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Foreword 

The Symposium on Evaluation and Remediation of Low Permeability and Dual Porosity 
Environments was held in Reno, Nevada on 25 Jan. 2001. The Symposium was sponsored 
by ASTM Committee D18 on Soil and Rock. The co-chairmen were Martin N. Sara, En- 
vironmental Resource Management, Inc. and Lome G. Everett, Chancellor, Lakehead Uni- 
versity; Chief Scientist, Stone & Webster Consultants. They both served as editors for this 
publication. 
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Comparison between various Field and Laboratory Measurements of the Hydraulic 
Conductivity of three Clay Liners 
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Abstract: For waste facilities, field assessment of the hydraulic conductivity of  fine- 
grained soils has been a real challenge for the past decades that has led to several types of 
test methods. Although standards (ASTM, NF, etc.) have been adopted in many 
countries, any test method needs careful application for constructing quality-control 
programs. The type of apparatus, its geometry, and even specimen preparation may be 
major sources of  discrepancy. We compared hydraulic-conductivity values obtained from 
various field-testing methods (open, sealed, single and double infiltrometers, and 
borehole methods), and laboratory-testing methods such as oedometer cells or rigid and 
flexible-wall permeameters. Three materials were tested in this study: a compacted sand- 
bentonite mixture, compacted clayey silt, and natural sandy clay. The field tests were run 
on soil-test pads whose characteristics were defined beforehand in the laboratory and the 
field. Comparison of the results shows a large range of hydraulic-conductivity values for 
a single soil sample. Such variability can commonly be explained by a scale effect, as 
demonstrated by the use of various types of diameter or geometry for the field or 
laboratory tests. Soil behavior (swelling or shrinkage) and test-analysis methods 
(saturated or unsaturated-flow analysis) are other important parameters. In conclusion, 
we identified the main problems affecting tests with infiltrometers and permeameters, and 
how they can be reduced or avoided by the improvement of current techniques. 

Keywords: infiltration, hydraulic conductivity, clay liner, ring, infiltrometer, borehole, 
scale effect 
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Introduction 

On of the most important geotechnical parameters for clay liners used in waste facilities is 
hydraulic conductivity. Regulatory agencies increasingly require field tests as well as 
laboratory tests. In the early 1990s, a Standards for Waste Facilities Committee was set 
up in France, in order to establish standards for hydraulic-conductivity testing. Eight 
standards concern ring-infiltrometer field methods (two standards published in 1999), 
field borehole methods (three standards), and laboratory methods (three standards). The 
French Environmental Agency (ADEME) further co-financed two research programs that 
compared methods used in France for determining hydraulic conductivity in the field 
(surface and borehole techniques) and in the laboratory. 

The success of a hydraulic conductivity field test is a major issue. Failures are as much 
due to errors of procedure as to the type of tested soil, and affect borehole and surface 
methods. Such failures have led to increased vigilance during installation of the devices, 
to the application of lower hydraulic heads in sealed infiltrometers, and to a greater 
awareness of  any abnormalities of the test zones that would help in understanding some 
of the failures. In addition, several other parameters can affect a test result, such as 
borehole installation (Chapuis and Sabourin, 1989), or the testing method hypothesis 
(Neuzil, 1982). Many papers have been written on this topic (Day and Daniel, 1985; 
Herzog and Morse, 1990; Sai and Anderson, 1991; Elrick and Reynolds, 1992; Picornell 
and Guerra, 1992; Dunn and Palmer, 1994; Trautwein and Boutwell, 1994; Purdy and 
Ramey, 1995; Benson et aL, 1997). Daniel (1994) and Benson et al. (1994) compared the 
available methods for recommending a representative specimen size that will reproduce 
field-test conditions in the laboratory. Benson et al. (1994) suggested that field-scale 
hydraulic conductivity can be measured on specimens with a diameter of at least 300 mm. 

It is assumed that a logical alternative to field-testing is to conduct hydraulic- 
conductivity tests in the laboratory on specimens large enough to simulate field 
conditions. The objective of our research was to determine the influence of specimen size 
through surface and borehole tests in the field and the laboratory. The comparisons took 
place on three sites, during September 1994 (sites A and B) and 1995 (site C). Sites A 
and B are both test pads; the first with compacted clayey silt and the second with a 
compacted sand-bentonite mixture. Site C is a natural kaolinitic-clay deposit. After 
presenting the results obtained with the various testing methods used in this program, we 
compare them with results of additional laboratory tests on samples taken from the three 
sites. We try to explain any discrepancy by correlating the obtained results with the soil 
characteristics and geometry of the tested specimen. 

Many different field tests have been proposed in this research. They are discussed 
with reference to their suitability for clay-barrier evaluation. Reasons for the preference 
of a particular test over other methods are also discussed. 
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Infiltrometer field-test methods 

Summary 

The infiltrometer-ring method consists in determining the infiltration rate under one or 
more hydraulic heads. With double-ring infiltrometers, the outer ring allows maintaining 
a vertical flow through the soil under the inner ring where the infiltration rate is 
measured. This is particularly useful for highly permeable material, when the wetting 
front can reach the base of  both rings. The following nomenclature is generally found in 
ASTM references: ODRI for Open Double Ring Infiltrometer, SSRI for Sealed Single 
Ring Infiltrometer, and SDRI for Sealed Double Ring Infiltrometer. The field techniques 
and apparatus that were used in the programs are summarized in Table I, which also 
gives the ring geometry (the first number is the inner ring diameter, the second is that of  
the outer ring). 

Table 1 - Apparatus and test methods used in the programs. 

ODRI 1 ~100/300  mm SDRI 3 ~800/1200 mm 

ODRI 2 ~ 76/300 mm SSRI 1 ~Y 200 mm 

SDRI 1 ~500 /800  mm SSRI la  JU500 mm 

SDRI l a ~Y 200/500 mm SSRI 2 .65100 mm 

SDRI 2 ~100/300  mm 

Open-Ring Infiltrometers - Open-ring infiltrometers are commonly used for 
soil/sewage applications. They are very easily applied simple devices, but they are 
limited to a middle-range hydraulic conductivity of  l x l 0  -5 to l x l 0  -8 m/s. Several 
standards are available: ASTM D3385, AFNOR X30-418, DIN 19682, OENORM L1066, 
NVN 5790. The ODRI device consists o f  two concentric rings that are driven into the 
soil, filled with the same level of  water. Water levels within both rings can be measured. 
The hydraulic head is maintained below the ring top, which is the main difference with 
sealed infiltrometers (Figure 1). Water-level fall is monitored in the inner ring with a 
specific instrument: if  it remains low compared to the water height in the rings, it is 
assumed that infiltration into the soil proceeds under a constant hydraulic head. Water 
levels can be checked with various devices, such as a float, level transducer, graduated 
stick, or Mariotte bottle. Two ODRlwere used in this research (Table 1). 

Sealed-ring infiltrometers - Sealed-ring infiltrometers are driven into the soil and filled 
with water through a pressure-volume controller (PVC). The PVC is used for supplying 
water and recording the infiltration in one or both rings that are sealed with caps 
maintaining a constant hydraulic head. The hydraulic head is commonly higher than the 
level of  the top of  rings caps; which is the main difference from open-ring infiltrometers. 
Many types of  PVC are available: Mariotte bottle, pressurized tank or tubes, piston 
volumeter, horizontal capillary, or bags. The infiltration rate is controlled by measuring 
water levels in different PVC, or by weighing bags at successive times. In some cases, 
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the application o f  a confining load may be needed to avoid rising of  the intiltrometer, 
particularly when a high hydraulic head is applied in the rings. During tests, a dial gauge 
can be used for checking a possible rise of  the ring cap under the hydraulic head. Seven 
types o f  sealed infiltrometers, three single and four double, were used in this study; three 
are described on Figure 2 and Figure 3. Two standards are available: ASTM D5093 and 
AFNOR X30-420. 

Tension infiltrometer - Tension infiltrometers, also known as disk infiltrometers, are 
used to determine the hydraulic characteristics of  nearly saturated soils. The infiltrometer 
consists of  a disk with a nylon mesh. Volumes are recorded with a system of  Mariotte 
tubes (Figure 3b). The analysis is done under unsaturated conditions (White and Sully, 
1992). 

Figure 1 - Schematic layout of  an Open Double Ring Infiltrometer (ODRI) 

Figure 2 - Schematic layouts of  SDRI 2 with pressurized burettes and of  
SSRI 1 with Mariotte bottle and confined soil surface 
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Figure 3 - Schematic layouts of SDRI 1 with Mariotte bottle and an unconfined soil 
surface, and of a Mariotte-tube-based Tension infiltrometer (righO 

Test-failure criteria 

Surface field-tests are subject to various problems that can be due to soil conditions or 
to the testing device. Table 2 and Figure 4 summarize the main problems that can be 
encountered during tests with ring infiltrometers (Cazaux, 1998). 

Table 2 - Main sources of uncertainty associated with open and sealed ring infiltrometers 
(after Cazaux, 1998) 

Open-Ring Infiltrometer Sealed-Ring Infiltrometer 

�9 Side-wall leakage 

�9 Temperature effects on fluid and devices 

�9 Divergent flow under the ring due to too high 
permeability or excessive infiltration time compared 
to device capacity 

�9 Swelling and alteration of soil surface 

�9 Glazing of  infiltration surface 

�9 Diffusion process of  non-aqueous liquid 

�9 Fingering of flow 

�9 Evaporation can exceed infiltration rate 

�9 Infiltration rate too low for volume 
controller capacity 

�9 Hydraulic head too high, led to ring rising 

�9 Hydraulic fracturing due to excessive 
hydraulic head 
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Figure 4 - Schematic layout of problems associated with ring-infiltrometer methods 
(after Cazaux, 1998) 

Borehole field-test methods 

The three main types of borehole techniques for measuring hydraulic conductivity 
correspond to three different hydraulic situations: constant head, variable or falling head, 
and pressure pulse. Hydraulic conductivity tests are done in deep boreholes for 
characterizing natural geological subgrades, or in shallow (<1 m) wells for checking thin 
and compacted soil layers. For deep and shallow tests, the following nomenclature and 
standards were used: CHBT, for Constant Hydraulic-head Borehole Technique (ASTM 
D4630-96, AFNOR X30-424); VHBT, for Variable Hydraulic-head Borehole Technique 
(ASTM D5912, AFNOR X30-423); and PPBT, for Pressure hydraulic-Pulse Borehole 
Technique (ASTM D4631, AFNOR X30-425). The three techniques were compared in 
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this research. All the holes were core-drilled with water and then dry-reamed to a larger 
diameter (1 cm larger) to remove altered and moistened material around the borehole 
wall. This test procedure allowed preserving soil integrity before testing. In a last stage 
the testing cavities were scarified with a cylindrical steel brush to re-open soil porosity 
partially closed by coring process. In this condition, the saturation of the soil around 
cavity wall was not modified. 

Laboratory test methods 

Three types of laboratory-hydraulic conductivity testing are commonly used for 
assessing hydraulic conductivity of  a clay soil. The following nomenclature is taken from 
(mainly North American) scientific references: FWP, for flexible-wall permeameters; 
RWP, for rigid-wall permeameters; and ODP, for oedopermeameters or consolidation 
cells. Schematic diagrams of the testing methods are given in Figure 5. Table 3 
summarizes the three types of laboratory test, used in our research with various types of 
specimen geometry. 

The flexible-wall permeameter (FWP) confines the specimen to be tested with porous 
disks and end caps on top and bottom, and with a latex membrane on the sides (DIN 
18130, BS 1377, ASTM 5084, prlSO 17313, CSN 72-1020, etc.). 

The rigid-wall permeameter (RWP) consists of a rigid, generally cylindrical, metal or 
PVC tube containing the test specimen. Various types of RWP include compaction-mold 
p ermeameters and sampling-tube permeameters (DIN 18130-1). 

An oedo-permeameter (ODP) is a consolidation cell with a loading cap that consists of  
a rigid tube containing the specimen to be tested. It is useful only for fine-grained soils 
that contain no gravel or coarse sand (Daniel, 1994, DIN 18130). 

Figure 5 - Schematic diagrams of rigid wall permeameter, oedo-permeameter, and 
flexible-wall permeameter 
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Table 3 - Dimensions of the different permeameters (FWP, ODP, and R WP). 

Sites A and B Site C 

Apparatus Diameter (nma) Height (mm) 

FWP 1 70 70 

FWP 2 35 40 

FWP 3 50 100 

FWP 4 100 100 

FWP 5 38 38 

FWP 6 50 80 

ODP 1 70 25 

ODP 2 65 25 

ODP 3 70 25 

ODP 4 100 40 

ODP 5 50 25 

RWP 1 100 40 

RWP 2 100 100 

Apparatus Diameter (ram) Height (rran) 

FWP 1 35 40 

FWP 2 38 40 

FWP 3 70 70 

ODP 1 50 25 

ODP 2 50 20 

RWP 1 100 40 

Soil characteristics 

Site A 

This test pad was created o f  a sand-bentonite mixture (fine factory-treated sand with 
5% o f  Na-activated bentonite) as two 50-cm layers, compacted with a vibrating roller. 
Characteristics o f  the clean sand are summarized in Table 4. About  30 samples were 
taken with thin-wall tubes (150-mm diameter) near the hydraulic conductivity-test sites, 
in order to determine the average values o f  the weight moisture content w, the initial dry 

weight )'d, and the bentonite content Bo~ (in percentage o f  dry soil weight). The following 
average values were determined: 

w = 12.3% 7d = 17.3 kN/m 3 B~ = 4 . 5  

Site B 

The test pad was built up o f  clayey silt in three layers o f  30 cm each, compacted with a 
sheep-foot roller. The main characteristics o f  the silt are summarized in Table 4. Samples 
were taken with thin-wall tubes (150-ram diameter) near the test sites in order to 

determine the average values o f  the moisture content w and the initial dry weight )'d: 

w = 19.5 % )'d = 16.9 kN/m 3 
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Table 4 - Soil characteristics on site A and B 

11 

Site A (less bentonite) Site B 

Average methylene blue value (g/100g) 1.7 2.6 

Optimum moisture content, woer (%) 11.0 15.0 

Optimum dry density, Ya OelV (kN/m 3) 18.2 17.5 

Maximum grain size (mm) 2 0.2 

Grain size fraction < 80 ~tm (% of  weight) 35 91 

Grain size fraction < 2 ~tm (% of  weight) <1 10 

Site C 

Site C is a natural kaolinite-clay deposit. The tests were done on the current quarry 
floor. Spatial variations in the sand content are marked by color contrasts from white to 
purple brown, easily seen in the quarry. Considering this heterogeneity, it was impossible 
to select a relatively homogeneous area for setting up all the devices, and the tests were 
done on a varying lithology that made it difficult to compare the devices. At the end, the 
site was mostly used for comparing borehole methods. A 2-m-thick purple level that was 
tested is located between 1.5 and 3.5 m depth. All the holes were core-drilled with water, 
and the samples were then sent to various laboratories. These laboratory samples were 
then immediately cut to a smaller diameter to remove about 1 to 2 cm of altered and 
moistened material due to core-drilling process. This test procedure allowed preserving 
field soil saturation before testing. Before testing, the laboratories identified the physical 
sample characteristics, such as natural moisture content w,, volumetric dry weight ya, 
degree of  saturation S, Methylene blue value VB, and Atterberg plasticity index 1P. The 
results are summarized in Table 5 and show that the material was not initially saturated. 

Table 5 - Soil characteristics of  clay-quarry samples at various depths. 

