  The cont inuum b u c k l i n g  t h e o r y  has  been  m o d i f i e d  u s i n g  l i n e a r  
f i n i t e  e l emen t  b u c k l i n g  a n a l y s e s  of  s h a l l o w  b u r i e d  p i p e s  (Moore 
[ 1 8 ] ) .  Such a n a l y s e s  show how r e d u c t i o n s  i n  the  q u a n t i t y  of 
ground m a t e r i a l  r educe  ground s u p p o r t ,  and t h e r e f o r e  b u c k l i n g  
s t r e n g t h .  The buck le  w a v e l e n g t h  i n c r e a s e s ,  and a long 
w a v e l e n g t h  "upward" buck l e  d e v e l o p s  a t  t he  crown [5]  t o g e t h e r  
w i t h  l o n g - w a v e l e n g t h  "downward" b u c k l e s  a c r o s s  t he  s h o u l d e r s .  

d. M o d i f i c a t i o n s  have a l s o  been  i n c o r p o r a t e d  to  c o n s i d e r  the  ca se  
of  p i p e  s u r r o u n d e d  by a l i m i t e d  zone os g r a n u l a r  b a c k f i l l .  The 
e f f e c t  on c r i t i c a l  hoop t h r u s t  o f  t he  p o o r e r  s o i l  beyond the  
g r a n u l a r  b a c k f i l l  has  been  c o n s i d e r e d  b o t h  f o r  d e e p l y  b u r i e d  
and s h a l l o w  b u r i e d  p i p e s .  Th i s  p o o r e r  s o i l  can r educe  c r i t i c a l  
t h r u s t  s u b s t a n t i a l l y .  
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B u c k l i n g  c o l l a p s e  can  o c c u r  a t  b o t h  v e r y  l a r g e  (> 20%) and v e r y  
s m a l l  (<< 5%) d e f o r m a t i o n s  [24 ,  29,  3 0 ] ,  so t h a t  d e f l e c t i o n  
c o n t r o l  does  n o t  n e c e s s a r i l y  p r e v e n t  i n s t a b i l i t y  no r  can  the  
d e g r e e  of  s t a b i l i t y  be  i n f e r r e d  from t h e  de fo rmed  shape  of  the  
p i p e .  

The l i n e a r  b u c k l i n g  s o l u t i o n s  f o r  e a r t h  s u p p o r t e d  p i p e  a r e  
u n s u i t a b l e  f o r  a s s e s s i n g  t h e  s t a b i l i t y  of  p i p e s  s u b j e c t e d  to 
l a r g e  e x t e r n a l  f l u i d  p r e s s u r e .  N o n l i n e a r  s o l u t i o n s  fo r  
s i n g l e - w a v e  b u c k l i n g  h a v e  t h e  p o t e n t i a l  to  p r o v i d e  s t a b i l i t y  
e s t i m a t e s  f o r  f l u i d  p r e s s u r e  b u c k l i n g .  No such  s o l u t i o n  i s  y e t  
a v a i l a b l e  where  c o n t i n u u m  t h e o r y  h a s  b e e n  u s e d  to model the  
s o i l ,  and  f u r t h e r  work i s  n e e d e d  to  i n v e s t i g a t e  t h i s  c a s e .  

Da ta  i s  a v a i l a b l e  c o n c e r n i n g  t h e  modulus  of  t y p i c a l  b a c k f i l l  
m a t e r i a l s  [273 . For  po lymer  m a t e r i a l s  which  c r e e p ,  t he  p i p e  
modulus u sed  i n  t he  d e s i g n  e q u a t i o n  depends  on t he  r a t e  of 
l o a d i n g  and  i s ,  i n  g e n e r a l ,  a f u n c t i o n  of  t h e  l oad  p a t h .  More 
work i s  needed  to  i n v e s t i g a t e  t h i s  i s s u e  f u r t h e r .  
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ABSTRACT: The stringent design criteria set for 
large diameter sewer force mains encompass many 
factors. These mains must resist external loading 
from backfill and live loads prior to the line 
being pressurized. Once pressurized, the pipe must 
withstand the combined effects of both the internal 
pressure and external loads. In addition, the pipe 
must be corrosion resistant to the interior flow 
and, in many cases, to severe external corrosive 
environment. If thrust blocking is not provided, 
the pipeline must be capable of resisting the 
unbalanced forces at bends, wyes, tees, etc. By 
meeting all of these criteria, the pipe should 
perform satisfactorily over the design life of the 
project. 

KEYWORDS: Fiberglass pressure pipe, sewer force 
mains, corrosion, thrust restraint, burial design. 

During the mid-1980's the Sewerage and Water Board 
of New Orleans (S & WB) was faced with the decision to 
upgrade an older treatment plant to meet the increasingly 
stringent U.S. Environmental Protection Agency (EPA) 
requirements or to divert the flow to a more modern plant 
several miles away. Based on a detailed economic analysis, 
the decision was made to phase out the older Michoud sewage 
treatment plant and build a new sewer line system to link 
the affected service areas to the more modern East Bank 
sewage treatment plant. The service area involved is the 
only area of New Orleans that's not fully developed. 

Mr. Bailey is a product manager at Price Brothers 
Company, P. O. Box 825, Dayton, OH 45401. 
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The flat terrain of the service area, the high 
water table and long pipeline lengths dictated that the new 
sewer line system be a pressure system. In planning the 
new system, the New Orleans S & WB Engineering Design 
Department was requested to consider non-ferrous pipe. 
This was made necessary due to the internal corrosion 
threat of hydrogen sulfide and the external corrosion 
potential of the swampy landfill areas involved. 

Besides the vital need to be corrosion resistant, 
the pipe, it's jointing systems, fittings and specials had 
to be capable of functioning as a force main conduit with 
an internal pressure of 50 psi (345 kPa). Pipe with 
nominal inside diameters of 18 in., 30 in. and 48 in. 
(450mm, 750mm and 1200mm) were needed to satisfy the 
hydraulic flow and pumping criteria that were established. 
Construction of the new sewer line system was broken down 
into two separate contracts, as follows: 

Contract No. 3492 

30 in. and 18 in. (750mm and 450mm) sewer force 
main. 

Major pipe items were: 18,700 linear ft. (5700m) 
of 30 in. (750mm) diameter pipe and 2,845 ft. 
(867m) of 18 in. (450mm) diameter pipe. Also 
included were 50 ft. (15m) of 30 in. (750mm) 
diameter pipe within 48 in. (1200mm) diameter 
casing. Contract bid date was November 18, 1987. 

Contract No. 3504 

48 in. (1200mm) sewer force main. 

Major pipe item was: 11,800 linear ft. (3600m) 
of 48 in. (1200mm) diameter pipe. Contract bid 
date was February 26, 1988. 

In selecting pipe materials to meet the demanding 
requirements of the projects the city of New Orleans' 
efforts centered on corrosion resistant pipes. Pipe with 
inherent corrosion resistant properties, rather than 
resistance supplied by supplemental coating and lining 
operations, were deemed preferable. Three types of plastic 
pressure pipe that were determined to be capable of meeting 
the corrosion requirements as well as the internal pressure 
and external loading requirements were: fiberglass pipe, 
polyvinyl chloride (PVC) pipe, and high density 
polyethylene (HDPE) pipe. On Contract No. 3504 only the 
fiberglass pipe was available to meet the 48 in. (1200mm) 
diameter requirement at the pressures required. Therefore, 
the contract specifications included two types of ferrous 
pipe, steel and ductile iron, with supplemental corrosion 
requirements considered necessary for interior and exterior 
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Table 1 - Pipe Highlight~ (Contract No. 3492) 

Type o f  
P i n e  

Fiberglass 

Specification Requiraente 

Manufactured in accordance with AWWA C950 [1] 
Type II: Centrifugally cast 
Grade 4: RPMPpolyester 
Liner D: Non-reinforced thermoset resin 

O.D. of 30 in. pipe - 32.00 in.; O.D. of 18 in. pipe = 19.50 in. 

Pipe stiffness - 72 psi 

Min. liner thickness of 0.04 inches of non-reinforced polyester 
resin." 

Min. coating thickness of 0.03 inches of polyester resin and sand." 

Joints: Exterior coupling with an elastomeric membrane with dual 
function sealing fins on each side of a center stop with the membrane 
overwrapped with a filament wound glass fib er reinforcement sleeve. 

Pressure class = i00 psi 

All pipe to be hydrostatically tested in the plant to 200 psi. 