Depth (m) w,, (%) Ya (kN/ms) S (%) VB (g/100g) IP 

2.10 12.0-14.6 17.9-18.8 74.0 -77.0 2.5 53 

2.40 10.9-17.1 18.1-18.9 67.0 - 94.0 3.1 56 

2.60 10.2-12.1 19.2 67.3 2.1 44 

2.75 12.1 19.2 63.0 
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Field Testing 

Site A 

The results obtained on the sand-bentonite pad (Site A) show two groups that correspond 
to the two equipment types: open-ring infiltrometers (ODRI 1, 2) with a hydraulic 
conductivity close to 1 x 10 -9 m/s and sealed infiltrometers (SSRI 1, 1 a, SDRI 1, 2, 3) with 
a hydraulic conductivity around 3-4x 10 11 m/s (Table 6). Dispersion of  the results is of  
the order of  1 or 2 degrees of  magnitude, with the exception of  the tension (disc) 
infiltrometer that gave a much higher hydraulic conductivity than the other devices. 
These differences between open and sealed rings confirm the hypotheses on the 
application domains of  open-type infiltrometers. Figure 6 shows the relationship between 
hydraulic-conductivity results and bentonite content, i.e. the bentonite content only 
slightly influences hydraulic conductivity. The minimum bentonite content was initially 
chosen to avoid discrepancy between results allowing to compare testing devices. 

Table 6 - Field hydraulic conductivity on the Site A test pad (logarithmic scale). 

k (m/s) 10 "t2 10 "n 10 "t~ 10 "9 10 "8 10 .7 10 -6 

ODRI 1 I 

ODRI 2 �9 

SSRI 1 / SSRI l a  (3 tests) 

SSRI 2 - GPI 

SDRI 1 

SDRI 2 (2 tests) 

SDRI 3 

Tension (disc) infiltrometer 

m 

Site B 

On the compacted silt pad of  Site B, the data dispersion is lower than on Site A, except 
for the tension infiltrometer (Table 7). The difference between open and closed rings was 
partially confirmed, with the exception of  ODRI 2 that gave a hydraulic conductivity 
value close to the average one obtained with the other devices. 

In addition, we determined the moisture-content profile at the end of  a test and for 
each ring, in order to verify whether confining the wet surface of  a potentially swelling 
material influences the flow pattern. The profiles show that, in the case of  the sand- 
bentonite of  Site A, most of  the tests led to a much higher final moisture content than the 
saturated moisture content (Figure 7). The tests done with open rings (ODRI 1 and 2) 
have almost identical final profiles, but much higher maximum moisture contents, than 
closed rings except for SDRI 1. 
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Table 7 - Field hydraulic conductivity on the Site B test pad (logarithmic scale) 

k (m/s) 10 "12 10 "11 10 "l~ 10 "9 10 -s 10 "7 10 -6 

ODRI 1 �9 

ODRI 2 1 

SDRI 1 (2 tests) | i 
SDRI 2 (3 tests) �9 i 
SDRI 3 �9 
SSRI 1 �9 
SSRI 2 �9 
Tension infiltrometer �9 

Both tests done with SSRI 1 show max imum moisture contents close to the theoretical 
saturation value. These results are confirmed by the same analyses made on silt (Figure 
8). As a consequence,  confinement o f  the soil surface (as for SSRI 1), even without 
additional loading, helps in maintaining the integrity o f  the soil during infiltration. This 
is o f  value with sand-bentonite, as the confinement  o f  the wett ing surface avoid over- 
saturation due to swelling o f  the bentonite. For  silt, confinement  o f  the surface in certain 
cases al lowed to avoid the unsticking o f  the lamination produced under compaction. This 
phenomenon is particularly valid for Site B where soil was compacted to 3 to 4% over  the 
opt imum moisture value. 

1 .E-08 

l .E-09 

1.E-10 

1.E-11 

A 

-" I 

3 3.5 4 4.5 5 5.5 6 

bentonite content (%) 

I O D R I  1 

�9 ODRI 2 

OSDRI I 

[] SDR12 ] 

ASDRI 3 

O SSRI 1 

O SSRI 2 

OTension 

Figure 6 - Field hydraulic conductivity vs. bentonite content on the Site A test pad. 
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F i g u r e  7 - Soil-moisture profiles at the end of  the infiltrometer test on Site A. 
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F i g u r e  8 - Soil-moisture profiles at the end of  the infiltrometer test on Site B. 
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Surface testing - Because of the local conditions, only five surface devices were used 
on the site. Most of the results fall between 2.10 1~ and 1.10 -9 m/s; the tested material and 
its spatial heterogeneity cause part of  this dispersal. The exception is ODRI 1, where the 
used technique explains the difference, as it cannot measure this order of hydraulic 
conductivity. One test with SSRI 1 was done in a zone containing coarser sand, which 
gave a hydraulic conductivity of about 1.10 s m/s; the increase in hydraulic head at the 
end of the test led to the hydraulic fracturing of this sand. 

Table 8 - Surface field hydraulic conductivity on the Site C test pad (logarithmic scale). 

k (m/s) 10 -u2 10 -11 10 -1~ 10 .9 10 "8 10 -7 10 ~ 

ODRI 1 �9 
SSRI 1 �9 
SDRI 2 (2 tests) m m 
SDRI 3 �9 
SDRI 4 (2 tests) U 

Borehole testing- Nine methods were tested in the program. Borehole diameters are 
identical but testing cavity height and test procedures vary depending of the operators. 
Table 9 summarizes the results. They show good homogeneity and the average value is 
around 2.10 q~ to 1.10 -9 m/s. The relative dispersion of results probably is more related to 
soil heterogeneities than to the testing methods. Even for testing zones located in the 
same level, visual observation showed a well-marked spatial heterogeneity. However, 
two techniques gave results more than one order of magnitude outside the average: 
pressure-pulse test PPBM 1 made in the same borehole as the constant-head test CHMB 
2, probably caused by a wrong estimation of the compressibility of the system. The 
second erroneous result comes from the CHBM 3 permeameter that overestimated the 
hydraulic conductivity (3 tests made). As for tension infiltrometer for surface testing, 
interpretation of the test results assumed unsaturated conditions (Elrick and Reynolds, 
1994). All other techniques gave comparable results. 

Table 9 - Hydraulic conductivity values in boreholes on Site C (logarithmic scale). 

k (m/s) 10 -12 10 "nn 10 -~~ 10 -9 10 "s 10 -v 10 .6 

CHBM 1 m 
CHBM 2 �9 

CHBM 3 (3 tests) m u 

CHBM 4 �9 
CHBM 5 ( 2 tests) m m 
CHBM 6 �9 
PPBM 1 m �9 
PPBM 2 �9 
VHBM 1 �9 
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L a b o r a t o r y  t e s t s  

Site A 

Results obtained on the sand-bentonite mixture are relatively homogeneous with an 
average kL (laboratory) value of 3.10 11 m/s. There is no notable variation of the values 
according to the type of equipment used (Figure 9). Despite the high swelling potential of  
this material due to its bentonite content, the ODP gave hydraulic conductivity values 
only very slightly above than those obtained with other techniques. This surprisingly 
small difference may be due to the relatively high bentonite content. 

Figure 10 shows the hydraulic conductivity versus sample geometry in terms of their 
diameter and height. The hydraulic conductivity is clearly influenced by sample 
geometry, confirming the observations and modeling by Benson et al. (1994). The scale 
effect is small and the threshold minimum specimen diameter and height are about 50 
mm. Below this value, the hydraulic conductivity much more varies. Benson (1994) had 
noticed limit diameters of the order of 300 mm in certain materials. Our results must be 
related to the nature of the sand itself, which has a uniform and fine grain-size 
distribution. Furthermore, any joints caused by compaction remained localized to the 
liner lifts and no interfaces due to clod flattening were seen. 

Figure 11 shows the relationship between hydraulic conductivity and bentonite 
content: the influence of bentonite is clearer than for field tests. This can be explained by 
a scale effect since the larger the (field) sample area, the more homogeneous will be the 
average bentonite content. The much smaller laboratory samples may include quite 
variable bentonite volumes that will affect the hydraulic conductivity. 

1 . E - 0 9  

1 . E - 1 0  

, T T ' "  T 1.E-11 I 

1 . E - 1 2  ~ , , . . . . . .  , ~ 

Figure 9 - Laboratory hydraulic conductivity of  the sand-bentonite mixture 
(black squares indicate the average kL value). 
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Figure 10 - Laboratory hydraulic conductivity vs. (a) sample diameter and (b) height 
for the sand-bentonite mixture. 
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Figure 11 - Laboratory hydraulic conductivity against bentonite content 

The results obtained on silt are scattered over two orders of  magnitude (Figure 12), but 
without a visible variation due to the type of  device. This dispersion is not explained by 
the tested sample geometry (Figure 13), but may be due to the sample sizes that are too 
small in terms of  the discontinuities included in the material. This can be explained by 
sampling that did not protect the initial sample geometry (compression in the sampling 
tube for example). Compaction discontinuities are very common and large (decimeters). 
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Figure 12 - Laboratory hydraulic conductivity on Site B silt 
(black squares indicate the average kL value) 
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Figure 13 - Laboratory hydraulic conductivity kL vs. (a) sample diameter and (b) height 
on Site B silt 

Site C 

The results, obta ined on  borehole-core  samples,  show a most ly  homogeneous  

hydraulic  conduct iv i ty  wi th  an average value  close to 2 x 1 0 l l / s  (Figure 14). The 
except ion are the R W P  1 values (2 tests), but  this d ivergence  from the average may  be 
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explained by the larger diameter of  these samples (100 mm against 35-70 mm for the 
other samples). Figure 15 shows the hydraulic conductivity against infiltration-surface 
area (a) and height/diameter ratio (b). The scale effect is clear for the infiltration-surface 
area but the relationship does not show any discontinuity. In the graph of  kL versus 
height/diameter ratio (Figure 15b), a discontinuity can be observed around 0.5. 
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1.E-12 
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Figure 14 - Laboratory hydraulic conductivity on Site C clay 
(black squares indicate the average kL value) 
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Figure 15 - Laboratory hydraulic conductivity against (a) sample surface-area and (b) 
height/diameter ratio on Site C clay. 
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Discussion 

Plotting the tests results from test pads A and B against to the sample diameter, we notice 
that the scale-effect is obvious for both soils (Figure 16). This last point confirms that the 
specimens tested in the laboratory, even if they gave coherent results, were not 
representative of  the test pads as they were too small. The critical diameter is situated 
near 100 mm. Comparison of laboratory and field tests on boreholes is more difficult; an 
additional problem is that hydraulic conductivity is not measured in the same direction: 
one-dimensional vertical flow in the lab and radial horizontal flow in the borehole. To 
assess the scale effect, it is best to compare hydraulic-conductivity values with the 
infiltration surface area; comparison with diameter is not significant of  flow geometry for 
radial flow. Figure 17 shows a good relationship between k and surface area. 

, , fl 1.E-O8 
I.E-09 i [ [ ~J[[L__ [I SiteA 

tl 

1.E_10 l: . . . . .  t [ 111911 1.E-09 
I i i i,T i  . . . . . . . .  

1.E-11 ~ 1.E-10 

[] field ~ 

1.E-12 1.E-I 1 

10 100 1000 
Sample diameter (ram) 

(a) 

10 I00 1000 
Sample diameter (mm) 

(b) 

Figure 16 - Field and laboratory hydraulic conductivity against sample diameter for (a) 
sand-bentonite mixture (Site ,4) and (b) silt (site B). 

Conclusions and recommendations 

Field measurements of hydraulic conductivity with a ring infiltrometer are influenced 
by the surface condition of the tested soil (glazing), the surface area of  infiltration 
(minimum diameter), and the used technique. When carrying out such hydraulic- 
conductivity tests, the sample scale of the in situ tested soil will influence the 
representativeness of  a test for a given soil. Though there is no set rule for the optimum 
diameter of an infiltrometer in soil testing, our experiments established that rings should 
have a diameter of at least 200 mm. It seems that this minimum size helps in accounting 
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for most of the macropores in a natural soil or a compacted fine soil. In addition, we 
observed that the confining of a field-tested surface, even through simple contact, helps in 
preventing most swelling and over-saturation. 

1 .E-08 
J 

n field i 

�9 laboratory~ ,~o/I.I r~ 

1 .E-09 I 

/ . ' i  / 1.E-10 / .  

1.E-11 . . . . .  ~1~/ |  ~ . . . . . . . . . . . . .  
1 10 100 1000 10000 

Sample-surface area (cm 2) 

Figure 17 - Field and laboratory hydraulic conductivity against sample surface area on 
Site C clay. 

Table 10 summarizes the advantages and disadvantages of the devices used in this 
research; for each, we mention the measured hydraulic conductivity range, the installation 
conditions (from difficult - to very easy ++), the analysis method, the scale, the need for 
confining or not of the infiltration surface, the sensitivity of the device to temperature, 
and the sensitivity to evaporation or dilatation. 

Among borehole techniques, the constant-head injection method appears to be the 
simplest to interpret when hydraulic conductivity is low. A sufficiently long injection 
time (several hours generally) provides good estimates of the hydraulic conductivity. 
Variable head tests, though relatively reliable, for a hydraulic conductivity below 1.10 -9 
m/s require very long test times to obtain a significant level fall. Replacing the pipe by a 
smaller-diameter tube could be a satisfactory altemative for accelerating the fall of the 
water. Pressure-pulse tests tend to underestimate the value of the hydraulic conductivity. 

The three types of test (surface field, borehole field and laboratory) and their 
interpretation methods were developed to answer the specific problems of water flow in 
fine-grained soil. Such devices are subject to different procedures that render the 
comparison of results difficult. Certain observations were nevertheless possible from a 
careful comparison of the results obtained on field-test pads. The borehole tests, the 
laboratory tests and the surface tests, with some exceptions, produced comparable results. 
The comparison between the three testing types is more risky, and observed differences in 
hydraulic conductivity reach several orders of magnitude. In conclusion, it seems 
necessary that all these techniques be developed with a unique procedure, which only 
standardization can provide. 
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Table 10 - Summary table of surface field-testing methods 
(in italics, technique not tested in this research program). 

Device 

O S R I  

O D R I  1 

O D R I  2 

S D R I  2 

S S R I  1 

SSRI2 

Tension 

S D R I  1 

S D R I  3 

k range  (re~s) 

>_1.10 -~ 

>l. lO "s 

_>l.10 -s 

1.10"ll_< <1.10 -8 

1,10"H--< --<1.10 -8 

1.10-11-< --<1.10 "8 

1.10-1'-- < --<1.10 -s 

1.10-1% -<1.10 "s 

1.10"10< <1.10 -s 

Ease o f  

installation 
( -  difficult to 
++ very  e a s y  

++ 

++ 

++ 

+ 

+ 

+ 

0 

Analysis Scale Confining Testing 
time 

Darcy "s L a w  - N o  + 

Darey's L a w  - N o  + 

Darey's L a w  - N o  + 

Darcy's L a w  N o  + 

Darcy's L a w  + Porous disc + 

Fallow et al. ( 1 9 9 4 )  N o  + +  

White et al. (1992) + Nylon disc + +  

Darcy's L a w  + N o  + 

Darey's L a w  + +  N o  + 

Cost Sensitivity 

++ - (Evaporation) 

+ +  - (Evaporation) 

+ +  - (Evaporation) 

+ + (Dilatation) 

+ + (Dilatation) 

+ - (Plexiglass) 

+ - (Plexiglass) 

+ + 

._ + 
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Abstract: An investigation was conducted to characterize the hydraulic conductivity of  a 
shallow clay till aquitard over which a municipal solid waste landfill was being sited. 
Hydraulic conductivity tests were conducted in the laboratory on specimens removed 
from the till in thin-wall sampling tubes (71 mm diameter) and as large hand-carved 
blocks (460 mm diameter). Field hydraulic conductivity was measured using a slug test. 
Tests on specimens from the sampling tubes indicated that the hydraulic conductivity of  
the till was very low (10 -9 to 10 -8 cm/s). The slug test and tests on large blocks 
containing fractures yielded much higher hydraulic conductivities, on the order of  10 -6 
cm/s. This difference in hydraulic conductivities is attributed to fractures, which were 
evident in the block specimens. Testing o f  the block specimens at higher overburden 
stresses showed that the hydraulic conductivity decreased by one order of  magnitude as 
the overburden stress increased from 35 kPa to 175 kPa, apparently due to closure of  the 
fractures. 