High Density 
Polyethylene 
(HDPE) 

Manufactured in accordance with ASTM F71412] 
having a cell classification of PE 345434-C 
per ASTM D3350 [3]. 

O.D. of nominal size 34 in. pipe = 34.00 in. 
O.D. of nominal size 20 in. pipe = 20.00 in. 

DR of pipe = 21 b 

Wall thickness of 34 in. nominal size = 1.619 in. 
Wall thickness of 20 in. nominal size = 0.952 in. 

Pipe stiffness - 61 to 89 psi for DR = 21 and cell classification 
specified. 

Joints: Made in the field by the butt fusion technique. 
Pressure class = 80 psi for DR - 21 and cell classification specified. 

Polyvinyl 
Chloride 
(PVC) 

Manufactured in accordance with UNI-BELL PVC 
Pipe Association recommended standard specification UNI-B-II[4] c 

O.D. of 30 in. pipe = 32.00 in.; O.D. of 18 in. pipe = 19.50 in. 

DR of pipe = 32.5 b 

Wall thickness of 30 in. pipe = 0.985 in. 
Wall thickness of 18 in. pipe = 0.600 in. 

Pipe stiffness = 57 psi for DR = 32.5 and modulus of elasticity of 
400,000 psi per UNI-B-II. 

Joints: Shall be of push-on type utilizing elastomeric gaskets. 

Pressure class = 125 psi 
All pipe to be hydrostatically tested in the plant to 250 psi. 

" Liner and coating are integral part of pipe manufacture and are not added as 
supplemental operations. 

b DR = Dimension ratio = outside diameter/wall thickness 

c The provisions of UNI-B-II have basically been incorporated in AWWA C905 [5] 

1 in. = 25.4 mm 
1 psi = 6.9 kPa 
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corrosion protection. Highlights of the pipe alternates 
on Contracts No. 3492 and 3504 are given in Tables 1 and 
2. Tabulation of bid results for Contracts No. 3492 and 
3504 are given in Tables 3 and 4. 

The low bidding contractors on each project elected 
to use fiberglass pressure pipe from among the possible 
alternates. Both contractors chose as their pipe supplier, 
Price Brothers Composite Pipe Inc. Centrifugally cast 
fiberglass pressure pipe and fittings, marketed under the 
tradename HOBAS R pipe were supplied from manufacturing 
facilities in Florida. 

There were many unique aspects of the design, 
specifications, and installation of the two projects that 
should be of interest to those responsible for large 
diameter sewer force mains that will be discussed. 

HYDRAULICS: 

The hydraulic capacity and pumping capacity designs 
were based on having pipe of full 18 in., 30 in. and 48 in. 
(450mm, 750mm, and 1200mm) pipe diameters with friction 
coefficients appropriate to plastic interior surfaces. 
Hazen-Williams friction coefficients of C = 140 were used 
in the design. Pipe geometry including pipe inside 
diameters for Contracts No. 3492 and 3504 are given in 
Tables 5 and 6. 

SOILS: 

Core borings along the length of both projects 
indicated a wide range of soil conditions awaited the 
contractor. The top 1 to 2 feet (0.3 to 0.6m) often 
consisted of fill containing miscellaneous debris, shell, 
concrete, brick and wood. Soil in the foundation and 
backfill zone of the pipe was logged as being: very soft 
to soft clay, medium stiff clay, clay with shell and sand, 
soft clay with organic and wood, sand, soft brown humus, 
silt, silt and sand. 

The different types of soils provided varying degrees 
of bottom and side trench wall support to the pipe as well 
as varying degrees of corrosion potential to pipe that 
could be susceptible to exterior corrosion. 

CONSTRUCTION: 

All of the plastic pipe alternates were specified to 
have a foundation and side backfill of a mixture of 65% 
clam shell or crushed reef shell and 35% river sand that 
is to be mechanically batch mixed prior to installation. 
As an alternate to clam shell, the contractor could 
substitute a Class 1 angular material (1/4 in. to 1/2 in.) 
(6 to 13mm) per ASTM D2321[I0]; (i.e. coral, cinders, 
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Table 2 - Pipe HighllghtB (Contract No. 3504) 

Type of  
Pipe 

Fiberglass 

Speot f toa t ton  Zequ i re len ta  

Same as Table 1 except: 

O.D. of 48 in. pipe - 50.80 in. 

Steel Manufactured in accordance with AWWA C20016]. 

I.D. of 48 in. pipe - 48.00 in.t I.D. of 30 in. pipe = 30.00 in. 

Wall thickness of 48 in. and 30 in. pipe - 3/8 in. 

Lining: Liquid two-part chemically cured rust inhibitive epoxy 
primer and one or more coats of a two-part coal-tar epoxy with a 
total thickness of 16-20 mils in accordance with AWWA C21017]. 

Coating: Coated and wrapped outside with "Prefabricated Multilayer 
Cold-applied Polyethylene Tape Coating" in accordance with AWWA 
C21418]. Total thickness of coating shall be a minimum of 50 mils 
consisting of primer, 20 mil inner layer for corrosion and 30 mil 
outer layer for mechanical protection. 

Cathodic Protection System: Install fifty (50) pound magnesium 
anodes with No. 6, 600-volt black, standard copper wire at 
designated locations. 

Joints: Field welded in accordance with AWWA C20619]. 

Ductile-Iron Manufactured in accordance with AWWA C151. 

Diameter Class 50 

O.D. of 48 in. pipe = 50.80 in.; O.D. of 30 in. pipe = 32.00 in. 

Wall thickness of 48 in. pipe = 0.51 in. 
Wall thickness of 30 in. pipe = 0.39 in. 
Lining : Coal-tar epoxy lining the same as for steel pipe, 
including sand blasting. 

Coating: Bituminous coating plus installing a sealed polyethylene 
tubular wrap, 8 mils thick, covering all pipe, fittings and joints. 

Joints: Shall be of push-on type utilizing elastomeric gaskets. 

1 in. = 25.5mm 

crushed concrete or crushed stone). 

The shell-sand bedding and backfill was to be placed 
in layers not exceeding 9 in. (230mm) and compacted by a 
mechanical vibrating compactor until a minimum of 90% 
standard Proctor density is attained for the full width of 
the trench. The specified limits of the foundation and 
bedding for all three 30 in. (750mm) plastic pipe 
alternates on Contract No. 3492 are given in Fig. i. On 
Contract No. 3504 the backfill was specified to extend up 
approximately 60% of the O.D. of the 48 in. (1200mm) 
diameter fiberglass pipe. 

The minor deflections recorded on the installed pipes 
has led the New Orleans' S & WB engineers to feel that on 
future projects the extent of the shell-sand backfill will 
be lowered, possibly to the springline of the pipe as 
proposed in ASTM D2321. 
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Table 3 
Tabulation of Bids - Contract No. 3492 ($1,000) 

Contractor 

Bid Item I a II III IV V 

Section "A" 1,876 2,112 N.B. 2,829 N.B. 
(Fiberglass Pipe) 

Section "B" N.B. b N.B. N.B. N.B. N.B. 
(HDPE Pipe) 

Section "C" N.B. N.B. 2,537 N.B. 3,132 
(PVC Pipe) 

Section "D" 720 526 450 659 615 
(Remaining Contract 
Items) 

Total for comparison 
of bids 2,596 2,638 2,987 3,488 3,747 

a Low bidder: CFW Construction Company, Fayetteville, TN. 

b N.B. = No Bid 

Table 4 
Tabulation of Bids - Contract No. 3504 ($1,000) 

Contractor 

Bid Item I a II III IV V 

Section "A" 1,744 1,778 1,801 2,076 2,022 
(Fiberglass Pipe) 

Section "B" N.B. b N.B. N.B. N.B. N.B. 
(Steel Pipe) 

Section "C" N.B. N.B. N.B. N.B. N.B. 
(Ductile Iron Pipe) 

Section "D" 426 450 472 343 431 
(Remaining Contract 
Items) 

Total for comparison 
of bids 2,170 2,228 2,273 2,419 

a LOW bidder: Boh Brothers Construction Company, 
New Orleans, LA. 

b N.B. = No Bid 

2,453 
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Table 5 - Pipe Geometry (Contract No. 3492) 

TTpo of Nominal Outside DR r Wall Inside 
Pipe Diameter Diameter Thickness Diameter b 

(i~,) tin,) tin.) ~in.) 

Fiberglass 30.00" 32.00" 0.745 30.510 

HDPE 34.00" 34.00' 21" i. 619" 30. 762 

PVC 30.00 a 32.00" 32.5" 0.985 a 30.030 

Fiberglass 18.00 a 19.50 a 0.470 18.560 

HDPE 20.00" 20.00' 21" 0.952" 18.096 

PVC 18.00" 19.50' 32.5" 0.600" 18.300 

" Values given in project specifications 
b I.D. = O.D. - (2 x wall thickness) 
c DR = outside diameter / wall thickness 

1 in. = 25.4 mm 

Table 6 - Pipe Geometry (Contract No. 3504) 

Type of Nominal Outside 
Pipe Diameter Diameter 

(in.) (in.) 

W a l l  L i n e r  I n s i d e  
T h i c k n e s s  T h i c k n e s s  D i a m e t e r  c 

(in.) (in.) (in.) 

Fiberglass 48.00" 50.800" 1.197 48.406 

Steel 48.00 a 48.750 0.375" 0.008 "'b 47.984 

Ductile Iron 48.00" 50.800' 0.510" 0.008 "'b 49.764 

" Values given in project specifications 
b Epoxy liner specified = 8-10 mils (0.008-0.010 in.) 
c I.D. = O.D. - (2 x wall thickness) - (2 x liner thickness) 

i in. = 25.4 mm 
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Thrust Restrain and Harnessed Joints: Except for the 
18 in. and 30 in. (450mm and 750mm) field butt fusion joint 
HDPE pipe alternate on Contract No. 3492 and the 30 in. and 
48 in. (750mm and 1200mm) field welded joint steel pipe 
alternate on Contract No. 3504, all pipe was to be designed 
with thrust restraining joints meeting the following 
requirements: 

"Thrust forces in elbows and bends shall be designed 
to be resisted only by frictional drag against the 
soil surrounding the adjoining sections of straight 
pipe. Bends shall be harnessed to conform with the 
minimumrequirements of Table 7 unless shown otherwise 
on the contract drawings." 

I ~~~AUTHORIZED ,-~ RIPE O.D. -~ I ' ,~TRENCH WIDTH ~; ~,~m 
(SELECT BACKFILL) 

| 
4-' TO B '  

, BACKF ILL 
PIPE " PI 

SEE N ~  L . ~  PLANKZ"X I 0"i NGSOLID 

] . . . .  ~ - " ~  (2)-2"XI0"MUD SILLS 

I +" -6"  -~ ( CONTINUOUS ) 

NOTESI 
DETAILS OF BEDDING AND 
FOUNDATION FOR 30" PIPE 

(I) STABILIZED SHELL-SAND FOUNDATION AND BEDDING SHALL 
~E COMPACTED TO MINIMUM DENSITY OF 9OX STANDARD 
PROCTOR. 

(2) PLANKING AND MUD SILL LUMBER FOUNDATION TO BE 
INSTALLED IF DIRECTED BY THE ENGINEER. 

(5} DEPTH OF FOUNDATION VARIES BETWEEN 9" AND 15". 
DEPENDING ON PROJECT LOCATION 

FIGURE . I  
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Table 7 - Harnessed Joint Lengths (Contracts No. 3492 and 
35O4) 

Degree 
of Ben4 

Minimum Length of Harnessed 
pipe Required for Each Bend 

Ft. ( m ) 
6-30 20 (6.1) 

30-45 40 (12.2) 
45-55 60 (18.3) 
56-90 80 (24.4) 

Hydrostatic Test of the Force Mains: The main was to 
be sealed at each end and filled with water. The 
contractor shall then apply a hydrostatic pressure of 75 
psi (518 kPa) on the force main and shall maintain this 
pressure for a period of 24 continuous hours. During this 
period, the total leakage shall not exceed 50 gallons per 
inch of internal diameter for each mile of pipe (4.63 
liters/mm of diameter/km of pipe). If greater leakage than 
the said quantity is developed, the contractor shall locate 
the leaks and repair them. 

The contract specifications then go on to state: "It 
is the intent of these specifications and of the contract 
based thereon, that all pipe joints be water tight under 
all service conditions and, even though the total leakage 
of any test is within the permissible limits as stated 
herein, any and all leaks from improperly laid or defective 
joints which are discovered during the leakage test or 
tests shall be repaired by and at the expense of the 
contractor. Field hydrostatic acceptance tests indicated 
no leakage. 

Restrained Joints 

Thrust forces in elbows and bends were to be designed 
to be resisted only by frictional drag against the soil 
surrounding the adjoining sections of straight pipe. Bends 
shall be harnessed together with adjoining straight lengths 
of pipe to conform with the minimum requirements of Table 
7 unless shown otherwise on the contract drawings. 

The restrained joint was to be designed for the full 
thrust of i00 psi (690 kPa) against a dished head (25,400 
ibs. for 18 in. pipe, 70,650 ibs. for 30 in. pipe, and 
180,800 ibs. for 48 in. pipe) (113 kN for 450mm pipe, 314 
kN for 750mm pipe and 804 kN for 1200mm pipe). The 
manufacturer had to submit certified test results for proof 
of harness joint design. 

The above restrained joint requirements were for the 
fiberglass and PVC pipe on Contract No. 3492 and the 
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fiberglass and ductile iron pipe on Contract No. 3504. The 
field fusion jointed HDPE pipe on Contract No. 3492 and the 
steel pipe with field welded joints on Contract No. 3504 
were exempt from the harness joint requirements. 

Pipe Design: The fiberglass pipe was designed for the 
project burial and service conditions in accordance with 
Appendix A of AWWA C950. The design shall be based on a 
strain analysis and the corrosion liner shall not be 
considered as contributing to the structural strength of 
the pipe. 

The 18 in. (450mm) and 30 in. (750mm) diameter 
fiberglass pressure pipe for Contract No. 3492 was designed 
for a minimum cover of 4 ft. (l.2m) and a maximum cover of 
8 ft. (2.4m). The 48 in. (1200mm) diameter pipe for 
Contract No. 3504 had a minimum cover of 4 ft. (l.2m) and 
a maximum cover of 12 ft. (3.7m). All pipe was designed 
for a 16,000 lb. (71 kN) wheel live load. Ground water 
was assumed to be 1 ft. (0.3m) beneath grade. 

Pipe was required to have a minimum pressure class of 
i00 psi (690 kPa) with a working pressure of i00 psi (690 
kPa) and no surge pressure. Pipe designed in accordance 
with AWWA C950 is always designed for a surge pressure 
equal to 40% of the working pressure. 

Per AWWA C950 pipe, long-term deflection shall not 
exceed 5%. A deflection lag factor of 1.50 was used with 
a soil specific weight of 120 ibs/ft 3 (1922 Kg/m3). 

Bid dates for the two force main contracts required 
that the pipe be designed in accordance with AWWA C950- 
81, the edition of the standard at the time. The design 
appendix, Appendix A, was extensively modified with the 
issuance of AWWA C950-88 which became effective in October, 
1989. Appendix 1 of this paper gives the calculations for 
the 30 in. (750mm) diameter fiberglass force main pipe done 
in accordance with Appendix A of the latest issue of AWWA 
C950. 
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APPENDIX 1 
Conditions and Parameters for Design Example 

30- Pipe (Contract No. 3492) 

Conditions and Parameters 
Design Conditions 

Nominal pipe diameter, in. 
Working pressure P,, psi 
Surge pressure Ps, psi 
Vacuum Pv, psi 
Cover depth H, ft (min.-max.) 
Wheel load P, ib 
Soil specific weight ~s, ib/ft 3 
Service temperature, ~ 
Native soil conditions at 

pipe depth 
Groundwater table location 

maximum hw, in. 
minimum h,, in. 

30 
i00 
0 
0 

4 - 8 
16,000 
120 

40 - i00 
Medium stiff 

clay 
1 ft. below 

grade 
84 
36 

Strain 
Basis for HDB and S b in./in. 

Pipe Properties 
Trial pressure class Pc, psi 
Reinforced wall thickness t, in. 
Liner thickness tL, in. 
Total wall thickness tt, in. 
Minimum pipe stiffness F/~y, psi 
Hoop tensile modulus E,, psi 
Hoop flexural modulus E, psi 
HDB 
S b 
Mean diameter D, in. 
Distance between joints L, in. 
Poisson's ratio >-, in./inc. 