Key Words: aquitard, field hydraulic conductivity, scale effects, fractures, fractured till, 
glacial till, block sample, sampling tube, slug test, fractured till 

Introduction 

Field-testing is often recommended to determine the in situ hydraulic conductivity of  
glacial tills, especially those containing fractures (Hendry 1982, D'Astous et al. 1989, 
Bradbury and Muldoon 1990, Bruner and Lutenegger 1994). This recommendation is 
made because a sufficiently large volume of  undisturbed soil needs to be tested to ensure 
that it contains a representative distribution of  macroscopic features (fractures, seams, 
fissures, slickensides, etc.) that can control the hydraulic conductivity. However, field 
tests can be misleading if disturbance occurs or a smear zone develops when the testing 
equipment is installed (D'Astous et al. 1989). Field tests also do not address how 
hydraulic conductivity can be affected by an increase in overburden stress. The 
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significance of stress is important for landfill applications, since filling of a landfill can 
result in a substantial increase in the effective stress in the underlying soils. An 
alternative approach is to conduct laboratory tests on large undisturbed specimens of till 
obtained from test pits over a range of potential stresses. If  the specimens are large 
enough, they can contain a representative network of macroscopic features and have 
hydraulic conductivity representative of the field condition. 

This paper describes an investigation that was conducted to characterize the 
hydraulic conductivity of a glacial clay till aquitard above which a landfill was being 
sited. Field and laboratory measurements of hydraulic conductivity were performed. The 
laboratory measurements were conducted on small specimens obtained with thin-walled 
sampling tubes and on large specimens collected by hand-carving large blocks of 
undisturbed till. The laboratory tests on the large specimens were conducted over the 
range of effective stresses expected as the landfill was filled. 

Background 

Clayey till is common in the upper midwestern United States and Canada, and 
frequently it is fractured or contains other macroscopic features (Herzog and Morse 1984, 
Keller et al. 1986, Bosscher and Connell 1988, Sims et al. 1996). These features can 
control the field hydraulic conductivity of clay tills because they act as preferential flow 
paths (Hendry 1982, Bosscher et al. 1988, D'Astous et al. 1989). Natural mechanisms 
that cause fractures include vertical stress release due to overburden reduction during 
thinning of the glacial ice sheet, horizontal tensile stresses resulting from isostatic crustal 
rebound, freeze-thaw cycling, and desiccation (Boulton 1976, Hendry 1982, Bosscher 
and Connell 1988, Kirkaldie and Talbot 1992, Albrecht and Benson 2001). 

The presence of fractures and other macroscopic features generally results in 
hydraulic conductivity that is scale dependent. That is, the hydraulic conductivity 
generally increases as the volume of soil that is tested increases since a greater number of 
preferential flow paths become engaged in flow (Bradbury and Muldoon 1990, Benson et 
al. 1994). For fractured tills, hydraulic conductivities operative at field scale tend to be 
on the order of  10 -7 to 10 -4 era/s, whereas the hydraulic conductivity at the scale of  the 
clay matrix tends to be in the range of 10 -9 to 10 -8 cm/s. Examples of scale dependence 
throughout the midwest are illustrated in case histories described by Keller et al. (1986), 
Bradbury and Muldoon (1990), McKay et al. (1993), and Bruner and Lutenegger (1994). 

Keller et al. (1986) compared field and laboratory measurements of the hydraulic 
conductivity of a fractured clay till. Oedometer tests conducted in the laboratory on 
specimens 64 mm in diameter yielded an average hydraulic conductivity of  3.5x10 -9 
cm/s. None of the oedometer specimens contained fractures. In situ hydraulic 
conductivities measured using slug tests w e r e  5x10 -7 cm/s, on average. Keller et al. 
attributed the difference in hydraulic conductivities to the lack of a representative 
distribution of fractures in the small oedometer specimens. 

Bradbury and Muldoon (1990) conducted hydraulic conductivity tests on specimens 
of tills obtained using thin-walled sampling tubes and compared these hydraulic 
conduetivities to those obtained from slug tests on tills from eastern and central 
Wisconsin. The laboratory tests were conducted using rigid-wall and flexible-wall 
permeameters. Bradbury and Muldoon report that the small laboratory specimens from 
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the tills in eastern Wisconsin had hydraulic conductivities near 10 -8 cm/s. For the tills in 
central Wisconsin, the hydraulic conductivity of  the small laboratory specimens ranged 
from 10 -8 to 10 -7 cm/s. The field hydraulic conductivities were typically 10 -6 cm/s for the 
tills from eastern Wisconsin and ranged from 6xl0 6 to 2x10 4 crn/s for the tills from 
central Wisconsin. Thus, for both tills, hydraulic conductivities of  the small laboratory 
specimens were two or more orders of  magnitude lower than the hydraulic conductivities 
measured in the field using slug tests. 

McKay et al. (I 993) measured the field hydraulic conductivity of  a glacial clay till 
by measuring the rate of  infiltration into large trenches. The field hydraulic 
conductivities ranged from lx l0  5 to 3x10 -5 crn/s. Undisturbed specimens tested in the 
laboratory using oedometers had an average hydraulic conductivity of  2x 10 -8 crn/s. 
McKay et al. report that the field hydraulic conductivity was much higher than that 
obtained from the laboratory oedometer tests because the small laboratory specimens did 
not contain fractures. 

Bruner and Lutenegger (1994) compared hydraulic conductivities measured in the 
field and laboratory on a glacial clay till in Iowa. Bailer tests and pumping tests were 
used for the field measurements. Laboratory tests were conducted in flexible-wall 
permeameters on specimens having a diameter of  70 mm and a height of  50 mm. 
Specimens used for the laboratory tests were collected in thin-wall sampling tubes. The 
geometric mean hydraulic conductivity o f  the laboratory specimens was lx l0  -s cm/s, 
whereas the field hydraulic conductivity ranged between 3x10 -6 cm/s and 2x104 crn/s. 

Stress is also an important issue affecting the hydraulic conductivity of  fractured 
clay tills. Sims et al. (1996) conducted laboratory hydraulic conductivity tests at different 
effective stresses on fractured specimens o f  till collected near Sarnia, Ontario. Sims et al. 
found that the hydraulic conductivity of  some specimens decreased more than two orders 
of  magnitude as the effective stress was increased from 10 to 320 kPa. 

Site Characteristics 

The geology of  the site consists of  unconsolidated Pleistocene deposits of  glacial 
origin overlaying Pennsylvanian bedrock. The Pleistocene deposits consist of  a 0.6-m- 
thick layer of  Richland loess above a layer of  Yorkville till 4-m thick, on average. 
Beneath the Yorkville till is a lacustrine deposit formed by an ancient lake. Yorkville till 
is a clayey gray till that includes small dolomite pebbles. Hairline fractures, root holes, 
gypsum crystals, and silt and sand lenses also exist in the till. The liquid limit of  the till 
varies between 25 and 52 (39 on average) and the plasticity index varies from 11 to 27 
(20 on average). Yorkville till is described as a silty clay with low to moderate plasticity, 
is assigned a designation of  CL in the Unified Soil Classification System. 

Methods 

Thin- Wall Sampling Tubes 

Forty-one samples were collected from the aquitard in thin-wall sampling tubes (71 
mm diameter). The samples were extruded in the laboratory using a hydraulic ram and 
then trimmed into specimens having an aspect ratio of  1. Twenty-four specimens were 
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permeated in the vertical direction. Seventeen specimens were trimmed for hydraulic 
conductivity testing in the horizontal direction. All of  the laboratory tests were 
conducted using flexible-wall permeameters in accordance with ASTM Standard Test 
Methods for Measurement of  Hydraulic Conductivity of  Saturated Porous Materials 
Using a Flexible Wall Permeameter (D 5084). The effective stress during these tests 
ranged from 27 to 45 kPa. 

Block Samples 

Large undisturbed block samples were removed from the base of  an excavation in 
the aquitard using a procedure described in Othman et al. (1994). The samples were 
trimmed into polyvinyl chloride (PVC) trimming rings having a beveled cutting shoe at 
the base. A synopsis o f  the sampling procedure is as follows. A trimming ring with a 
diameter o f  610 mm was placed on the surface of  the soil in the base of  the excavation. A 
trench was then excavated around the area of  the ring using a shovel. This resulted in a 
cylindrical block of  soil with a diameter approximately 200 mm larger than that o f  the 
trimming ring (Figure 1). The soil remaining around the ring was then trimmed away 
using hand tools until the ring could be slid downward over the soil being sampled with 
modest effort. When the ring was filled with soil, the sample was separated from the 
underlying soil using a shovel. Excess soil was then trimmed away from the upper and 
lower surfaces and plastic sheeting was affixed to prevent the sample from desiccating. 
The sample was shipped to the laboratory on a reinforced pallet. Three samples were 
removed from the aquitard using this technique. 

Figure 1 -- Trench excavated around block of soil. 

In the laboratory, the samples were removed from their tings and trimmed into 
specimens having a diameter of  460 mm and height of  300 mm. The specimens were 
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placed in a large-scale flexible-wall permeameter and tested using procedures described 
in ASTM D 5084. The specimens were initially consolidated to an average effective 
stress of 27 kPa under a backpressure of 275 kPa and then permeated under a hydraulic 
gradient of 14. This gradient was selected as a compromise between two competing 
objectives: simulating field conditions and reasonable testing time; however, the gradient 
that was used is consistent with the guidelines in ASTM D 5084. 

After the termination criteria in D 5084 were met, two of the specimens were tested 
again at higher effective stresses. The hydraulic gradient was removed and the cell 
pressure was increased to induce consolidation. The inflow and outflow burettes were 
monitored to determine when consolidation was complete. These specimens were then 
permeated again at the higher effective stress until the termination criteria were satisfied. 
Hydraulic conductivity tests were conducted on these specimens at effective stresses of 
27, 96, and 172 kPa. 

Slug Test 

Only one slug test was conducted because only one of the piezometers previously 
installed in the till contained water when the testing program was conducted. The slug 
test was performed in accordance with procedures described in ASTM Standard Test 
Method for Field Procedure for Instantaneous Change in Head (Slug) Tests for 
Determining Hydraulic Properties ofAquifiers (D 4044). A slug of water 1-m long was 
manually removed from the well. The rate at which the water level returned to 
equilibrium was measured using a pressure transducer and a datalogger. 

The Bouwer and Rice method (Bouwer and Rice 1976, Bouwer 1989) was used to 
calculate the hydraulic conductivity of the till from the water level data, i.e. 

rfln(Re~ 
K= ""~rwJllnIH~ 

2L t ~H,J 
(1) 

where rc is the radius of the casing (25 mm), rw is the radius of the hole or filter pack (45 
mm), Re is the effective radius (400 mm) that was empirically estimated using the well 
geometry in accordance with Bower and Rice (1976), L is the length of the filter pack 
(2.1 m), Ho is initial head, and Ht is the head at time t. Herzog (1994) shows that the 
Bouwer and Rice method yields hydraulic conductivities similar to those computed with 
other common methods when applied to data from less conductive units, such as un- 
fractured and fractured tills. The hydraulic conductivity computed from the slug test was 
1.5x10 -6 cm/s. 

Results and Discussion 

Summary of Hydraulic Conductivities 

A summary of the hydraulic conductivities measured during the study is in Table 1. 
Horizontal (Kh) and vertical hydraulic (Kv) conductivities are reported for the specimens 
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c o l l e c t e d  i n  s a m p l i n g  t u b e s  s i n c e  t e s t s  w e r e  c o n d u c t e d  o n  t h e s e  s p e c i m e n s  i n  b o t h  

d i r e c t i o n s .  O n l y  v e r t i c a l  h y d r a u l i c  c o n d u c t i v i t i e s  w e r e  m e a s u r e d  o n  t h e  b l o c k  s p e c i m e n s .  

Type of  

Sample or 

Test (crn/s) 

6.4x10 -8 

1.0xl0 -8 

3.6x10 -9 

3.9x10 "9 

1.5x10 "8 

9.1x10 -9 

2.4x10 -9 

7.8x10 "9 

1.6x10 -s 

8.2x10 "9 

7.7x10 -9 
Thin-Wall  2.6x 10 .8 

Tube 
6.4x I 0 -g 

1 . 0 x l 0  -8 

3.9x10 -8 

1.5x10 -8 

3.7x10 -9 

1.2x10 -s 

1.2x10 -9 

3.3x10 -9 

3.5x10 -8 

4.2x10 -9 

3.6x10 -9 

9.1x10 -9 

Block (B 1) 6.2x 10 -9 

Block (B2) 9.5x10 -7 

Block (B3) 8.3x10 -7 

Block (B1) 5.5x10 -9 

Block (B3) 2.0x10 -7 

Block (B 1 ) 4.8x 10 .9 

Block (B3) 5 .4xi0  -s 

Slug -- 

T a b l e  1 --  Summary of hydraulic conductivities. 
Effective Effective 

Kv Stress (kPa) Kh Stress (kPa) 

(cm/s) 

27 1.5x10 -9 

27 2.0x10 -s 

27 2.6x10 -9 

45 3.7x10 "9 

38 1.2x10 -s 

52 1.2x10 "9 

38 3.3x10 -9 

45 3.5x10 s 

38 4.2x10 "9 

41 4.6x10 -9 

38 3.8x10 -9 

41 1.5x10 -9 

52 2.0x10 "8 

41 2.6x10 -9 

41 4.5x10 "6 

48 4.6x10 "9 

41 3.8x10 -9 

41 -- 

41 -- 

48 -- 

48 -- 

43 -- 

41 -- 

45 -- 

27 -- 

27 -- 

27 -- 

96 -- 

96 -- 

172 -- 

172 -- 

-- 1.5x10 ~~ 

38 

40 

38 

45 

38 

52 

38 

45 

38 

41 

38 

41 

52 

41 

41 

48 

41 
. .  

. .  

. .  

- .  
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* T h i s  h y d r a u l i c  c o n d u c t i v i t y  i s  r e p r e s e n t a t i v e  o f  a n  o v e r a l l  h y d r a u l i c  

c o n d u c t i v i t y  s i n c e  f l o w  to  t h e  s c r e e n  i s  t h r e e - d i m e n s i o n a l  

T h e  h y d r a u l i c  c o n d u c t i v i t y  m e a s u r e d  u s i n g  t h e  s l u g  t e s t  i s  l i s t e d  i n  t h e  c o l u m n  fo r  

h o r i z o n t a l  h y d r a u l i c  c o n d u c t i v i t i e s ,  a l t h o u g h  t h i s  h y d r a u l i c  c o n d u c t i v i t y  i s  m o r e  



ABICHOU ET AL. ON FRACTURED AQUITARD 31 

representative of an overall hydraulic conductivity since flow induced by the slug test is 
three dimensional. 

Hydraulic conductivities of the small specimens from sampling tubes ranged from 
1.2 x 10 -9 to 6.4 X 10 -8 cm/s, regardless of orientation, with the exception of one "outlier" 
(Kh=4.5xl0 -6 crn/s). The geometric mean vertical and horizontal hydraulic conductivities 
of the small specimens were 8.5x10 9 cm/s and 6.9x10 -9 cm/s, respectively. When tested 
at an effective stress (27 kPa) comparable to the in situ stress (~35 kPa at depth of the 
slug test), hydraulic conductivity of the block specimens varied from 6.2 x 10 -9 to 9.5 X 
10 -7 cm/s. Blocks B2 and B3 had similar hydraulic conductivities (9.5 x 10 -7 cm/s and 
8.3 x 10 -7 cm/s) .  Block B1 (Kv=6.2xl0 -9 cm/s) was approximately two orders of  
magnitude less permeable than Blocks B2 and B3. 