Hoop load "/hi 
Axial load Yth 

i00 
0.6995 
0.0455 
0.7450 

72 
938,000 

1,680,000 
0.006615 
0.008800 
31.3005 

240 

0.30 
0.15 

Installation Parameters 
Pipe-zone installaion description 

Shape factor, Df 
Backfill soil modulus E', psi 
Deflection coefficient 
Deflection lag factor D~ 

moderately 
compacted 

65% clam shell 
(or crushed reef 

shell) 35% 
river sand 

4.5 
2000 
0.103 
1.5 

Deflection 
Maximum deflection permitted, ~Ya, %D 4 
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i. Calculate pressure class Pc from HDB 

~-- 154 psi :- o.k. 

2. Check working pressure P. using Pc 

P. ~ Pc 

i00 psi ~ i00 psi.', o.k. 

3. Check surge pressure Ps using Pc 

Pw + Ps ~- 1.4 Pc 

I00 + 0 5 1.4 (i00) 

i00 psi 5 140 psi .'. o.k. 

4. Calculate allowable deflection /k y a from ring bending: 

F.S. 

Substituting 

31.3005 31.3005 

0.00880 

1.5 

0.00342 ~Ya ~ 0.00587 

max. ~Ya = 0.00587 = 1.716 in. 
0.00342 

ZiYa --< 0.04 

D 

Taking the maximum d Ya as the smaller of 1.716 in. or 
O.04D 

0.04 (31.3005) = 1.252 in. < 1.716 in. 

.: max. Ay a = 1.252 in. 
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5. Determine external loads 

Wc = ~s H (D + t ) = 120 H (31.3005+0.6995) = 26.67H 

144 144 

For H = 4 ft. W c = 106.7 ib/in. 
For H = 8 ft. W c = 213.3 ib/in. 

W L = CLP (i + If) 

12 

If = 0.766 - 0.133H; (0 <-- If <- 0.50) 

For H = 4 ft. If = 0.234 
For H = 8 ft. If = 0.0 

C L from live load coefficient table in AWWA C950 

For H = 4 ft. C L = 0.066 
For H = 8 ft. C L = 0.019 

substituting in equation for W L 

For H = 4 ft. W L = 0.066(16,000) (1+0.234) = 108.6 ib/in. 
12 

For H = 8 ft. W L = 0.019(16,000)(i+0.0) = 25.3 ib/in. 
12 

6. Check deflection prediction A y 

Z~y = (D L W c + WL) K X r 3 

EI + 0.06 IK, E ' r 3 

where: r - D/2 = 31.3005/2 = 15.6503 in. 

I = t 3 = (0.6995) 3 = 0.02852 in4/in. 

12 12 

for H = 4 ft. 

~y = [(1.50xi06.7)+ 108.6] x 0.103 x 15.65033 

(i, 680,000x0. 02852) +(0. 061x0.75x2000x15. 65033 ) 

= 0.266 in. ~- 1.252 in. 2. ok 

for H = 8 ft. 

~y = [(1.50x213.3)+ 25.3] x 0.103 x 15.65033 

(i,680,000x0. 02852) +(0. 061x0.75x2000x15. 65033 ) 
= 0. 342 in <_ i. 252 in. :. ok 
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7. Check combined loading strain ~ c 

~c = Pw D + D~ rc ~ I I t ~ )  

2ENt 

2X938,000X0. 6995 

= 0.00239 + 0.00330 = 0.00569 in/in 

~r <_ SJI.5; 0.00569 <- (0.00880/1.5 = 0.00587) 2, ok 

Check that ~ satisfies following equation 

E pr + 6 c- 6 pr ~ 1 

HDB S B 1.5 

where: ~pr = Pw D = 0.00239 in./in. 

2EHt 

0.00239 + (0.00569-0.00239) ~ 0.667 
0.006615 0.00880 

0.361 + 0.375 = 0.736>0.667 N.G. 

Since ~c does not satisfy the e~ation the value of~ya 
(the allowable long-tem deflection) must be recalculated 
to satisfy the e~ation. 

Calculation would show that a Aya = 1.020 in. (or 3.26% 
of D) will satisfy all strain criteria. Verification: 

6 c = 0.00239 + (4.5 x 0.770)/1.020 V0.745 I= 0.00508 in/in. 
 31.30051 s 

0.00239 + 
0.006615 

(0.00508-0.00239) ~ 0.667 
0.00880 

0.361 + 0.306=0.667 5 0.667 ~- ok 
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8. Check buckling 

qa = __IFs (3, % B'E' Lzl"2o 3/ 

where: 
P~ = 1 - 0.33 (hw/h) 

For H = 4' ~ = 1-0.33 (36/48) = 0.752 
For H = 8' ~ = I-0.33 (84/96) = 0.711 

B' = 1 

qa 

qa 

1 + 4e -0.065H 

For H = 4' 
For H = 8' 

B' = 0.245 
B' = 0.296 

For H = 4 ft. 

= 2.51 ~2x0.752x0.245x2000 x 1,680,000x0.6995~ I/2 . . . . . .  

12 x 31.30053 
= 54.30 psi 

For H = 8 ft. 

= 2.51 12x0.711x0.296x2000 x 1,680,000x0.69953111231.30053 

12 x J 
= 58.03 psi 

with no vacuum pressure present qa must satisfy the 
following equation 

For H = 4 ft. 

qa 

7.33 psi ~ 54.30 psi 2. ok 

For H = 8 ft. 

(0.0361x84) + 0.711x213.3 + 25.3 ~ 58.03 psi 
31.3005 31.3005 

8.69 psi ~ 58.03 psi .'. ok 

(0.0361x36) + 0.752XI06.7 + 108.6 ~ 54.30 psi 
31.3005 31.3005 
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PLASTIC PIPES UNDER HIGH LANDFILLS 

REFERENCE: Watkins, R.K., "Plastic Pipes Under High Landfills", 
Buried Plastic Pipe Technology, ASTM STP 1093, George S. Buczala and 
Michael J. Cassady, Ed., American Society for Testing and Materials, 
Philadelphia, 1990. 

ABSTRACT: Plastic pipes have long life because of their 
resistance to corrosion and erosion. Consequently, they are 
attractive for use under long-term landfills and in aggressive 
environments such as sanitary landfills. But sanitary 
landfills are usually high landfills. Tests at Utah State 
University investigated the performance of plastic pipes under 
high landfills. It was found that a plastic pipe can perform 
under enormous soil loads -- hundreds of feet -- if an 
envelope of carefully selected soil is carefully placed about 
the pipe. The creep of plastic materials allows the pipe to 
relax and so to conform with the soil in a mutually supportive 
pipe-soil interaction. 

KEYWORDS: pipes, buried, flexible, structural stability, high 
soil cover, landfills 

INTRODUCTION 

Plastic pipes are an attractive alternative for collection and 
transmission of fluids in erosive and aggressive environments. One 
example is the collection of leachate under sanitary landfills. The 
leachate is highly acidic. Erosive sediment may enter the collection 
system. The required service life is over a hundred years. And now comes 
a demand for very high landfills. Our throw-it-out generation is running 
out of out. 

Can plastic piping perform under landfills that are hundreds of ft 
high? Since 1984, tests have been performed in the soil cells at USU to 
evaluate the performance and limits of performance of plastic pipes under 
high landfills. The soil cells are basically large containers into which 

Reynold K. Watkins, PhD is Professor of Engineering, Department of 
Civil and Environmental Engineering, Utah State University, Logan, UT 
84322-4110. 
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pipes can be buried and then loaded by hydraulic jacks to simulate the 
loading of high landfills. Various types of plastic pipes were tested. 
Various soil types and soil densities were used as pipe-zone-backfill. 

TEST RESULTS 

The capacity of the USU soil cells is vertical soil pressure of 
about sixteen kips per square ft (766 kPa) which is equivalent to 210 ft 
(64 m) of landfill at 75 ib per cubic ft (1.2 Mg/m3). Higher loads were 
simulated. 

The results are conclusive. Structurally, plastic pipes perform 
adequately under high landfills if the pipe-zone-backfill is of good 
quality, is carefully placed, and is adequately compacted. 

Performance limits for the cross section (ring) are ring 
compression strength; excessive ring deflection; and, under 
extraordinarily poor pipe-zone-backfill, incipient ring collapse. Ring 
compression strength is compressive strength of the wall. 

Performance limits for longitudinal (beam) action are excessive 
longitudinal stress and beam deflection (low spots in the pipeline or 
sharp bends). Longitudinal performance is basically alignment which is 
assured by specifications and careful installation. 