Influence of Scale 

The influence of scale is depicted in Figure 2, which shows hydraulic conductivity 
vs. volume of soil that was permeated. Volume associated with the slug test was 
assumed to equal the volume of the slug divided by the porosity, which was assumed to 
equal 0.3. The other volumes were computed from the geometry of the test specimens. 
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' 1 -  
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i , , . . . . . . .  , , i ' " ' ' ' 1  ' ' ' ' ' ' ' �9 Sampling Tubes 
El Slug Test 

10 "5 ~ BIoc ks 

D 

Geometric Mean locks B2 & B3, fractures 
10-r H y d r a u l i c i ~  

10 .8 
Block B1, no f r a c t u r e s ~  

10 -9  ~ ~ . . . . . .  I . . . . . . . .  I . . . . . . .  

0.0001 0.001 0.01 

Volume of Soil Permeated (m 3) 

Figure 2 -- Hydraulic conductivity as a function of volume of soil tested. 

0.1 

The trend in Figure 2 indicates that testing methods that permeate a larger volume of 
soil tend to yield hydraulic conductivities representative of the fracture network operative 
in the field. Hydraulic conductivities of the small specimens from sampling tubes are 
200 times lower, on average, than the in situ hydraulic conductivity measured using the 
slug test. The only small specimen with hydraulic conductivity comparable to that 
obtained from the slug test is the specimen considered to be an 'outlier'. The hydraulic 
conductivities of blocks B2 and B3 are comparable (within a factor of  two) to the in situ 
hydraulic conductivity from the slug test (1.5 x 10 -6 cm/s) .  
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Blocks B2 and B3 and the slug test apparently captured a similar network of 
fractures. Inspection of Blocks B2 and B3 showed that they contained fine fractures that 
were coated with a tan oxide. In contrast, Block B1 contained no fractures, and had 
hydraulic conductivity (6.1 x 10 .9 cm/s) comparable the geometric mean hydraulic 
conductivity of the specimens collected in tubes (Kv=8.5xl0 -9 cm/s). Apparently the 
fractures controlled flow in the field and in Blocks B2 and B3, whereas the micropores in 
the till matrix controlled flow in Block B1 and in the small specimens collected in 
sampling tubes. 

The low hydraulic conductivity of Block B1 indicates that large-scale tests will not 
always yield hydraulic conductivity representative of the in situ condition. A low 
hydraulic conductivity might also have been obtained with the slug test if the screen been 
installed at another location. Thus, to obtain representative hydraulic conductivities, tests 
should be made at several locations to increase the likelihood of adequately capturing the 
fractures that control flow at field scale. 

Influence of  Overburden Stress 

The effect of overburden pressure on hydraulic conductivity of the till is shown in 
Figure 3. For the slug test, the effective stress was assumed to equal that at mid-depth of 
the aquitard where the screen was placed (--35 kPa). The hydraulic conductivity of block 
B3 (with fractures) is particularly sensitive to effective stress, decreasing by a factor of 
15 as the stress is increased by 145 kPa. This sensitivity to effective stress is typical of 
specimens containing fractures (Othman and Benson 1993, Sims et al. 1996, Albrecht 
and Benson 2001). As the effective stress increases, the primary network of pores 
conducting flow switches from the fracture network to the microscale pores in the matrix, 
and consequently the hydraulic conductivity decreases significantly. 
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Figure 3 -- Hydraulic conductivity of till at different effective stresses. 
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In contrast, the hydraulic conductivity of  Block B 1, which did not have fractures, is 
much less sensitive to effective stress (a 1.3 fold reduction over a 145 kPa increment in 
stress). The primary network of  pores conducting flow in this specimen is comprised o f  
the microscale pores in the matrix. These pores do become smaller as the specimen is 
consolidated to higher effective stress. However, the hydraulic conductivity does not 
change dramatically because the network of  pores is not switching from fractures to 
micropores. 

Practical Applications 

A comparison of  hydraulic conductivities for this aquitard and those from other 
similar sites is shown in Table 2. The in situ hydraulic conductivities fall between 5x10 -7 

and 2x10 -4 cm/s, and have a geometric mean of  7xl0  -6 cm/s. The matrix hydraulic 
conductivities fall between 3.5x10 9 and 5x10 7 cm/s. Their geometric mean is 2x10 -8 
cm/s. 

Table 2 -- Hydraulic conductivities of fractured clay ti 
Reference Location In Situ Hydraulic 

Conductivity (cm/s) 

II aquitards. 
Matrix Hydraulic 

Conductivity (cm/s) 

Hendry (1982) Southern 2.2x10 -5 to 5.1x10 5 l x l 0  -s 

Alberta 

Keller et al. (1986) Saskatoon, 5x10 7 3.5x10 -9 
Saskatchewan 

McKay et al. (1986) Samia, l x l 0  -5 to 3x10 5 5.0x10 -7 

Ontario 

Bradbury & Muldoon Eastern 1 x 10 -6 1 x 10 -8 
(1990) - Eastern Wisconsin 

Wisconsin 

Bradbury & Muldoon Central 6xl0  -6 to 2x10 -4 l x l 0 S t o  l x l 0  7 
(1990) - Central Wisconsin 

Wisconsin 

Brtmer & Lutenegger Linn County, 3x10 -6 to 2x10 -5 1.2x10 -8 
(1994) Iowa 

This Study Central 8xl0  ~ to 2x10 -6 6.9x10 9 (h) 

Illinois 8.5x 10 -9 (v) 

Note: h = horizontal, v = vertical. 

The geometric mean in situ hydraulic conductivity (7x10 6 cm/s) can be used as a 
preliminary estimate of  the hydraulic conductivity of  fractured clay till aquitards in the 
upper midwestern United States and Canada. The geometric mean matrix hydraulic 
conductivity can be used as a preliminary estimate of  the hydraulic conductivity o f  
similar aquitards after significant stress (_> 200 kPa) has been added that closes the 
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fractures. These estimates can be used for preliminary calculations (e.g., in feasibility 
studies), but should not be used as a substitute for field and laboratory testing. 

The data shown in Figure 3 for Block B3 are shown in Figure 4 in terms of  the ratio 
o f  the hydraulic conductivity at a given effective stress (K~,) to the hydraulic conductivity 
at an effective stress of  20 kPa (K20). An effective stress of  20 kPa was selected for 
normalization because it corresponds approximately to a depth of  1 m. Data for fractured 
clays from Othman and Benson (1993), Sims et al. (1996), and Albrecht and Benson 
(2001) are also shown in Figure 4. All of  these data are for clays from midwestem sites. 
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0.001 
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�9 Sims et al. (1996) 
D [] Albrecht & Benson (2001) 
�9 ~,~ ':, Othman & Benson (1993) 

' ~ 0 Blocks 

~ [] / /  " 2 

Ko. 35 
K2 ~ =1.2 ,r 

I i i i i I t i i t I i i i i I , = , , 

50 100 150 200 250 

Effective Stress, ~', (kPa) 

Figure 4 -- Relative hydraulic conductivity as a function of effective stress. 

The data follow a similar trend, indicating that increasing the effective stress has a 
similar effect on the hydraulic conductivity o f  fractured clays. The line in Figure 4 
corresponds to: 

K~, 35 (2) 
K2o 0 ''12 

where ~ '  is in kPa. Equation 2 can be used to provide a conservative estimate o f  the 
hydraulic conductivity of  fractured aquitards as the overburden pressure is increased. 
However, as mentioned previously, site-specific testing ultimately should be conducted to 
more accurately define the relationship between hydraulic conductivity and effective 
stress. 

Summary and Conclusions 

An investigation was conducted to characterize the in situ hydraulic conductivity o f  
a shallow glacial till aquitard and to assess how the hydraulic conductivity would change 
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as additional stress was imposed by a landfill. A slug test was used to measure the in 
situ hydraulic conductivity of the aquitard at the existing effective stress. Laboratory 
measurements of hydraulic conductivity at the existing effective stress and higher 
effective stresses were conducted on undisturbed specimens obtained using thin-wall 
sampling tubes (71 mm diameter) and as large hand-carved blocks (460 mm diameter). 
The blocks were collected from an excavation in the aquitard. 

Results of  the hydraulic conductivity tests show that the hydraulic conductivity is a 
function of the scale of the tests. The slug test and tests on two of the large blocks 
yielded similar hydraulic conductivities (~10 "6 cm/s). Much lower hydraulic 
conductivit ies (.~10 -9 to 10 -8 cm/s) were obtained from tests on the small specimens 
removed in thin-walled sampling tubes and one of the blocks. The difference in these 
hydraulic conductivities is attributed to different networks of pores controlling flow. 
Hydraulic conductivities near 10 -6 cm/s were obtained when flow occurred primarily 
through the fractures, which were adequately represented in the slug test and in two of the 
block specimens. Much lower hydraulic conductivities were obtained when flow 
occurred only in micro pores (i.e., in the specimens obtained with sampling tubes and one 
of the blocks). Tests conducted at higher effective stresses showed that the hydraulic 
conductivity of the fractured till is sensitive to the effective stress, and decreases as the 
effective stress increases due to closure of fractures. The hydraulic conductivity of  
specimens without fractures was less sensitive to effective stress because the primary 
pathways for flow in these specimens did not change as the effective stress increased. 

Comparison of the data from the site in this study with data from similar midwestern 
sites indicates that a reasonable preliminary estimate of the hydraulic conductivity of  near 
surface fractured clay till aquitards in the upper midwestern United States and Canada is 
7x10 -6 cm/s. Decreases in hydraulic conductivity caused by increases in effective stress 
can also be estimated using an empirical equation based on the data collected from this 
site and for other clays. However, these estimates of hydraulic conductivity should only 
be used for preliminary assessments such as feasibility studies. Site-specific testing 
should be conducted prior to final design. 

References 

Albrecht, B. and Benson, C., 2001, "Effect of Desiccation on Compacted Natural Clays," 
Journal of Geotechnical and Geoenvironmental Engineering," Vol. 127, No. 1, pp. 67- 
75. 

Benson, C., Hardianto, F., and Motan, E., 1994, "Representative Specimen Size for 
Hydraulic Conductivity of Compacted Soil Liners," Hydraulic Conductivity and 
Waste Contaminant Transport in Soils, STP 1142, American Society for Testing and 
Materials, West Conshohocken, PA, S. Trautwein and D. Daniel, Eds., pp. 3-29. 

Bosscher, P. and Connell, D., 1988, "Measurement and Analysis of  Jointing Properties in 
Fine-Grained Soils," Journal of Geotechnical Engineering, Vol. 114, No. 7, pp. 826- 
843. 

Bosscher, P., Bruxvoort, G., and Kelley, T., 1988, "Influence of Discontinuous Joints on 
Permeability," Journal of Geotechnical Engineering, Vol. 114, No. 7, pp. 826-843. 



36 LOW PERMEABILITY AND DUAL POROSITY ENVIRONMENTS 

Boulton, G., 1976, "The Development of Geotechnical Properties in Glacial Tills," The 
Royal Society of Canada, Special Publication No. 12, Ottawa, pp. 292-303. 

Bouwer, H., 1989, "The Bouwer and Rice Slug Test-an Update," Groundwater, Vol. 27, 
No. 3, pp. 304-309. 

Bouwer, H. and Rice, R., 1976, "A Slug Test for Determining Hydraulic Conductivity of 
Unconfined Aquifers with Completely or Partially Penetrating Wells," Water 
Resources Research, Vol. 12, No. 3, pp. 423-428. 

Bradbury, K., and Muldoon, M., 1990, "Hydraulic Conductivity Determinations in 
Unlithified Glacial and Fluvial Materials," Groundwater and Vadose Zone 
Monitoring, STP 1053, American Society for Testing and Materials, West 
Conshohocken, PA,, D. Nielsen and A. Johnson, Eds., pp. 138-151. 

Bruner, D., and Lutenegger, J., 1994, "Measurement of Saturated Hydraulic Conductivity 
in Fine-Grained Glacial Tills in Iowa: Comparison of In situ and Laboratory 
Methods," Hydraulic Conductivity and Waste Contaminant Transport in Soil, STP 
1142, American Society for Testing and Materials, West Conshohocken, PA,, S. 
Trautwein and D. Daniel, Eds., pp. 255-265. 

D'Astous, A., Ruland, W., Bruce, J., Cherry, J., and Gillham, R., 1989, "Fracture Effects 
in the Shallow Groundwater Zone in Weathered Sarnia-Area Clay," Canadian 
Geotechnical Journal, No. 26, pp. 43-56. 

Hendry, M., 1982, "Hydraulic Conductivity of a Glacial Till in Alberta," Ground Water, 
Vol. 20, No. 2. pp. 162-169. 

Herzog, B. and Morse, W., 1984, "A Comparison of Laboratory and Field Measured 
Values of Hydraulic Conductivity at a Waste Disposal Site," Proceeding fh Annual 
Madison Waste Conference, Dept. of Engineering Prof. Development, University of 
Wisconsin-Madison, pp. 30-52. 

Herzog, B., 1994, "Slug Tests for Determining Hydraulic Conductivity of Natural 
Geologic Deposits," Hydraulic Conductivity and Waste Contaminant Transport in 
Soil STP 1142, American Society for Testing and Materials, West Conshohocken, 
PA,, S. Trautwein and D. Daniel, Eds., pp. 95-1 I0. 

Keller, C., Van der Kamp, G., and Cherry, J., 1986, "Fracture Permeability and 
Groundwater Flow in a Clayey Till near Saskatoon, Saskatchewan," Canadian 
Geotechnical Journal, Vol. 23, pp. 229-240. 

Kirkaldie, L., and Talbot J., 1992, "The Effects of Soil Joints on Soil Mass Properties," 
Bulletin of the Association of Engineering Geologists, Vol. 29, No. 4, pp. 415-420. 

McKay, L., Cherry, J., and Gillham, R., 1993, "Field Experiments in a Fractured Clay 
Till-Hydraulic Conductivity and Fracture Aperture," Water Resources Research, Vol. 
29, No. 4, pp. 1149-1162. 

Othman, M. and Benson, C., 1993, "Effect of Freeze-Thaw on the Hydraulic 
Conductivity of Three Compacted Clays from Wisconsin," Transportation Research 
Record, No. 1369, pp. 118-125. 

Othman, M., Benson, C., Chamberlain, E., and Zimmie, T., 1994, Laboratory Testing to 
Evaluate Changes in Hydraulic Conductivity Caused by Freeze-Thaw: State-of-the- 
Art, Hydraulic Conductivity and Waste Containment Transport in Soils, STP 1142, 
American Society for Testing and Materials, West Conshohocken, PA, S. Trautwein 
and D. Daniel, eds., pp. 227-254. 



ABICHOU ET AL. ON FRACTURED AQUITARD 37 

Sims, J., Elsworth, D., and Cherry, J., 1996, Stress Dependent Flow Through Fractured 
Clay Till: A Laboratory Study, Canadian Geotechnical Journal, Vol. 33, pp. 449-457. 



J. M. Hubbell, l E. D. Mattson, I J. B. Sisson, 2 and D.L. McElroy 3 

Water Potential Response in Fractured Basalt from Inffitration Events 

Reference: Hubbell, J.M., Mattson, E. D., Sisson, J. B., and McElroy, D.L., "Wate r  
Potential Response in a Fractured Basalt From Infiltration Events," Evaluation and 
Remediation of Low Permeability and Dual Porosity Environments, ASTM STP 1415, 
M.N. Sara and L.G. Everett, Eds., ASTM International, West Conshohocken, PA, 
2002. 