PRINCIPLES 

Following are useful principles for analyzing the structural 
performance of buried plastic pipes under high landfills. 

i. Plastic pipes are flexible. Because flexible pipes can deform, 
they conform with the soil and relieve the pipe of pressure 
concentrations. The differences between horizontal and vertical soil 
forces on the cross section (ring) are reduced. See Fig. I. Any 
stresses in the pipe due to hard spots in the pipe-zone-backfill are 
partially relieved. 

2. Arching action of the soil supports vertical load. The soil 
performs as a masonry arch over the pipe. No cement is needed to hold 
the arch together because the pipe retains the soil arch. The pipe is 
a liner for a soil conduit. 

3. The flexible pipe ring is held in shape by the soil. The soil- 
stabilized ring itself can carry substantial load. Without soil support, 
the ring would collapse under light load. 

4. Performance limits are ring crushing and excessive deflection. 
If performance limit is reached, it usually happens during completion of 
the landfill (in the short term -- not in the long term). 

5. Stresses in the plastic relax. If the soil holds the pipe in 
a fixed shape, the plastic relaxes over a period of time and relieves 
itself of part of the stresses in it. 

6. Ring deflection is approximately equal to, but not greater 
than, the vertical strain of sidefill soil due to the weight of the 
landfill. See Fig. 2 for nomenclature. 
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RIGID RING 
( SOIL-LOADED ) 

k 

FLEXIBLE RING 
(SOIL-RETAINED) 

Figure i. Comparison of typical soil loads on a rigid ring and on a 
flexible ring showing how the flexible ring deflects just 
enough to equalize horizontal and vertical forces. 

LANDFILL 

ILL SIDEFIL 

B,x; ",~. 
4 

0 

.',~ gb;:~~ ,, 

SUBBASE 

Figure 2. Nomenclature for the cross section (ring) of a buried 
flexible pipe showing the deflected ring in a select soil 
envelope called the pipe-zone-backfill (PZB), within a 
trench, loaded by a (Ring deflection as defined as d = A/D). 
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7. Collapse of plastic pipe is not common. Collapse becomes 
incipient if ring deflection is excessive and if strength of the sidefill 
soil is inadequate. "Incipient" does not mean tha~ collapse is 
inevitable. It means that the pipe ring itself is not able to carry any 
additional loads. Any additional loads, then, must be carried by the 
soil. Collapse may be progressive soil slippage over a period of time if 
additional loads do, in fact, occur and are great enough to cause soil 

slippage. 

RATIONALE FOR DESIGN 

Successful performance of plastic pipes under high landfills is 
based on four requirements: 

i. limits for ring compression stress, 
2. limits for deflection -- both ring deflection and longitudinal 

beam deflection, 
3. stability; i.e. no incipient ring collapse, and 
4. intimate contact of the soil against the pipe. 

RING COMPRESSION STRESS 

The performance limit for ring compression stress is wall crushing 
at 9:00 and 3:00 o'clock. It occurs when ring compression stress reaches 
the yield strength of the plastic. Ring deflection causes circum- 
ferential flexural stresses which are also maximum at 9:00 and 3:00 
o'clock. However flexural stresses are compression on the inside of the 
pipe and tension on the outside. See Figure 3. Wall crushing can occur 
only when the pipe wall is at compression yield stress throughout the 
entire wall thickness. Therefore flexural stress does not affect wall 
crushing even though it may cause plastic hinging as discussed below 
under "STABILITY". Ring compression stress analysis does not include 
circumferential flexural stress. 

Under high landfills, the effect of surface live loads on the 
buried pipe is negligible. Because plastic relaxes under fixed 
deformation, the vertical load felt by a nearly-circular ring is not 
greater than P(OD); 

where (See Figures 3 and 4): 
OD = outside diameter of the pipe 
P = 7H = vertical soil pressure at the top of the pipe 
H = height of soil cover over the top of the pipe 
V = unit weight of the soil overburden 
a = ring compression stress in the pipe wall 
D = mean diameter of the pipe = OD-t 
t = wall thickness (minimum) 
r = mean radius of the pipe 
d = ring deflection = A/D 
A = decrease in vertical diameter 
DR = dimension ratio = OD/t. DR is a measure of pipe stiffness 

for plastic pipes. 
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Figure 3. Ring compression of a circular pipe ring loaded vertically, 
showing the ring compression stress distribution and the 
flexural (ring deflection) stress distribution across the 
wall. 
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Figure 4. Ring deflection, d = A/D for a flexible pipe cross section. 
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To avoid wall crushing of a deflected ring, the ring compression 
stress, given by the equation, 

a = 0.5P(I+d)DR ................. (I) 

must be less than yield strength of the plastic. Ring deflection, d = 
A/D, occurs during completion of the landfill, but is often negligible. 
If the strength of the pipe-zone-backfill (PZB) is enough to hold the 
pipe ring fixed in its buried shape, then the yield strength is short 
term; i.e. the time of completion of the landfill. Once the shape of the 
ring is fixed, stresses in the pipe wall begin to relax. For a high- 
quality plastic pipe under a fixed deformation, the stresses relax faster 
than the yield strength decreases. So wall crushing does not occur in 
the long term. Long term yield strength is not a performance limit. 

Example 

A polyethylene pipe is buried under a landfill for which the 
vertical soil pressure on the pipe is 280 psi (1.93 MP~. The dimension 
ratio for this pipe is DR = 9.2. The ring deflection is not greater than 
i0~ according to a bullet drawn through the pipe. What is the safety 
factor for ring compression if the short term yield strength of the 
polyethylene is 2300 psi (15.9 MPa)? 

From equation i, the ring compression stress is 1417 psi (9.77 
MPa). The safety factor, sf = 2300/1417 = 1.6. After completion of the 
landfill, stresses relax if the PZB is good granular soil. The safety 
factor increases. 1.6 is an adequate safety factor for ring compression 
stress because of stress relaxation. 

DEFLECTION 

Longitudinal deflection is usually not of concern. With careful 
placement of the bedding, the pipe does not sag or hump as a beam. Pipe 
manufacturers specify a minimum longitudinal radius of curvature of the 
pipe to avoid excessive longitudinal (beam) stress during installation. 
Over the less critical long term, longitudinal stresses relax. Excessive 
longitudinal bending may cause plastic hinges (creases) to form in the 
beam. 

Ring deflection, d = A/D, is of greater concern. See Figure 4. 
Excessive ring deflection can cause leaks at appurtenances and joints; 
it reduces flow; it contributes to incipient collapse of the ring. Ring 
deflection is usually limited by specification. It can be predicted by 
classical or empirical methods. 

RING STABILITY 

Because plastic pipes are flexible, instability is a performance 
limit. Instability is incipient collapse of the buried flexible ring. 
The ideal flexible ring is as flexible as a chain-link watch band. 
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Practically, enough stiffness is built into the flexible ring to hold it 
in shape during installation and during non-uniform loading. Because 
soil specifications for buried flexible pipes usually require compacted 
granular pipe-zone-backfill (PZB), the ring is flexible compared with the 
soil. It is usually assumed conservatively that shearing stresses are 
zero between the pipe and the PZB. It is also assumed that the first 
mode of ring deflection is from circular to elliptical. As the flexible 
ring deflects under load, it relieves itself of part of the load which 
is transferred to the soil. The soil forms an arch which supports load. 

The conditions for incipient collapse are shown in Figure 5. 
Analysis starts with a uniformly distributed vertical pressure P on the 
pipe. For high landfills, P = 7H. Collapse is incipient when the cube 
of soil at B shears because of an excessive ratio of horizontal to 
vertical stresses. Ring deflection changes radii of curvature of the 
ring. See Fig. 6. For an ellipse, the horizontal radius of curvature, 
r x, is minimum. The vertical radius of curvature, ry, is maximum. The 
effect of the maximum radius of curvature is to increase the ring 
compression stress, Pry/t, at the crown of the pipe. The effect of the 
minimum radius of curvature is to increase the soil support requirement 
at the spring lines. For a known percent of ring deflection, the design 
engineer can analyze the effects of ring deflection on ring compression 
at the crown and on soil strength at the spring lines. The procedure 
follows. 

Consider Fig. 5 which shows the deflected flexible ring with 
vertical pressure P acting on it and with horizontal pressure KP 
supporting it. It is assumed that: 

i. The ring is deflected into an ellipse. 
2. The soil is cohesionless, for which, 

= soil friction angle 
K = (l+sin~)/(l-sin~) 
c = 0 = soil cohesion (granular soil) 

= unit weight of the soil 
3. No shearing stress exists between the ring and the soil. 
4. Vertical and horizontal soil stresses are each uniform. 
5. The ring has some stiffness called pipe stiffness, F/A, 

where, see Fig. 7 
F = diametral line load applied in a parallel plate test 
A = decrease in diameter due to the load F 
F/A is called pipe stiffness (It is the slope of some 

initial portion of the F-m plot from a parallel plate 
test.) 

6. P is assumed to be the same vertical soil pressure at the crown 
as at the spring lines. This assumption is justified for high landfills. 
P is based on maximum soil cover -- not minimum soil cover. 

7. It is assumed that the circular pipe cross section deflects 
from a circle to an ellipse during soil placement. See Fig. 6. 

a = minor semi-diameter = r(l-d) 
b = major semi-diameter = r(l+d) 
d = ring deflection = A/D 
D = mean diameter of the originally circular ring = 2r 
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LANDFILL 
71= UNIT WEIGHT 
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STRESS RING RESISTING SOIL STRESS 
' AT SOIL SLIP (COLLAPSE) 

K = l+sin~ 
l-sin~ 

= SOIL FRICTION ANGLE 

Figure 5. Free-body-diagram of an infinitesimal cube of soil B at the 
spring line, showing the principal stresses acting on it 
(for equilibrium, Px = KP). 
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Figure 6. Pertinent notation for the approximate geometry of an 
ellipse. 
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Figure 7. Diagramatic sketch of a parallel plate test from which a 
plot of F vs A provides pipe stiffness F/A which is the 
slope of the plot of line load F as a function of deflection 
A. 

JlllJJ Po 

Figure 8. Diagramatic sketch of the flexible ring carrying a small 
load Po by the stiffness of the ring only -- without support 
from the sidefill soil. 
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a = decrease in diameter due to external pressures 
r = mean radius 
r x = horizontal (minimum) radius of the ellipse = aZ/b 
ry = vertical (maximum) radius = bZ/a 
r r = ry/r x = (l+d)3/(l-d) 3 
r= = ratio of maximum radius to minimum radius. 

Because the flexible ring has some pipe stiffness, F/A, it can 
support a portion P of the vertical pressure as shown in Fig. 8, for 
which, by the Castigliano equation, 

Po = 1.7854(F/A)d 

Po is the load carried only by the stiffness of the ring, with no support 
from the sidefill soil. From Fig. 9, neglecting friction between soil 
and ring, it can be shown that, 

Pyry = Pxrx 

where 

Py = P - Po, i.e. P = Py + Po 

Px 
I 

I 
] 

I 

I 
I 
I 

PE [ 

  TT!T 7  TTITTI 
Figure 9. Deflected flexible ring in equilibrium with uniform vertical 

pressure, Py and with uniform horizontal soil reaction Px. 
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It 

against the ring is, 

Px = (P'Po)rr = [P-I.7854(F/A)d] r r 

But the soil at the spring lines must be able to provide Px 
slip (failure). At soil slip, see Fig. 5, 

Px = KP 

Equating the two expressions for Px, and solving: 

P = 1.7854(F/A)d/(I-K/r=) .......... (2) 

where: 

follows that the horizontal pressure Px of the soil 

without soil 

P = vertical pressure at soil slip (soil failure) 
F/A = pipe stiffness from a parallel plate test 
d = ring deflection of the ellipse = A/D 

= vertical decrease in diameter 
D = mean diameter of the pipe 
K = (l+sin~)/(l-sin~) 

= soil friction angle for compacted sidefill 
r r = ry/r x = ratio of vertical to horizontal radii 
r r = (l+d)3/(l-d) 3 for an ellipse 

From equation 2 it is clear that if K ~ ~ , there is no soil slip 
regardless of soil pressure P. In fact, P becomes negative. 

Fig. i0 comprises plots of equation 2. Sidefill soil is 
compacted. The vertical scale is the dimensionless vertical soil 
pressure term, P/(F/a) at incipient collapse. The soil friction angle 
of the sidefill is 4. The horizontal scale is ring deflection d. If the 
soil pressure term, P/(F/a), and the ring deflection term, d, locate a 
point to the lower left of a soil friction line (4-1ine), the buried pipe 
is stable. If the point is located to the upper right of a 4-1ine, 
collapse is incipient -- not imminent -- but possible, progressively, 
over a period of time, due to soil dynamics such as earth tremors, 
wetting and drying, pipe or soil deterioration, etc. As collapse 
progresses, plastic hinges form at the spring lines. Of course, plastic 
hinges cause the ring cross section to deviate from an ellipse. 

No safety factor is included in either Fig. I0 or equation 2. 
Soil arching action assures some margin of safety. The ~ = 0 line at the 
bottom is an asymptote for the ~-lines, but otherwise is meaningless. 
If ring deflection is more than 20%, equation 2 loses accuracy because 
it is derived from various simplifying approximations of elliptical 
analyses that apply only for small ring deflections. To the right of d 
= 20%, the ~-lines are of little practical value. In fact, pipes with 
more than 10% ring deflection are usually rejected even though they are 
structurally stable against collapse. It is noteworthy that if the 
compacted sidefill soil has a friction angle of at least ~ = 20 ~ , 
stability is assured for ring deflections less than d = 11.8%. Including 
a safety factor, minimum soil friction angle should be increased --say 
to 4 = 30 = . 
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* At ~ = O, vertical soil pressure is supported 

by the stiffness of the elastic ring only -- 

no sidefill support. 

Figure i0. Vertical soil pressure term at incipient collapse of 

flexible pipes buried with initial ring deflection d, in 

soil compacted on the sides where the soil friction angle 

is r (The graphs lose accuracy to the right of d = 20% as 

the ring deviates from an ellipse, and as yield point of the 
plastic is exceeded.) 
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Clearly the conditions for stability are assured if good granular 
soil is carefully compacted in the sidefills, and if the ring deflection 
is held to less than 10P. Under conditions where mitigation is sought, 
the height of soil cover can be restricted such that the soil pressure 
term, P/(F/A), is reduced thereby causing the point, P/(F/~) vs. d, to 
fall below the ~-line where stability is assured. 

Example 

PVC piping is proposed for drainage under a sanitary landfill to 
be 600 ft high. Unit weight of the landfill is 75 pounds per cubic ft 
(1.2 Mg/m3). Fifteen years are anticipated to complete the landfill. It 
is to last for at least i00 years. 

I. What dimension ratio (DR) is required? DR is the ratio of 
outside pipe diameter and minimum wall thickness. It is a measure of the 
pipe stiffness for PVC. Assume that the 15 year yield strength of the 
PVC is 5000 psi (34.5 MPa). Safety factor is 1.5. From equation i, ring 
compression stress is, 

a = 0.5 ~H(I+d)DR 

For a long-term sanitary landfill, it is prudent to hold ring deflection 
to nearly zero by careful compaction of sidefill. Solving the above 
equation with d = 0, and with a safety factor of 1.5; DR = 21.3. A good 
selection is PVC pipe SDR 21(200) ASTM D 2241. SDR is a standard 
dimension ratio. It is defined the same as DR; i.e. SDR = OD/t. 

2. What is the maximum allowable ring deflection? If select PZB 
is specified, the soil friction angle is no less than ~ = 30 ~ . From the 
UNI-BELL Handbook of PVC pipe, published by the Uni-Bell PVC Pipe 
Association, 2655 Villa Creek Drive, Ste. 155, Dallas, TX 75234, for SDR 
= 21, the pipe stiffness is F/A = 234 psi (1.6 MN/m/m) for E = 400,000 
psi, and F/A = 292 psi (2.0 MN/m/m) for E = 500,000. Entering Figure i0 
(or equation 2) with ~ = 30 ~ , and P/(F/~) = 600(75)/234(144) = 1.34; the 
ring deflection at incipient collapse is about d = 24.4~. Clearly, if 
ring deflection is held to less than d = i0~, the safety factor against 
incipient collapse is greater than two which is adequate. 

Ring deflection can be controlled by the quality and compaction 
of the sidefill. From laboratory tests, select crushed stone compacted 
to 95~ density AASHTO T99 (709 relative density) will hold ring 
deflection to less than d = 5~ under 600 ft (183 m) of soil cover at unit 
weight of 75 pcf (1.2 Mg/m3). 

INTIMATE SOIL CONTACT 

Intimate contact of the pipe-zone-backfill against the pipe helps 
to assure alignment and position of the pipe. Where vertical alignment 
is critical in order to prevent ponding and consequent sedimentation in 
the pipe, intimate contact of the bedding must be assured. If 
groundwater flow could erode channels along the pipe, intimate pipe soil 
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contact would be necessary. Of course, intimate soil contact retains the 
circular cross section of the pipe ring. By fixing the shape of the pipe 
ring, stresses in the pipe relax in the long term. 