Abstract: The detection of  moisture movement in the vadose zone beneath hazardous 
waste disposal sites is important for monitoring and predicting contaminant transport in 
the subsurface. This study was conducted to determine if moisture movement could be 
detected from natural water infiltration in a dual porosity, fractured basalt at the Idaho 
National Engineering and Environmental Laboratory (INEEL). Episodic infiltration 
events were determined by examining long-term water potential over three and a half 
years. Water potential measurements were collected from 2 to over 30 m below land 
surface. Instruments were placed in both fractured and unfractured basalt media. Water 
potential measurements were within the tensiometric range, from approximately + 100 to 
-250 cm of  water. Typically, water potentials within the fractured basalt exhibited a near 
steady-state unit-gradient downward flux. However, episodic snowmelt infiltration 
events at land surface produced detectable changes in water potentials at depths to 
15.5 m, in some cases within a few days of  the infiltration events. Smaller infiltration 
events were difficult to distinguish due to fluctuations in water potential resulting from 
changes in barometric pressure. Water potential responses in boreholes varied both 
temporally and spatially during episodic infiltration events indicating preferential flow 
pathways through the fractured basalt. The results o f  this study indicate that water 
potential measurements can be used to detect and monitor deep infiltration events at 
waste disposal sites using tensiometers. 
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Waste flow and contaminant transport in unsaturated fractured rock has become a 
topic of concern in the past few decades. Vadose zone monitoring at disposal sites is 
gaining acceptance as a means to avoid the high cost ofremediating contaminants in 
aquifers (Beckman 1999). Nevertheless, long-standing attempts to monitor the vadose 
zone at disposal sites have been hampered by difficulties involving suitable 
instrumentation, suitable installation techniques, interpretation of results and spatial 
variability. Natural infiltration through fractured rock in deep vadose zone profiles is 
difficult to detect and quantify. Instrumentation has not been available to detect and 
characterize water movement in the deep subsurface accurately. Most vadose monitoring 
instruments evolved from agronomy/soil physics. As such, they were developed for 
shallow applications (less than 2 meters). Fortunately, instruments are now being 
adapted for deeper applications for monitoring at disposal sites including some at 
fractured rock sites (Evans and Nicholson 1986, Montazer 1987, Hubbell and Sisson 
1998). 

Infiltration through fractured vadose zones is more difficult to quantify than 
infiltration through porous media vadose zones. Although water can move through either 
the fractures or the material's matrix, most researchers agree that localized partially 
saturated infiltration through a fractured vadose zone occurs primarily through the 
fractures and not through the porous medium (Walton et al. 1989; Nativ et al. 1995; 
Dunnivant et. al. 1998). Infiltration at arid sites is highly variable and is dependent on 
both local topography and plant cover (Gee and Hillel 1988). Field and modeling results 
from a large-scale infiltration test conducted at Idaho National Engineering and 
Environmental Laboratory (INEEL) suggest that infiltration is primarily through the 
fractures, with the matrix flow having a minor influence on the advance of the wetting 
front (Magnuson 1995). The matrix storage may act to slow moisture flow within the 
vadose zone by retaining fluids within slower flow paths (Wang and Narasimham 1985). 
The infiltration pathway becomes more difficult to conceptualize when the fractures 
become filled with porous material. 

The present paper examines long-term measurement of water potentials in fractured- 
dual porosity basalt and sedimentary interbeds to document episodic and steady state 
infiltration, as well as estimating moisture flux. Flux is defined as the mass of material 
moving through a cross-sectional area in a unit time period. 

Methods and Materials 
Water potential data from advanced tensiometers were used to monitor and estimate 

the amount of infiltration at these sites. Water potential measurements were collected 
from depths of 3 to 31 m below land surface (bls) in three boreholes at two locations. 
Tensiometers were placed in both fractured and unfractured basalt. 

The advanced tensiometer consists of a porous cup connected to a permanently 
installed outer casing by a specially machined adapter. The porous cup/adapter contains 
about 60 mL of fluid. The porous cup material is a one bar air entry ceramic with either a 
high or low flow rate (Soil Moisture Equipment Corp., Santa Barbara, CA). A small 
volume of water is added inside the outer casing to fill the porous cup to a level above the 
adapter. The adapter is designed to connect to a pressure transducer immediately above 
the adapter thereby minimizing the amount of entrapped air and the height of the standing 
water column. A ~=15 psid transducer (Electronic Engineering Innovations, Las Cruces, 
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NM) was connected to a data logger (Tumult Gadara, Las Cruces, NM or 21X by 
Campbell Scientific, Inc., Logan, UT) and sampled hourly. This design and method of  
construction allows the measurement o f  water potential at depths exceeding those capable 
by conventional tensiometers. The advanced tensiometer represents an improvement in 
measuring the water potential within the soil profile for determining flux (Hubbell and 
Sisson 1998). This tensiometer design offers three advantages. 
(a) The net water potential measured is almost the entire tensiometric range since the 

hydrostatic pressure head effect of  the water column is removed from the potential 
measurement. 

(b) Water potential measurements can be obtained at any depth, since the pressure 
transducer is located adjacent to the porous cup. 

(c) The pressure transducer can be serviced or replaced, as required for most 
applications. 

Three boreholes were instrumented with multiple advanced tensiometers to a depth of  
31 m and monitored for periods of  1.5 to 3.5 years. The boreholes are located in 
southeast Idaho, on the Eastem Snake River Plain, which is a 90 krn by 70 km arcuate 
plain (1500 m elevation) surrounded by mountains that rise to about 3300 m (Figure 1). 
The geology at the boreholes is comprised of  a thin (2 to 4 m) cover of  loess underlain by 
quaternary volcanics (olivine basalt). The basalt profile is intercalated with thin 
sedimentary interbeds at the INEEL location. Depth to groundwater is approximately 
170 m at the 1NEEL and 40 m at the two boreholes in Idaho Falls. 

Borehole 76-5 is located at the INEEL, a Department of  Energy site 80 km west of  
Idaho Falls (Figure 1). This site receives about 250 mm/y precipitation (Clawson et. al 
1989). The average summer temperature is 28 ~ and the average winter temperature is 
-0.6 ~ The surface topography is located on a slight rise at about 1520 m elevation and 
is sparsely covered with crested wheat grass (Agropyron cristatum). Borehole 76-5 was 
air rotary drilled with a 14.9 cm diameter bit to a depth of  73 m to sample deep interbeds 
and subsequently instrumented with tensiometers from a depth of  6.7 to 31.4 m bls. The 
locations of  the instruments, backfill, and more detailed lithology of  the instrumented 
depths for borehole 76-5 is presented in Figure 2. The geology is obtained from the 
geologic core description, television (TV), and geophysical logs. 

The borehole annular space was back-filled using the method described by Cassel and 
Klute (1986). A 0.3 to 1 meter layer o f  dry silt loam (-400 cm water potential from 
surficial sediments) was placed adjacent to the porous cups on the tensiometers to 
hydraulically connect the porous cup to the fractured basalt. Granular bentonite layers 
0.3 m thick were placed above and beneath the loam-filled monitoring depths to isolate 
the monitoring intervals. Coarse sand, with a mean diameter o f  2.8 mm, filled the 
remainder of  the borehole annulus, except for thin layers of  bentonite placed about every 
2 m to inhibit channeling. 

Two boreholes are located near the Idaho Research Center (IRC). These boreholes, 
IRC-3 and IRC-5 are located in Idaho Falls (Figure 1). This site receives about 
300 mm/y precipitation. These boreholes are located at a fiat location that experiences 
little to no additional run-on and is vegetated predominately with cheat grass (bromus 
tectorum). The boreholes are located 10 m from one another, and were air-rotary drilled 
with a 14.9 cm diameter bit to a depth o f  about 15 m in September 1995. The boreholes 
are located in a similar geologic formation as borehole 76-5 with loam and alluvial 
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Figure 1-Location of  wells 76-5, IRC-3, and IRC-5. 
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sediments from land surface to 2.7 m and basalt from 2.7 to 15.5 m (Figure 3a). 
Sedimentary interbeds are not present in the IRC boreholes. The borehole completion of  
IRC-3 varied from borehole 76-5 in that loam was used to backfill most of  the borehole 
with 0.3 to 0.6 m layers o f  bentonite placed between the monitored intervals (Figure 3b). 

Sediment and basalt samples were obtained from these sites and tested in the 
laboratory for hydrological and physical properties. Unsaturated hydraulic conductivity 
was calculated as a function of  pressure head and moisture content for basalt and 
sediment samples using a closed-form analytical solution (van Genuchten 1980) based on 
Maulem' s (1976) theoretical model. 

Tensiometers were installed in IRC-5 in January 1998 at seven depths (Figure 3c). 
IRC-5 was backfilled primarily with granular bentonite with 0.3 to 1 m layers of  loam 
adjacent to the porous cups of  the tensiometers to isolate the measurement depth to small 
intervals. 

R e s u l t s  a n d  D i s c u s s i o n  
Water Potential Measurements in Basalt and Sediment 

Water potential measurements collected from the tensiometers for each of  the three 
boreholes are illustrated in Figures 4, 5 and 6. Data was collected on an hourly basis with 
data from 12-hour intervals plotted. Missing data from these figures are due to 
transducer failure or air entry and loss of  water from the tensiometers. Data are affected 
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Figure 2-Well completion, geology and water potential for well 76-5. 

Figure 3-Well completion, geology and water potential for wells IRC-3 and IRC-5, 
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by initial equilibration with backfill, changes in barometric pressure, infiltration events 
and air entry into the tensiometer (Sisson and Hubbell 1999). 

Borehole 76-5 was monitored from July 1996 through September 2000 (Figure 4). 
The data set can be viewed as three distinct intervals. During the first interval that lasted 
approximately two months, water potentials were initially in the range o f -100  to -375 
cm of water and increased to water potential values o f - 5 0  to -250 em of  water. During 
this initial 2-month period, we believe the backfill material was equilibrating with the 
surrounding bulk matrix as indicated by the rise in the water potential values. The second 
section of  the data set illustrates fairly stable water potential values for a period o f  
2.5 years until January 1999. The last section of  the data set in spring 1999 has an 
increase in water potential in the shallow tensiometers, indicating an infiltration event 
occurred. Snow depth data from a NOAA weather station located 8 km northeast o f  well 
76-5 is included in Figures 4, 5 and 6 and indicates a relationship between snowmelt and 
infiltration events. 

Borehole IRC-03 was monitored from November 1995 through September 2000 
(Figure 5). Measured water potentials illustrate an initial equilibrium period, and long- 
term stable periods (10 to 12 month periods) interrupted by near annual infiltration events 
in the winter/spring. The most pronounced infiltration event occurred from snowmelt in 
late December 1996. 

Borehole IRC-05 was monitored from January 1998 through May 1999 (Figure 6). 
Large fluctuations in water potentials (over 100 cm) occurred in the shallow surficial 
sediments and shallow basalt (2.4 and 4.0 m). Water potentials from 6.1 to 15.7 m were 
fairly stable for the first year of  monitoring. An episodic infiltration event occurred in 
March 1999 that was reflected at the near surface monitored depths. 

In general, the soil water potential measurements in all boreholes range from +100 to 
-250 cm water for the monitored period. Mean water potentials were calculated for the 
nearly steady state period from March 1998 to February 1999 for each tensiometer 
(Table 1). The shallowest tensiometers in surficial sediment show the greatest annual 
variation of  water potential over time while tensiometers below 4 m show little variation, 
except during episodic infiltration. 

In the IRC boreholes, episodic infiltration events tend to move rapidly through the 
basalt. One of  the most pronounced and easily traced wetting events occurred as a result 
o f a  snowmelt event in late December 1996, and was monitored in borehole IRC-03 
(Figure 5). The wetting front passed from the 2.7 to the 15.5 m depth in two days 
(2/15/96 to 2/17/96). Table 2 presents a list of  dates where there was noticeable change 
in water potential in response to infiltration events. Although all of  the tensiometers in 
this borehole responded to this infiltration event, the sequence o f  first arrival indicated 
preferential flow paths within the basalt. Following formation of  perched water at 2.7 m 
at the basalt/sediment interface, the water potential responded first at the 8.2, 11.9 and 
15.5 m depths on January 1, 1997 and then at the 6 m depth on January 6, 1997. 

The velocity of  this water pressure pulse ranges from 1 to 3 meters/day (m/d) through 
the basalt (Table 2). In comparison, this wetting front velocity range is close to the 5 m/d 
(range of  38 measurements was 1.4 - 17.7 m/d) averaged vertical wetting front velocity 
through basalt during a large-scale infiltration test (LSIT) at the INEEL (Porro and 
Bishop 1995, Dunnivant et al. 1998). At the LSIT water was ponded to several meters 
depth and the water movement monitored using neutron logging. The test was conducted 
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Table 1- Mean water potential March 1998 to February 1999. 

76-5 IRC-3 
Depth Mean Std. Dev. Depth Mean 

(in) ~cm~ Icm~ ~m~ ~cm~ 

. . . . .  2.7 ## 

6.7 -106 10 6 -2 

9.4 -212 7 8.2 -8** 

11.6 -193 4 11.9 -77 

17.3 -95 9 15.5 29 
24.4 -85 6 - -- 
29.9 -59 5 - -- 

31.4 -156 4 - -- 

#44 Data fluctuates 
* Data collected April to June 1999 
** Data collected January to December 1997 
-- No instrumentation 

Std. Dev. Depth 
Icm~ ~m~ 

## 2.4 

-- 4.11 

10 6.1 

15 8.7 

6 11.9 
-- 13.7 
7 15.6 

IRC-5 
Mean Std. Dev. 
~cm~ (cm) 

-141" 16 
-96 26 
-44 5 

-22 6 
-13 4 
-18 5 
12 6 

about 2 km south o f  borehole 76-5 in similar geologic materials. 
Episodic infiltration through the basalt fractures is time spatial dependent. Arrival 

dates listed in Table 2 for borehole IRC-03 suggests that the sequence of  the infiltration 
front arrival varies according to the infiltration event. For example, at depth 6.0 m, the 
arrival of  the infiltration front is recorded as the first arrival in the springs of  1996 and 
1998, but shows the infiltration front arriving last during the winter 1996-1997 event. 
This may indicate that the magnitude of  the formation of  preferential infiltration 
pathways is related to infiltration flux. As illustrated by the 2.7 m water potential 
measurements in (Figure 5), the magnitude of  the winter 96 - 97 infiltration event was the 
largest infiltration event recorded during the four year monitoring period as indicated by 
the depth of  perched water. Saturated channel flow during this infiltration event may 
have created preferential flow channels in fractured basalt effectively bypassing the 
shallower tensiometers. During subsequent infiltration events, the magnitudes of  the 
infiltration events were less than the winter 96-97 event, and the infiltration preferential 
flow pattern appears to have changed to a more sequentially travel time with respect to 
depth. 

The presence of  a sedimentary interbed appears to be an important control in the 
geologic profile by slowing the infiltration process. The infiltration front moved through 
the fractured basalt profile at the IRC boreholes at a rate o f  meters per day. Figures 5 and 
6 show that steady-state background conditions are interrupted in spring 1999 by an 
infiltration event. A sharp increase in water potential from an infiltration event was 
measured down to 11.9 m bls at borehole IRC-03 and 13.7 m bls at borehole IRC-05. 
The wetting front moved from 6 to 11.9 m within two days (3 m/d), at both locations. In 
contrast, infiltration through borehole 76-5 (Figure 4), containing a sedimentary interbed 
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Table 2-Date o f  'first arrival" o f  pressure wave in response to infiltration events. 