Intimate soil contact is assured by using select granular pipe- 
zone-backfill (PZB) placed under the haunches of the pipe by shovel- 
slicing, J-barring~ flushing, etc. It is noteworthy that intimate soil 
contact may not be absolutely essential for adequate structural 
performance of the pipe. This is true in the case of small diameter 
plastic pipes of low DR with excellent sidefill. The excellent sidefill 
can support the landfill by arching action with or without contribution 
from the pipe ring. The phenomenon is tantamount to boring a tunnel 
under the landfill and inserting the pipe as a tunnel liner. The pipe 
only has to support the talus that would fall into the tunnel if the pipe 
were not there. Consequently, design engineers may mitigate the 
importance of intimate soil contact specifications under some conditions, 
even though soil under the haunches may not be as well compacted as the 
sidefill. It is the sidefill that is most essential to arching action 
of the pipe-zone-backfill. 

TEMPERATURE 

The properties of plastics are affected by temperature. Pipe 
manufacturers can provide the necessary design data. For example if PVC 
pipe is to be used at a temperature of 120~ (49~ it may be prudent 
to assume a modulus of elasticity of E = 400 ksi (2.8 GPa) rather than 
E = 500 ksi (3.4 GPa), and yield strength of 4 ksi (28 MPa) rather than 
5 ksi (34 MPa). Decomposition of the biomass in sanitary landfills 
generates heat. Temperatures of 120~ (49~ are not uncommon. Similar 
adjustments apply to other plastics where temperature is of concern. 
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REFERENCE: Bauer, D. E., "15 Year Old Polyvinyl Chloride 
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ABSTRACT: A sample of 15 year old 257 nun (nominal 10 inch) di- 
ameter Polyvinyl Chloride (PVC) sewer pipe was excavated and tested 
in accordance with the ASTM standards to which it was manufac- 
tured. Test results for standard requirements such as workmanship, 
dimensions, flattening, impact resistance, pipe stiffness, joint tight- 
ness and extrusion quality are presented and compared to current re- 
quirements of ASTM D 3034, "Standard Specification for Type PSM 
Poly(Vinyl Chloride) (PVC) Sewer Pipe and Fittings." This informa- 
tion serves as a basis for review of the physical durability of PVC 
sewer pipe. 

A substantial amount of initial installation data was available for this 
particular sewer project. Information such as bedding and haunching 
requirements and initial deflections were retrievable as well as original 
plans. Several pre-excavation procedures were completed in an effort 
to assess current performance. These included a review of City 
maintenance records, measuring depth of flow, televising the line and 
pulling a deflection mandrel. Actual in-situ soil classifications and 
density measurements were completed as the excavation proceeded. 
This information serves as a basis for a review of the performance of 
the PVC sewer line. 

KEYWORDS: modulus of elasticity, deflection, pipe stiffness, joint 
tightness, tensile strength 

Numerous testimonials to PVC's superior long-term performance are 
available from users throughout North America. However, they have neither the 
time, budget nor inclination to dig-up perfectly good PVC sewer pipe to test its 
durability. Members of the Uni-Bell PVC Pipe Association thought it prudent to 
provide such information in support of the selection of PVC. 

A decision was made in 1988 to locate and remove sufficient PVC sewer pipe 
for testing in accordance with American Society for Testing and Materials (ASTM) 
Standard D 3034, "Standard Specification for Type PSM Poly(Vinyl Chloride) 

Dennis Bauer is the Association Engineer of the Uni-Bell PVC Pipe Association, 
2655 Villa Creek Drive, Suite 155, Dallas, TX 75234. 
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(PVC) Sewer Pipe and Fittings." The pipe was to be one of the earliest gasketed SDR 35 
sewer pipes manufactured in accordance with this standard. 

ASTM D 3034 was originally published in 1972. Therefore, the oldest pipe, if 
installed in 1972 and excavated in 1988, would be 16 years old. Certainly an adequate 
period of time to formulate opinions on long-term durability. 

There were prerequisites, in addition to it being gasketed SDR 35, established 
upon which a specific site selection would be based. One of the requirements was that 
the line chosen be at least 10 years old. It should also be a sanitary sewer application, 
with typical slopes, depth of cover and operating conditions. A final prerequisite was 
that the project selected be one for which initial installation documentation was 
available. This requirement would insure an ability to objectively review the changes 
with time in the pipe performance as well as durability. 

SITE SELECTION 

The records for older PVC sewer locations were examined from a number of 
cities. Because Dallas, Texas, has used PVC sewer pipe for many years, a number of 
sites could be considered. Information about the initial deflections and the installation 
requirements for their early PVC pipe installations had been documented. 

Further review led to a 254 mm (10 inch) diameter gasketed SDR 35 PVC 
sewer line on the north side of Dallas, which had been installed in May of 1973. The 
City had plans and profiles of the project with embedment description as well as a 
report on initial deflections. 1 Depths of burial ranged from 2.4 to 3.0 meters (8 to 10 
feet) with a planned slope of 0.80 percent. By tapping the collective memory of local 
manufacturer's representatives, we learned that a complete installation report 2 had also 
been prepared immediately following the pipe's installation. This site had everything 
we required. 

The City of Dallas willingly cooperated on this research project which required 
the removal of an active PVC sewer line from beneath a city street. The Dallas Water 
Utilities Department believed the research would greatly benefit their information base 
as well as the user community in general. The City of Dallas Water Utilities 
Department acted as the contractors for the project. 

PRE-EXCAVATION 

Before excavating the line and sending it to the laboratory for testing, 
information was gathered relative to how well it was currently operating. City crews 
reported that there were no recorded instances of required maintenance on this line in its 
15 years of service. The following five steps summarize the pre-excavation protocol. 

�9 Depth of flow measurement 
�9 TV the line 
�9 Clean the line 
�9 Pull a deflection mandrel through the line 
�9 Re-TV the line 

Dallas Water Utilities had set up a mobile recording device to measure depths 
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over a seven day period. Depth of flow over the seven days ranged from a low c,f 
approximately 25.4 mm (1 inch) to a high of 76.2 mm (3 inches) of depth. 

The Dallas utility crew, which televised the line, explained that they no longer 
televise their PVC sewer lines, as a part of ~cheduled maintenance, because experience 
had shown that for PVC sewers, such periodic visual examinations were not necessary. 
They pulled the camera through the 74.7 meters (245 foot) long section of 254 mm (10 
inch) PVC while it was in service. The video revealed that the interior of the pipe was 
fairly clean. It had what appeared to be very light and inconsistent residue throughout 
its length. No heavy build-ups were found. 

The line was then cleaned with a water jetting device before the deflection 
mandrel was pulled. Both the City's and manufacturer's post-installation test reports 
indicated that deflections ranged from two to five percent over the length of the line. 
They both had used deflectometers to measure the entire length. The City crew 
attempted to pull a 5 percent deflection mandrel (a go/no go testing device) through the 
line. Due to the heavy build-up of concrete at the outlet and inlet structures, of the 
upstream and downstream manhole inverts, respectively, they were unable to introduce 
the mandrel into the line. With much effort and manipulation, a 7.5 percent deflection 
mandrel, which is ASTM's published recommended allowable deflection limit, was 
wedged into the upstream manhole outlet structure. The 254 mm (10 inch) PVC sewer 
line passed the mandrel without any hang-ups. 

Because the interior of the pipe was relatively clean to begin with, the re-televis- 
ing, after the jet cleaner had been pulled through, revealed no significant changes. 

EXCAVATION 

In December of 1988, Dallas Water Utilities' personnel began excavation of the 
pipe. Before removal of any overburden, a device was placed in the pipe to lock-in in- 
situ deflection over a two foot length. By maintaining in-situ deflection, long-term 
structural properties of the material could later be determined, in particular, long-term 
modulus. 

The asphalt was removed and a nuclear densometer, operated by a Dallas utility 
consultant, was calibrated and used to measure soil density just below the surface and 
then again three feet down. The densities ranged from 82 percent to 92 percent along 
the length of the trench. 

A Dallas based engineering consultant specializing in geo-technical evaluations 
was retained to classify and define the native trench soil as well as the embedment 
material. Their soils' report 3 revealed the following. The final backfill material, which 
was placed from approximately four to six inches above the pipe to about one foot 
below the pavement, was classified as CH material, described as "Dark gray to tan clay 
with calcareous modules and limestone fragments." 

The initial backfill, which was placed from the springline of the pipe to four to 
six inches above, was classified as SM and described as "Tan silty fine sand with trace 
fine gravel." The City crew knew we were getting close to the top of the pipe when the 
backhoe operator struck this sand. 

The City requirements called for a "Class B" embedment material. Class B 
material basically consists of sand and gravel. The material which was removed from 
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tile bottom of the pipe and from the sides to the springline was classified as SC and 
described as tan and grayish brown clayey fine to coarse sand with some fine gravel. 
Because the invert was approximately 2.4 meters (8 feet) deep and the water table was 
slightly above the crown of the pipe, some of the native clay materials washed into 
these samples during the excavation process. Their embedment requirements were 
sufficient to maintain deflections within the allowable limit. 

The wa':er table being above the pipe made for nasty working conditions which 
were aggravated by rainy weather. This didn't deter the Dallas utility crew. They 
brought in pumps to lower the water level and uncovered the pipe. Once uncovered, 
they cut holes in the crown and let the pipe assist in draining the trench. 

A total of approximately 12.4 meters (40 feet) of pipe was required to test in 
accordance with ASTM D 3034. The 254 mm (10 inch) PVC was removed in two 
sections, one 10.1 meters (33 feet) in length and the other 2.1 meters (7 feet). A house 
lateral prevented us from removing one contiguous piece. As Figure 1 reveals, the pipe 

Figure 1. The 257 mm (10 inch) PVC was removed from Dallas. 
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was covered with mud upon removal. Even so, many of the crew members 
commented that the pipe looked practically new. The mud was washed off, the interior 
was rinsed and the pipe was cut in lengths convenient for shipment. 

TESTING 

The pipe was sent to Utah State University's (USU) mechanical engineering 
department in Logan, Utah. USU is a recognized pipe research facility. 

USU tested the received pipe samples in accordance with ASTM D 3034, which 
has requirements for workmanship, diameter dimension, wall thickness dimension, 
flattening, impact resistance, p~pe stiffness, joint tightness and extrusion quality. 

Workmanshin 

ASTM D 3034 requires that the pipe and fittings shall be homogeneous 
throughout and free from visible cracks, holes, foreign inclusions or other injurious 
defects. The pipe shall be as uniform as commercially practical in color, opacity, 
density and other physical properties. 

After 15 years, the PVC pipe passed these requirements. In fact, the report 
from USU 4 states that, "after cleaning with soapy water the appearance was almost like 
new pipe." 

Diameter Dimension 

The average outside diameter when measured in accordance with ASTM D 
2122, "Standard Method of Determining Dimensions of Thermoplastic Pipe and 
Fittings," was found to be two thousandths of an inch under the tolerance. 

This minor variation in diameter would not affect pipe performance. 

Wall Dimension 

The wall thicknesses exceeded the ASTM D 3034 requirements when measured 
in accordance with ASTM D 2122. The samples had average wall thickness ranging 
from 7.80 to 7.98 mm (0.307 to 0.314 inches). After 15 years of service, the wall 
thickness, even in the invert, was greater than that required by the standard for new 
pipe. Domestic sewage is not normally very abrasive, but confirmation of the pipe 
invert wall thickness was felt to be important. Previous studies have confirmed PVC's 
high resistance to abrasion. 

Impact Resistance 

ASTM D 3034 requires that 254 mm (I0 inch) diameter pipe withstand 298 
joules (220 ft-lbf) when tested in accordance with ASTM D 2444, "Standard Test 
Method for Impact Resistance of Thermoplastic Pipe and Fittings by Means of Tup 
(Falling Weight)." This standard requires that pipe specimens be able to withstand a 
blow from a missile-shaped falling weight called a tup. The tup is 9.1 kg (20-1bs), 
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therefore, a 3.4 meter (11 foot) drop height is used. This test is a quality control 
requirement and was never intended as a requirement for field installation. All samples 
passed, providing further evidence that no embrittlement occurs over time with buried 
PVC pipe. 

Pioe Flattenin 

ASTM D 3034 states that there shall be no evidence of splitting, cracking or 
breaking when pipes are flattened to 40 percent of their outside diameter. By flattening 
to 40 percent, the pipe is deflected 60 percent. 

The 15 year old PVC pipe passed the test. There was no embrittlement with 
time. See Figure 2. 

Figure 2. Fifteen year old PVC pipe subjected to 60% deflection, without splitting or 
cracking. 

Pioe Stiffness 

A minimum of 317 kPa (46 psi) is ASTM's requirement for SDR 35 PVC 
sewer pipe. All samples were tested in accordance with ASTM D 2412, "Test Method 
for Determination of External Loading Characteristics of Plastic Pipe by Parallel Plate 
Loading." The average pipe stiffness of the 15 year old pipe was 433 kPa (62.8 psi). 

Joint Tightness 

Within D 3034 is a requirement that the elastomeric gasket joints perform in 
accordance with ASTM D 3212, "Standard Specification for Drain and Sewer Plastic 
Pipe Using Flexible Elastomeric Seals." This performance standard requires that pipe, 
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with gasketed joints, undergo both an internal pressure and vacuum requirement when 
axially deflected. The 15 year old joint passed the test. (See Figure 3.) 

After 15 years of service, the joints met the same requirements as those of new 
pipe. Meeting these requirements insured that the pipe could still comply with a cost- 
effective allowable infiltration/exfiltmtion requirement of 50 gallons per inch of internal 
diameter per mile per day. 

Figure 3. Fifteen year old PVC passes original joint requirements. 

Extrusion Ou01ity 

ASTM D 3034 requires that the pipe not flake or disintegrate when tested in 
accordance with ASTM D 2152, "Standard Test Method for Degree of Fusion of 
Extruded Poly(Vinyl Chloride) (PVC) Pipe and Molded Fittings by Acetone 
Immersion." Samples were submerged in anhydrous acetone for the required time and 

' inspected. All of the 15 year old pipe samples successfully passed. 

Structural Properties 

Within a limited group of users and non-users of PVC there lingers a question 
concerning long-term structural properties. They would suggest that properties such as 
tensile strength and pipe stiffness (modulus of elasticity) decrease with time. 

When the 15-year-old PVC pipe was tested in both the circumferential and 
longitudinal direction for tensile strength and modulus of elasticity, the following 
results were obtained. 

These values are typical of newly manufactured PVC sewer pipe. 
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Table 1 - Circumferential Direction 

Specimen Tensile Strength Modulus 
Number MPa a (psi) MPa a (psi) 

1 51.05 (7410) 2591 (0.376 x 106) 
2 52.36 (7600) 3038 (0.441 x 106) 
3 53.05 (7700) 2777 (0.403 x 106) 
4 52.85 (7670) 2963 (0.430 x 106) 

AVG. 52.36 (7600) 2839 (0.412 x 106) 

Table 2 - Longitudinal Direction 

Specimen Tensile Strength Modulus 
Number MPa a (psi) MPa a (psi) 

1 55.05 (7990) 3094 (0.449 x 106) 
2 54.98 (7980) 3011 (0.437 x 106) 
3 56.08 (8140) 2976 (0.432 x 106) 
4 55.53 (8060) 3156 (0.458 x 106) 

AVG. 55.40 (8040) 3059 (0.444 x 106) 

aMPa = psi x 0.00689 

ADDITIONAL TESTING 

To remove any doubt about the validity of the long-term structural properties, a 
locking brace was placed inside one of the pipe samples prior to its excavation. That 
device served to maintain the in-situ, 15 year deflection, allowing for incremental load 
and deflection measurements. At 5 percent deflection, pipe stiffness was determined to 
be 449 kPa (65.1 psi). The corresponding modulus of elasticity was determined to be 
3405 MPa (494,220 psi). The 15 year old, buried PVC sewer pipe had not lost any of 
its stiffness when compared with the ASTM D 3034 requirement. 

CONCLUSIONS 

Clearly PVC pipe is providing excellent performance. After 15 years of service 
there have been no required maintenance calls, deflections were held below 
recommended limits and the joints met the tightness requirements of new pipe. 

The results of testing in accordance with ASTM D 3034 reveal that no 
measurable degradation of any sort took place in the course of 15 years. There was no 
embrittlement, no loss of wall thickness, no decrease in pipe stiffness and no decrease 
in modulus. 

The PVC pipe's ability to perform has not changed over 15 years and all 
indications suggest it will not change in the foreseeable future. 
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