76-5 IRC-3 IRC-5 
Depth Spring Depth Spring Winter Spring Spring Depth Spring 

tin) 1999 1996 96-97 1998 1999 1999 
. . . .  2.7m No data 12-29-96 2-5-98 -- 2.4 m -- 
. . . . . . . . . . . . . .  4.0 m 3-1-99 

6.7 2-11-99 6.0 m 2-15-96 1-6-97 2-10-98 3-6-99 6.1 3-2-99 
9.4 3-3-99 8.2 m 2-18-96 1-1-97 2-13-98 -- 8.7 rn 2-28-99 
11.6 3-26-99 11.9 m 2-17-96 1-1-97 2-13-98 3-6-99 11.9 m 3-3-99 
. . . . . . . . . . . . . .  13.7 m 3-3-99 

. . . .  15.5 m 2-17-96 1-1-97 ** ** 15.6 m ** 
17.3 rn 5 -99  . . . . . . . . . .  
24.4 m ** . . . . . . . . . . . .  
29.9 m ** . . . . . . . . .  

31.4 m ** . . . . . . . .  

-- No instrumentation or instrument inoperative 
** No response in tensiometer 

at 9.4 m bls, occurred more slowly. The wetting front at borehole 76-5 infiltrated from a 
depth of 6.7 to 11.6 m in 43 days (0.1 m/d). The sedimentary interbed may have behaved 
as a capillary barrier retarding the advance of the infiltration front through the profile. 
This hypothesis is supported by the higher (-100 cm) water potential readings above the 
sedimentary interbed as compared to the -200 cm water potential steady state readings in 
the sedimentary interbeds (Figure 2). 

The water potential response indicates that the sediment backfill adjacent to the 
tensiometer wets over the period of a few days to weeks but then drains back to original 
values over several months to years (Figure 5). It is suggested that rapid flow occurs in 
the fractures during wetting events and this water movement is transmitted into the 
sediment/tensiometer. The basalt matrix has probably not been fully wetted due to the 
low hydraulic conductivity of the basalt, but rather just a rind adjacent to the fracture has 
been wetted. The moisture retained in storage in the sediment backfill then drains, i f  a 
conduit (fracture) is available, or is temporarily retained in the sediment backfill by the 
surrounding low permeability basalt. Alternately, moisture may be retained in the 
sediment backfill adjacent to the tensiometer due to a capillary barrier formed by 
fractures in the basalt. 

Water potential data indicates that the wetting fronts may cause either saturated and 
unsaturated flow conditions in the basalt fractures during infiltration events. Water 
potentials increased about 30 cm throughout the basalt profile in the December 1996 
infiltration event at IRC-3 (Figure 5). During this infiltration event, the 2.7 and 6.0 m 
depths indicated the formation of perched water while the other tensiometers did not 
indicate the formation of saturated conditions. The 15.5 m tensiometer indicated 
saturated conditions over the monitoring period with increased water pressure in response 
to infiltration events. 
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Flux Estimates using Tensiometer Measurements 

Steady State Flux Estimates in Basalt Matrix, Sedimentary Interbeds and Fractured 
Basalt 

Flux rates can be estimated using Darcy's law with the measured hydraulic gradients 
and the unsaturated hydraulic conductivity at field water potential values. If  the 
hydraulic gradient is unity, (i.e., water potentials do not change significantly with depth) 
the unsaturated hydraulic conductivity at that water potential is equal to the flux rate. 
Flux is generally defined as the mass of  material moving though a unit cross-sectional 
area over a unit time period. 

Figure 7 presents the hydraulic gradient with depth from the tensiometers in the three 
wells. A near unit-gradient exists below 4 m through the basalt profile during the steady 
state portion of the year in all the boreholes (when infiltration events are not occurring). 
Figure 7 is calculated using the mean water potentials for each tensiometer within the 
profile from Table 1. Mean water potential values are all within the tensiometric range 
and exhibit a relatively small standard deviation. At boreholes IRC-3 and IRC-5, the 
variation in mean water potential is less than 1.1 m (110 cm) beneath the surficial 
sediment tensiometer. At borehole 76-5, the maximum variation is 1.6 m (160 cm) over 
the 31.4 m profile. 

Figure 7-Total head, calculated using mean water potential, versus depth for 
tensiometers showing a unit hydraulic gradient in these boreholes. 

The hydraulic properties for the basalt matrix and sedimentary interbeds at these sites 
have been determined from laboratory analysis o f  representative samples. Figure 8 
shows the hydraulic conductivity characteristic curves for representative basalt matrix 
and sedimentary interbed material The basalt curve was obtained from hydrologic 
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characterization o f  a near surface basalt block located near well 76-5 (Bishop 1991). The 
sedimentary interbed curve comes from a sample of  the 10-m sedimentary interbed from 
a well adjacent to 76-5 (Magnuson and McElroy 1993). 

Boreholes IRC-3 and IRC-5 at Idaho Falls have water potentials in the -80  to 0 cm 
(saturated) range at depths below the 4 m monitoring depth. These water potentials in the 
basalt matrix correspond to a hydraulic conductivity (flux rate) o f  2 x 10 .9 to 
1 x 10 -6 cm/s  (0.7 to 30 cm/y). I f  the mean water potential from each borehole (below 4 
m depth) o f - 1 4  cm is used, the corresponding hydraulic conductivity (flux) is estimated 
to be 9 x 10 -s cm/s (3 cm/y) for the basalt matrix. 

1.E-13 1.E-12 
1 .E+O0 ~i 

1.E+01 H [ ]  

"~ 1.E+02 
no 

1.E§ 

1.E§ f 

Hydraulic Conductivity, K(~) (cm s-l)  
1.E-11 1 .E-10 1.E-09 1.E-08 1E-07 1.E-06 

Basalt 
Interbed 
Field water potential 

measurement 

76-5 

I~ lX10 

1 E-05 1.E-04 1.E-03 

I 

i 

i 

Interbed 
0.00502 
1.58072 
0.367377 
11 
61.5 
9X 10 ~ 

Figure 8-Waterpotential versus hydraulic conductivity for basalt and sedimentary 
interbed. 

Borehole 76-5 at the INEEL contains tensiometers adjacent to both the sedimentary 
interbeds and basalt. The average water potential o f  the basalt matrix is about -60 cm 
lower than in the sedimentary interbeds (Figure 2). The mean water potential in the 
basalt matrix is -107 crn, which corresponds to an unsaturated hydraulic conductivity 
(flux) of  lx 10 .9 cm/s (0.03 cm/y). The average water potential in the sedimentary 
interbeds is -168 cm, which corresponds to a hydraulic conductivity (flux) of  about 
5 x 10 -7 crn/s (15 cm/y). Comparing these estimates, the steady state flux through the 
sedimentary interbeds is about three orders of  magnitude larger than the flux through the 
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basalt matrix. These estimates assume one-dimensional flow and a unit hydraulic 
gradient while ignoring fracture flow. 

It is suggested that unsaturated film flow along the fracture walls combines with the 
matrix flow to equal the flux through the interbed. Assuming there is continuity of water 
flux at the basait-interbed under steady-state conditions (assuming lateral flow is not 
dominant) the sediments are transmitting about three orders of magnitude more water 
(500 times) through the interbeds than is transported in the basalt matrix. The fractures 
would then be transmitting the remaining moisture through saturated or film flow. Thus 
the tensiometric data and the unsaturated hydraulic properties from the basalt matrix and 
sedimentary interbeds suggest significant unsaturated water flux is transported through 
the fractures during the bulk of the year at borehole 76-5. 

Calculation of Flux for Episodic Infiltration Events 

The volume of water moving through a geologic profile can be estimated by 
measuring the change in thickness of the perched water layer over time and calculating 
the equivalent mass of water. This calculation assumes vertical flow. The volume of 
water per unit area (extrapolating the tensiometer point measurement to three 
dimensions) is calculated using the change in the moisture content from saturation to the 
residual water content. The flux rate is then estimated using the change in volume of 
water over time from the water level recession data. 

Episodic infiltration events caused the formation of perched water several times in 
IRC-3 and once in 76-5 (Figures 4 and 5). Hourly tensiometric data have been used in 
the following calculations instead of the twice a day measurements shown in these 
figures. Water level responses in basalt from well IRC-5 were not analyzed due to 
indistinct response from barometric pressure induced water level fluctuations that 
decrease the accuracy of the water level depths. 

Episodic Infiltration Estimates from Surficial Sediments into Basalt- The volume 
of water that perched within surficial sediments overlying basalt is calculated for the two 
infiltration events in December 1996 and January 1998 in well IRC-3. A water-filled 
effective porosity of about 25% is based upon laboratory-derived values from similar 
sediments (sandy gravel) (Ansley et. al. 1988, McElroy and Hubbell 1990). The 
volumetric water content (field capacity) was 9%. A 1 em rise or decline in measured 
water level in a porous media then corresponds to a 0.16 cm volume of water per unit 
area (0.25-0.9). This assumes vertical flow and the formation is completely wetted. 

Flux from the surficial sedimentary material overlying basalt at IRC-3 is estimated 
using the slope of the water level recession line (decline per unit time) and time of 
perched water (Figure 9). Evaluation of the water level recession line indicated that the 
water level decline varied from -2.6 to -0.66 em water/hr. The water level recession lines 
appear to be relatively linear and repeatable from the perched water drainage events. The 
greatest negative slope should correspond with the effective hydraulic conductivity of the 
material limiting drainage of the perched water (assuming vertical flow). Slopes more 
positive than -2.6 cm/hr then correspond with time periods where water is being added to 
the perched water body from infiltration (Figure 9). Since the change in head over time 
is nearly linear, the time that perched water is present can be used to estimate the volume 
of infiltrating into the underlying basalt. This -2.6 cm/hr slope combined with a field 
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Figure 9- Water level in IRC-3 showing trend line of maximum recession slope. 

capacity of 0.16 (-2.6 x 0.16), yields an infiltration rate (flux) of 0.42 crn/hr (1.2 x 10 "4 
cm/sec) from the sediment into the basalt. Perched water was present at this tensiometer 
for 250 hrs in December 1996, which suggests that there was about 104 crn equivalent 
depth of water of infiltration into the underlying basalt. In January 1998 the perched 
water was present for about 150 hours corresponding to an estimate of 62 cm equivalent 
depth of water. These flux estimates exceed the saturated hydraulic conductivity of the 
basalt matrix and so indicate that flow is primarily through the fiactures. Table 3 
presents a summary of the flux estimates. 

The infiltration estimates exceed the annual precipitation by a factor of nearly five 
times. This suggests the borehole is monitoring a site with preferential infiltration that is 
draining the local area, however evidence of this is not evident by visual inspection of the 
site, even during the infiltration events. The infiltration mechanisms could include 
localized accumulation of water at land surface from surface runoff or lateral movement 
of water in the sediment above the basalt due to a topographic low at the sediment/basalt 
contact. Alternately, there are mice borrows around the boreholes that may allow 
enhanced infiltration at this site. Most of this volume of water is assumed to have 
infiltrated into the underlying basalt since the perching occurs a several meters below 
land surface and there is no possibility for evapotranspiration. 

Episodic Infiltration Estimates Through Basalt- The same technique to estimate the 
volume of infiltration can be applied to changes in water level of perched water within 
basalt. An effective porosity of 3%, determined from modeling of the Snake River Plain 
aquifer (Magnuson 1995), is used to estimate the effective volume of water per unit 
change of water level in the basalt. Perched water has been present continuously in 



HUBBELL ET AL. ON WATER POTENTIAL RESPONSE 53 

Table 3. Summary of estimated flux rates derived from tensiometer measurements. 

B o r e h o l e  C o m m e n t  F lux  Rate  ( em/sec )  R e c h a r g e - D e p t h  o f  
W a t e r  

Steady State 
lOW* 

IRC-3, IRC-5 
IRC-3, IRC-5 
76-5 
76-5 
76-5 

Episodicflow** 
IRC-3 Dee 96 

Basalt matrix (range of~/'s) 
Basalt matrix (mean ~) 
Basalt matrix (mean ~) 
Sediment interbed (mean ~) 
Basalt fractures (difference) 

Sediment into basalt 
IRC-3 Jan 98 Sediment into basalt 
IRC-3 Jan 97 Within basalt-15.5 m 
IRC-3 Jan 98 Within basalt-15.5 m 
76-5 Jan 99 Within basalt-6.7m 

2X 10"9tO 1 X 10 -6 
9X 10 "s 
1X 10 -v 
5 X 10 =t 
4.99 X 10 .7 

1.2 X 10 .4 
1.2 X 10.4 
3 X lff ~ 
3 X 10 "~ 
3 X 10 "s 

0.06 to 31 cm/yr 
2.8 cm/yr 
0.03 cm/yr 
16 cm/yr 
16 crn/yr 

104 cm 
62 cm 
1.1 cm 
1.0 cm 
0.96 em 

* Assuming vertical flow and a unit hydraulic gradient 
** Assuming vertical flow 

IRC-3 at 15.5 m depth following well installation. The tensiometer at this depth has 
indicated several water level increases and declines in response to annual infiltration 
events. The water level rose 38 cm and 32 cm in response to infiltration (January 1997 
and January 1998, respectively). These depths of water correspond to an equivalent 
depth of water of 1.1 and 1.0 cm (0.03 x 38 era and 0.03 x 32 cm). These estimates are 
only 0.8 to 5% of the estimates of the volume of water that accumulated at the surficial 
sediment basalt contact. This difference may be due to preferential flow past the 
perching layer, or more likely, the depth of perched water at the surficial sediment basalt 
contact was not representative of infiltration over this area. The larger scale or regional 
infiltration at this site may be better represented by the estimates from deeper perched 
water layers. The flux rate through the underlying basalt is calculated by dividing the 
volume of water by the time. The water level in the perched water declined over the 
course of a year indicating a flux rate through the basalt of  about 3 x 10 -s cm/sec. 

Borehole 76-5 showed the formation of perched water at the 6.7 m depth adjacent to 
fractured basalt with sediment-filled fractures. The tensiometers detected three pulses of 
water, each forming perched water 12 to 20 crn depth (Figure 4). Using an assumed 
effective porosity of 3% corresponds to an equivalent depth of water of about 0.96 cm. 
The water level rose rapidly in 76-5 at 15.5 m and then declined slowly indicating very 
slow drainage through the basalt. The volume of flow that drains over these time periods 
corresponds to a vertical hydraulic conductivity of about 3x 10 "s cm/sec, similar to the 
saturated hydraulic conductivity of the basalt matrix. This may indicate that the water is 
draining through the basalt matrix. 

Variations of the alluvial sediment texture, local topography, evaporation, the 
moisture available in the snow, existing moisture in the sediments, and alluvial cover 
depth between the 1NEEL and IRC sites are likely responsible for the difference in 
observed frequency of  episodic infiltration into the underlying fractured basalt. Both 
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alluvial texture and topography contribute to the amount of snowmelt that could infiltrate 
into the alluvium material. Hydraulic conductivity less than the infiltration rate will 
result in surface ponding conditions. In a situation where the surface topography is 
completely level, the ponded water would eventually infiltrate into the soil profile but 
may also loose water to evaporation. However, when the surface exhibits a slope in the 
topography, the ponded water may run offto local surface depressions. At borehole 
76-5, the surface alluvium exhibits fine texture but subsidence in the cover materials has 
formed a localized depression that allows ponding near the well during the spring 
snowmelt. The local effect is episodic infiltration at the 76-5 site from melting snow. In 
contrast, the alluvial texture at the IRC site is slightly coarser and the local topography is 
flatter than the INEEL site, allowing a greater percentage of the snowmelt to infiltrate 
initially into the overlying alluvial sediments. 

Estimates of infiltration using the change in the depth of perched ground water allow 
point measurements of infiltration. Many fractured rock sites have surficial sediments 
that may allow the determination of local infiltration and subsequent drainage into the 
fractured media. Measurement of water level changes at greater depths may allow more 
representative estimates over larger areas, dependant on the spatial characteristics of the 
perched water. 

Conclusions 
Advanced tensiometers were installed in a dual-porosity fractured basalt matrix and 

sediments to monitor moisture movement from natural water infiltration at the INEEL. 
This data was used to infer infiltration mechanisms. Water potential measurements for 
all the instruments were in the tensiometric range from +130 to -250 cm of water at these 
arid and semi-arid sites (250-300 mm precipitation/yr). Water potential measurements 
were primarily constant with a variation of less than 10 cm and exhibited a near steady- 
state unit-gradient downward flux, except during periods of episodic infiltration/drainage. 
Spring snowmelt created episodic infiltration that moved rapidly through the fractured 
basalt. These infiltration events produced detectable changes in the water potential to 
depths up to 15.5 m, in some cases within a few days of the infiltration events. During 
high magnitude infiltration events, preferential saturated channeling of the moisture 
occurs, bypassing zones within the vadose zone. Sedimentary interbeds may have 
substantially reduced the percolation, acting as either a hydraulic or capillary barrier. 
Unit gradient analysis of the steady-state infiltration flux indicates that unsaturated 
fracture flow is the major infiltration mechanism through the fractured basalt during 
much of the year. Flux estimates were determined for the basalt matrix and sedimentary 
interbeds using steady state calculations as well as using the change in depth of perched 
water from episodic infiltration within overlying surficial sediments and the basalt 
matrix. The estimates suggest moisture moves primarily in the fractures during episodic 
infiltration events and that the episodic events transport significantly more moisture than 
steady state flow through the basalt matrix. Results from this study indicate that 
advanced tensiometers can be used to measure water potentials in deep vadose zones, 
detect and monitor infiltration events and estimate the contributions of episodic and 
steady state infiltration flux. Thus instrumentation exists for monitoring water movement 
below waste disposal sites. 
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Abstract 
Contaminates behave differently in the vadose zone than they do in the saturated 

zone and the governing equations for them are more involved. The hydraulic 
conductivity and porosity are the most important parameters affecting water and 
contaminates movements in the vadose and the saturated zones. To estimate these 
parameters certain methods are examined for measuring the hydraulic properties where 
the soil permeability is low and, where possible, the results are compared with measured 
data. Unsaturated hydraulic conductivity (UHC), unlike saturated hydraulic conductivity 
(SHC), is difficult to obtain especially for clayey soils and fractured rocks. Most 
available studies either overestimate or underestimate the UHC, especially for values 
close to the surface where the UHC values are several orders less than their 
corresponding values for SHC. The goal of  this paper is to adjust and modify some 
empirical equations for obtaining UHC and compare the results with those already 
available in the literature. This is achieved through the use of non-linear least squares. 
Values that represent parameter b, in the Campbell's power function is allowed to vary 
in a given range instead of having a single value. For every value in this range the non- 
linear least squares equations is calculated and the b value with the smallest error term is 
picked to represent the empirical parameter for the Campbell's power function. Results 
indicate adjustment to the reported empirical parameter b is needed to minimize the 
sums of squares and to obtain a closer match between the measured and the 
experimental data. That is the sum of errors for the non-linear least squares between 
measured and empirical data is minimum somewhere near the values that they 
suggested. Therefore, for the clayey soil and fractured rocks the empirical parameters for 
the power function are modified to reflect the minimum sums of squares for non-linear 
least squares equation. To fine tune b further, non-linear least squares are used to find 
the best fitted value ofb using the empirical equation that relates depth (h) to water 
content. We are in the process of classifying fractured rocks and are testing them to see 
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how their hydraulic conductivity compares with clayey, sandy and silty soils. This is 
done through the application of fractal geometry and use of Sierpinski carpet. The 
empirical and the theoretical relationships used here are simple and practical and may 
directly be applied to obtain corresponding UHC. The equations that are utilized here are 
based on the theory or have their roots in statistical modeling. Results obtained from this 
investigation should be compared with the field data before they are applied toward 
solving Richards' equation. 
Keywords: vadose zone; saturated zone; permeability, hydraulic conductivity, least 
squares 

Introduction 
Numerous empirical, theoretical, and statistical models exist for obtaining soil water 

retention and saturated hydraulic conductivity (SHC) data. This number reduces as 
researchers focus on obtaining hydraulic conductivity for the unsaturated dual porosity 
soils and rocks. Knowledge of the exact shape and texture of the matrix and macropore is 
critical in describing and obtaining flow process and the hydraulic conductivity. 
Implementation of a mathematical model to investigate the unsaturated flow of fluid in a 
porous medium requires the knowledge of the hydraulic properties of the medium. The 
availability of the numerical method to solve Richards' equation far surpasses the 
availability of measured data and the available hydraulic conductivity for fractured rocks 
and clayey soils needed to solve Richards' equation. All the methods purposed by 
researchers for obtaining unsaturated hydraulic conductivity (UHC) may be put in one of 
three categories: direct measurement, inverse method, and prediction method. Although 
direct method is preferred over the other two, it has its deficiencies. Soil measurement is 
costly, time consuming, and is at best approximate because soil texture is hysteretic in 
nature and soil classification is not exact. Many of the above deficiencies also apply to 
the inverse method. If more than one parameter is introduced in setting up the 
formulation for the inverse problem, the uniqueness of the result may be questioned. That 
leads to the empirical method suggested by some researchers. Parameters for empirical 
equations are determined by several methods, curve fitting, least squares, and other 
techniques. 

Theoretical and measured data for SHC are abundant in the literature and are 
relatively simple to obtain for variety of soils and fractured rocks. Several authors have 
developed empirical models containing one or two parameters, not including those that 
have real physical meanings such as UHC, water content, pressure head, and other 
parameters. Among them are Brooks and Corey (1964). Alexander and Skaggs (1987) 
examined fourteen methods to predict the unsaturated hydraulic conductivity function 
K(h) from the volumetric water content, 0(h). Their results showed that the best method 
of predicting K(h) for sandy and clayey soils was the closed form of Campbell (1974). 

Theory 
In the vertical one-dimensional (x) coordinates, Richards' equation for unsaturated 

flow can be written as 
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1)] 
h=h~ t=0 ,  O < x < L  

8h//~=l t > 0 ,  x = 0  

h=h  L t > 0 ,  x = L  

(1) 

(2a-2c) 

Where C(h)=OOlc,~a is the water capacity, h is the pressure head, 0 the volumetric water 
content, x is the depth, and K the unsaturated hydraulic conductivity, (UHC), which is the 
function ofh  or 0. x---O is assumed to be the top of the plate and x=L is the bottom of the 
plate, hL is the pressure head at the bottom of the plate; and t is time. The unsaturated 
hydraulic properties of e(h) and K(h) are strongly non-linear functions of the pressure 
head. The exact form of the functions e(h) and K(h) are unknown because of the varied 
nature of  the soils. To solve the above equation (1) with the boundary conditions (2a-2c), 
numerical values for K('h) is needed. 

Any solution of Richards' equation requires the knowledge of the hydraulic 
properties. There are three distinct methods to obtain hydraulic conductivity: prediction 
models, inverse methods, and field measurement. In this study we concentrate on the 
empirical method for obtaining UHC as a function of 0 or h. 

Some authors have suggested various empirical and theoretical forms for obtaining 
K(h) from effective saturation 0 .  The soil hydraulic properties that are reported by Van 
Genuchten's (1980) equations are 

f! 1] +lah[" ''" h < 0  |  

h > 0  

(1- o.,,. , ,r '~ (3) 

where 

o-- 

Brooks and Corey's model is 

(4) 

(5) 
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and 

f 
C(h) = I0 h h > h b 

K(h)= K0 h<h  

tKo h 

(6) 

(7) 

where y =2+3/b. 
Later Campbell (1974) used essentially the same prediction equation 

/ \ 2 b + 2  

k = k, to/o,) (8) 

The above three power functions are similar since ~,, n, b, y are related by simple linear 
functions and b=l/)~. 

The above two equations (7-8) are relatively simple and contain only one empirical 
parameter b or y. Generally, b is related to pore sizes and is small for medium having a 
large and varied pore size and becomes large for medium with rather uniform pore sizes. 
Several authors have utilized pore sizes to obtain UHC for variety of soils and varied 
parameter b to obtain UHC for various soil textures. The range reported by Poulsen et al 
(1998) for b is from (2.8 to 30). This range was reported by several authors and collected, 
and reported by Poulsen et al (1998). Campbell (1974) set b=12.5 for Cecil B3 soil; he 
arrived at this value using a least squares fit of a straight line on the data. These values 
are empirical in nature without any theoretical basis or any relation to a particular soil 
that is under study. The justification for utilizations seems to be that they yield a good 

approximation for UHC. These empirical models lack the physical significance and 
extensive field measurement, and data analysis is needed to justify their implementations. 
Theoretical relations should be derived to justify the physical significance and proper 
applications of these empirical relations. Employing fractal geometry and the application 
of Sierpinski carpet (1994), Tyler and Wheatcrafi (1990) derived expressions similar to 
Equations (7-8) above and established theoretical basis for those empirical equations. In 
their work they showed that higher fractal dimensions are related to higher values ofb  or 
clayey type soil and lower fractal dimensions correspond to lower b values reported by 
Campbell (1974) for sandy type soil. 

Discussion 
To estimate UHC at least two physical parameters, saturated hydraulic conductivity 

Ks, 0 and an empirical parameter b in Equations (7-8) are needed. K, the saturates 
hydraulic conductivity is rather simple to obtain and numerous authors have calculated 
and reported Ks, among them are Zachrnann et al. (1982), and especially McKeague 
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(1982). Campbell's power functions may then be used to obtain a relationship between 
water content and the UHC. 

Through the use of non-linear least squares we fine tune the empirical value ofb. 
After simulating b, the resulting b is closer to the measured values with the minimum of 
sums of squares. 

In the soil and fractured rocks K is directly proportional to the surface area in the 
vertical z-direction where the cracks occupy the smallest area. We are in the process of 
testing certain fractured rocks where the surface contains varying number of cracks. The 
UHC of these fractured rocks are then compared with several different soil textures such 
as sand, sandy loam etc. to establish a relationship among the several types of soils and 
fractured rocks. In this manner the existing hydraulic conductivity from soil may be 
applied to fractured rocks to obtain unsaturated hydraulic conductivity. Compared with 
Ks, unsaturated hydraulic conductivity (K) as a function of soil-water retention is time- 
consuming and difficult to obtain. A single equation used by Brooks and Cory (1966), 
Campbell (1974) and other authors does not seem to yield good answer for various types 
of soil. Correct estimation of UHC for vadose zones are necessary if the investigators are 
interested in the movement of the contaminates and clean up. The relationship between 
relative hydraulic conductivity and soil-water content is typically hysteretic and non- 
linear as illustrated by several authors, among them Gardner (1958). 

It is often difficult to obtain an accurate estimate of the relative hydraulic conductivity 
and water movement throughout the unsaturated zone. This gets even more difficult when 
one tries to obtain a single expression that covers various soils. One-parameter models 
are preferred because more parameters make the stochastic analysis of the models more 
complicated and the results are about the same. Examples of one-parameter K models 
are given by Campbell (1974), Yeh et al. (1982), Dagan and Bresler (1983), Protopapas 
and Bras (1990), and some others. 

Estimation of soil saturated hydraulic conductivities are available from many sources. 
Several authors have theoretically estimated saturated hydraulic conductivity and have 
checked their results with available measured data. Temperature also affects the UHC but 
because the effect is rather small most investigators have ignored it. Some have reported 
that UHC increases with temperature. The objective of this study is to modify present 
empirical relations to better estimate the measured values. 

Numerical Example 
One parameter empirical expression relating water content to water potential is: 

~r = r -b . Values for 0s, and We are available from literature. A few values for 0, 

the unsaturated water content, are needed to obtain water content from water potential ,4/. 
This may be found from the literature or by measurement. Then, the above equation is 
simulated using non-linear least squares until the optimal value for b is obtained. The 
optimal value ofb is then substituted into empirical expressions given by Campbell 
(1974) or others to obtain UHC. Following is the step-by-step instruction of how to 
obtain UHC. 

1. Solve ~, = ~e(0 /0s) -b using non-linear least squares method to obtain the optimal 

value for b. Values for ~, We, e, @s for a particular soil may be found from literature, 
Brooks and Corey, Campbell and some others. 
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2. After the optimal value for b is obtained for a particular soil it should be inserted into: 
k = ks (0 /0 s)2§ introduced by Brooks and Corey and others to obtain an estimate for 
UHC or Kr, the relative hydraulic conductivity. The refined "b" obtained from non-linear- 
least squares then should be used for prediction of UHC for similar soil. Several 
empirical values reported by other investigators were tested using this method. Reported 
value by Zachmann et al. (1982). is b= 3.7, obtained value using non-linear least squares 
is b = 3.2. 

Summary 
Measured data for testing and simulations seems to be scarce. A few authors, Brooks 

and Corey among others have done extensive field measurement and data collecting. Our 
own results indicate that empirical methods deviate from the field measurements when 
soil is fine with a low UHC away from the saturated zone near the surface. This occurs 
when the parameter b takes on high values, b=14 or higher. It is recommended that 
especially in these cases non-linear least squares should be performed to obtain the 
optimal value for b or other similar parameters used to estimate UHC. Our results show 
that for some soils the simulated value ofb  does not converge and is different from the 
starting value for b. This happens when non-linear least squares are utilized to optimize 
the value ofb. In a subsequent paper this discrepancy is investigated. Also the similarities 
and differences between varieties of  soils and fractured rocks are compared to see if there 
are any similarities between the two groups as far as the behavior of  hydraulic 
conductivity is concerned. 
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Abstract: Pressure-pulse tests are performed in boreholes in either impervious rock or 
clayey formations. According to the usual theory, they give the hydraulic conductivity, k, 
and the storativity, S, of the tested material. However, comparative testing programs have 
shown that the usual interpretation method may give k values that are quite different from 
those given by other methods. It gives also unrepresentative (much too low) values of S for 
the tested formations. Several reasons for the discrepancies are examined. First, the theory 
came from a heat conduction problem but the mass and energy transfers in a pulse test are 
quite different from those in the heat conduction problem. Thus the usual interpretation 
method is derived from equations that do not represent correctly the physical phenomena 
involved in a pulse test. A correct theory should use equations that consider medium 
deformation to be partly instantaneous (undrained) and partly delayed (drained) during and 
after the pulse. This is not the case in the commonly used theory. It should also consider 
that both the testing system and the formation wall are deformed during the pulse, which is 
ignored by the usual theory. Besides this theoretical inadequacy, the usual interpretation 
method is frequently affected by an inaccurate knowledge of the local piezometric level for 
the test. This level is frequently guessed prior to testing, and this estimate may be incorrect. 
However, a velocity graph technique can be used to analyze the test data and establish the 
real piezometric level for the test. Considering the inadequacy of the usual equations and 
interpretation method, it is proposed to interpret the test data as those of a slug test after 
having determined the local piezometric level using the velocity graph method. Hvorslev's 
method is used after introducing an imaginary open tube with an inside diameter that is 
defined by the volume of injected water associated with the initial pulse. A detailed 
example is treated where this interpretation method yielded a k-value close to that obtained 
from a constant-head test in the same injection cavity, both values being 50 times lower 
than the k-value derived from the usual superposition method. 
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Introduction 

The pressure pulse test is used to determine the field transmissivity T and field storativity 
S of impervious formations. According to the standard ASTM D4631 for "Determining 
Transmissivity and Storativity of  Low Permeability Rocks by In Situ Measurements Using 
Pressure Pulse Technique", this test can be used in a formation having a hydraulic 

-3  conductivity, k, lower than 10 Darcy (approximately 10 "8 m/s). A borehole is drilled into 
the formation. Sealing plugs or inflatable rubber packers seal each interval of  formation to 
be tested. The packed-off interval is totally filled with water between the two inflated 
packers (or between the bottom of the hole and a sealing plug). A time delay must be 
allowed for reaching initial equilibrium of hydraulic head in the soil or rock around the 
cavity before testing. When the water circuit is closed, a positive or negative pressure pulse 
is applied to the water confined between the packers, and the water circuit is closed again to 
register the pressure decay with time. The data of  the pressure decay curve are interpreted 
to calculate the values of  T and S. 

The pulse test is used for impervious rock formations and for clay deposits that are 
considered as barriers for waste disposal. Recent results have questioned the capability of  
the usual equations to give realistic values of  T and S. Cazaux (1998) compared 11 different 
field techniques (constant head, variable head and pulse test) to determine the k value of a 

�9 - 1 0  homogeneous clay deposit at Montr6 (France). Ten methods gave values between 10 and 
-9  -11 �9 10 m/s whereas the pulse test method gave k values lower than 10 m/s. Chapms (1998) 

theoretically examined the commonly accepted equations and questioned their adequacy for 
slug tests and pulse tests. 

In this paper, the two authors have pooled their experience to better assess the capability 
of  the common equations to yield correct estimates of  T, S and k for the tested formation. 

Usual Solution 

The geometry of the problem is shown in Figure 1. It is assumed that the packed-off 
interval represents the total thickness b of  the layer to be tested (T = kb) and that the upper 
and lower horizontal boundaries are fully impervious. The resulting radial symmetry 
implies that the hydraulic head h depends only on the radial distance r and time t: h = h(r, t) 
within the ideal material�9 The inside diameter of  the hole is D = 2 rw. Cooper et al. (1967) 
proposed a solution after assuming that the unsteady-state problem is described by Fourier's 
equation 

02h/Or 2 + (l/r) (Oh~Or) = (S/T) (Oh/Ot) for r > D/2 (1) 

that has been used extensively to solve pumping test problems in confined aquifers. 
The natural hydraulic head in the tested zone, or local piezometric level, is supposed to 

be known before the test. It may be measured in the small diameter open pipe (Figure 1). 
However, in formations having a low k value, it may take several weeks to measure it by 
this method and this is assuming it not to vary during the observation time (Hvorslev 1951)�9 
It is faster to obtain it with a data acquisition system when the valves are closed. The pore 
water pressure in the packed-offinterval is registered and the curve o fh  vs. t is usually 
extrapolated to estimate the at-rest value o fh  and thus the local piezometric level. 
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Figure 1 - Cross-section of  the pulse-test problem. 

Using Eq. 1 supposes that the tested formation is fully saturated and linearly elastic. It 
means also that a change in pore water pressure, Auw, is immediately (fraction of  a second) 
and fully transformed into an effective stress transfer, which induces a strain of  the solid 
matrix, without delayed deformation. Thus Eq. 1 does not adequately represent a low-k 
medium. To better represent a low k-medium, Eq. 1 should be modified and several terms 
would no longer be constant as in Eq. 1. For the pulse test, the boundary conditions are 

h(oo,t) = 0 for t > 0 (2) 

h (rw+0, t) -- H(t) for t > 0 and H(t=0+)=/-/i (3) 

h (r,t=0) = 0 for r > rw (4) 

where H(t) is the difference in total head between the packed-off cylinder and the tested 
formation in equilibrium conditions (local piezometric level) at time t, and Hi is the initial 
H-value at time t=0+, immediately after the pressure pulse. 

Between the tested zone and the packed-off interval, the flux continuity was written as 
(Bredehoefi and Papadopulos,1980) 

rd)bk [Oh(rw+O, t)]lOr = VwCwp~g [Oh(t)]/Ot] (5) 

where Vw is the volume of  water in the packed-offinterval, Cw is the compressibility of  
water (4.4x101~ Pa t ), ~ is the density of  water and g the gravitational acceleration. Here 
the compressibility of  the testing system and the undrained deformation of the medium are 
ignored. Bredehoeft and Papadopulos (1980) proposed for the pulse test the same type of 
solution that Cooper et al. (1967) previously proposed for the slug test, namely 
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H(t) / Hi = F(ct, fl) = (8 a~ rt 2) ~exp(-flu2/g ) du / u A(u) (6) 

3o 
with: a(u) = [uYo(u)-2ctYt(u)] 2 + [uJo(u)-2OtJl(u)] 2 (7) 

a = xrw2S / VwCwpwg (8) 

fl = r~kbt / VwCwp~g (9) 

where J0, Jl, Y0 and YI are Bessel's functions. Cooper et al. (1967) and Papadopulos et al. 
(1973) tabulated F(a, fl) against fl for ten values of  a from 10 "l to 10 l~  and provided type 
curves to be matched with experimental data (Figure 2). Bredehoeft and Papadopulos 
(1980) provided additional values and master curves for a between 0.1 and 10. 

Figure 2 - Graphs o f  type curves as proposed by Cooper et al. (1967), Papadopulos et al. 
(1973), and Bredehoefi and Papadopulos (1980). 

Comparison with the Heat Conduction Problem 

Bredehoeft and Papadopulos (1980) derived their solution from an analogy with a heat 
conduction problem for which Carslaw and Jaeger (1959, pp. 341-342) provided a solution. 
The heat conduction problem involved " a cylinder o f  a metallic conductor surrounded by 
an infinite medium such as soil or rock o f  much lower thermal conductivity" for no contact 
thermal resistance between the cylinder and the medium. The metal was considered a 
perfect conductor of heat (i.e. the temperature is uniform within the metallic cylinder). The 
interest of  the problem was then centered on the temperature of the metallic cylinder. 

This seems similar to the ideal pulse test case in which the pipe acts as a perfect 
conductor of  water, and it is assumed that there are no skin effects at the contact between 
the injection zone and the formation. The pulse test problem is also centered on the 
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hydraulic head difference between the injection zone and the formation (at equilibrium). 
However, the similarity between the two problems is not total. The pulse test involves a 

mechanical energy transfer in the formation (initial energy is stored in the packed-off 
interval and in the deformed formation) coupled to a small mass transfer through the 
injection zone-formation interface. The heat conduction problem of Carslaw and Jaeger 
(1959) involves only a thermal energy transfer (initial energy is stored only in the 
conductive cylinder) and does not involve mass exchange between the hot conductor and 
the surrounding medium. Thus there are two differences between the heat conduction 
problem and the pulse test problem. Consequently, by ignoring the deformation of the 
testing system and that of the medium, by confusing a pure energy transfer with an energy- 
and-mass transfer, and by using an inadequate Eq. 1, the usual equations of the pulse test do 
not represent adequately the physical phenomena during the test. This will be demonstrated 
through an example later. 

In addition, Chapuis (1998) noted that Carslaw and Jaeger (1959) defined at as "twice the 
ratio of the heat capacity of an equivalent volume of the medium to that of the perfect 
conductor" and used a factor 4 instead of 8 in their equation equivalent to Eq. 6. As a result, 
the use ofEq. 6 with its coefficient 8 implies that the real at is the ratio of the storativity of 
an equivalent volume of the medium to that of the (pipe+packer) system 

2 2 
real a t= S rw 2 / b rw Ssystem = bSsrw 2 / brw Ssystem = Ss / Ssystem ( I0 )  

where Ss is the specific storativity of the tested material (Ss=S/b) and Ssystem is the storativity 
of the complete test system. This definition of at (Eq. 10) differs from that of Eq. 8 proposed 
by Bredehoeft and Papadopulos (1980) on two counts. First, the total volume of the cavity 
including that of any pipe or transducer should be used instead of the parameter Vw for the 
volume of pulsed water. Second, the compressibility of the complete test system, Ssystem, 
must replace that of water in Eq. 8, as already pointed out by Neuzil (1982). Similarly, the 
real value of 13 (according to the solution of Carslaw and Jaeger, 1959) is 

2 
real 13 = 7tkbt/b rw Ssystem (11) 

and consequently 
real k--- kat (from curve fitting of Eqs. 8-9) / (real at) (12) 

The value o f  Ssystem is derived from the compressibility of the packers, that of air trapped 
below and that of the inside tubing and equipment. The system compressibility is usually 
higher than that of water alone as considered in Eqs. 8-9. As a result, the real values of a 
and 13 (Eqs. 10-11) are usually higher than those calculated using Eqs. 8-9. A practical 
consequence is that the usual Eq. 9 produces a k value that is smaller than the real k value of 
the tested formation. Consequently, a correct evaluation of the system compressibility is 
mandatory to get a fair estimate of a and fl, and thus of k and S. 

The storativity, Ssystem, or compressibility, Csystem, of the (pipe+packer) system, must be 
established before testing. An approximation would be to neglect the pipe (and screen if 
one is used) compressibility, and to consider only the packer compressibility as measured 
after installation in a closed thick-wall (rigid) pipe in laboratory conditions. A refinement 
would be to use elasticity equations to calculate the volumetric deformation due to the pipe 
and the screen, and to take it into account. This approximation is deemed acceptable for 
field conditions when a device is provided to purge any air bubble that may be trapped 
below the upper packer. 
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In the field, the amount of  water dVw entering the packed-off cavity during a pressure 
pulse, dp, may be registered. It yields an observed compressibility, Cobs 

Cobs = (dVw / Vw) / dp (13) 

It has been suggested that Cobs replace Cw in Eqs. 8-9 (e.g. D4631). This suggestion does 
not consider that dVw includes the undrained (but not totally instantaneous) deformation of  
the medium (soil or rock), dVm. Only a small portion ofdVw is due to the testing system 
deformation, dVsystem. Thus, Cobs, as provided by Eq. 13, overestimates Ssystem, because 

C o b s  = (dVm + d V s y s t e m )  / Vw dp = C m  + Csys tem (14) 

The medium compressibility, Cm, may be determined from the mechanical interpretation 
of  the test in terms of  deformation vs. storativity and/or compressibility, as shown below. 

Storativity and Compressibility 

The specific storativity, Ss, is related to the compressibilities of  water and solid matrix 

e "  ~ r~/es (15) Ss = S/b = ~(nEwl+ Es l )  = n(4.7x10 -6) + y~ s 

where n is the material porosity, yw is the unit weight of  water ( ~ =  gp~, kN/m3), Ew and Es 
2 �9 �9 (kN/m or kPa) are the elastic moduh of  water and solid matrix respectively (Jacob 1950). 

-1 . . . .  I Frequently, Ew (or Cw) Is neghglble before Es . 
During the pressure pulse, it is assumed that there is no dissipation of  pore water 

pressure. As a result, dVw is measured by a procedure similar to an undrained pressuremeter 
test in an impervious soil. The portion due to the volumetric undrained deformation of  the 
medium, dVm, may be evaluated from the solutions to the problem of radial expansion of  a 
cylindrical cavity in an infinite medium. Since the usual pulse test equations assume linear 
and instantaneous elasticity, the expansion solution to be used is that of  Lamd (1852). It 
relates the dilation or contraction dVm of the medium to the initial volume Vw of  the packed- 
off interval, the stress increase, A~  and the medium (undrained) elastic modulus, E, 

dVm = 2(l+v) Vw Aa/Eu  (16) 

with Vw = b 1rD2/4 = b zcrw 2 (17) 

It is assumed that the Poisson's ratio v-- 0.5 in undrained soils. Values of  E, range from 
2.5 to 25 MPa for clayey soils and exceed 100 MPa for rocks (Baguelin et al. 1978). For the 
test data that will be analyzed in detail, the influence of  the medium deformability, Cm, will 
be assessed and compared to the measured value of  Cobs. 

Be Sure to Know the Local Piezometric Level 

The usual Equations 1-7 assume that the piezometric level for the test is known before 
testing. Considering the long time it takes for hydraulic heads to come back to equilibrium 
in an impervious formation around a borehole, it is likely that the piezometric level is not 
known for sure. If this is the case, then the interpretation of  the test data will be done with 
an estimated piezometric level, which in turn will yield unreliable estimates of T and S. 

The usual way to interpret the data of  a pulse test is to superimpose them on the type 
curves of  Figure 2. However, such type curves cannot be used to detect whether or not the 
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assumed piezometric level is correct. Chapuis (1998) proposed to redraw the common type 
curves as velocity graphs before the superimposition in order to get the right interpretation 
including the determination of the local piezometric level from the test data. A normalized 
total head difference, H*, is defined as 

1t* = H~ Hi = H(t) / H(t=0+) = Auw(t) / AUw (t=0+) (18) 

where AUw (t) is the difference in total head between the packed-off cylinder and the tested 
ground in equilibrium conditions (local piezometric level) at time t, and Auw (t=0+) is its 
value at time t=-0+, immediately after pressure application. Then a normalized head drop or 
pressure drop velocity, r is defined as 

r = (All~At) / ( AH/ At)95 (19) 

where (AH/A/)95 is the head drop velocity at a time corresponding to H* = 0.95. Taking 
0.95 instead of 1.00 is preferred for practical reasons because initial readings are frequently 
affected by inaccuracy in initial time and phenomena such as irreversible wall deformation. 
The velocity graphs of pulse test data that would follow the common theory (Eqs. 1-7), and 
its assumptions, are shown in Figure 3. The limiting straight line corresponds to Hvorslev's 
method ( a  < 10 ~~ or S ~ 0) in which the influence of aquifer deformation is neglected and 
Laplace's equation is used to solve the problem instead of Fourier's equation (Eq. 1). 
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Figure 3 - Velocity type graphs (Chapuis 1998). 
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The interpretation of pulse test data proceeds as follows using Figure 3 (Chapuis 1998): 
(a) Draw the experimental velocity graph of the test where y = H(t) and x = AH/At. 
(b)The extrapolation of the experimental data towards the H-axis gives an H0 value for a 

null velocity (All~At = 0). According to Darcy's law the H0-value is zero when the 
piezometric level is correctly evaluated. If the experimental H0 value is not zero, then 
the assumed piezometric level is incorrect and the H0-value corresponds to the difference 
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between the incorrect and correct piezometric levels. 
(c) Compute the actual head differences as being the measured test values minus the 

correction H0 and estimate the velocity (zlH/At)95 that corresponds to 95% of  the actual 
initial head (or pressure) difference. 

(d) Compute the normalized values H* and r with Eqs. 18-19. 
(e) Superimpose the experimental graph over the theoretical graphs of  Figure 3. 
(f) The best match provides the a-value and then the values of k and S can be obtained using 

Eqs. 10-11 instead of  erroneous Eqs. 8-9. 

Interpretation of  Field Data - Example 

A pulse test was performed at the bottom of a deep excavation in overconsolidated clay 
at Vaivre (France). It is used here to compare several interpretation methods. The tested 
interval had a diameter D = 2rw = 6.3 cm and a length L = b =1.00 m. A small pulse Ah = 
0.23 m (AUw = 2.25 kPa) corresponded to an injected volume dVw = 0.4 cm 3 that deformed 
the testing system and the walls of the injection cavity during the pulse duration (1-2 s). 
Consequently, the real value of Ssystem is urlknown for this test. The local piezometric level 
was evaluated by registering and extrapolating the curve of  the pore water pressure versus 
time. For the test, the pressure pulse lasted 1 to 2 seconds and produced an initial increase 
in hydraulic head of 156 cm (pore water pressure increase of  15.56 kPa). 

First Estimate of Clay Compressibility 

According to Baguelin et al. (1978) the usual values of  undrained modulus for clays, Eu, 
range between 2.5 to 25 MPa. Thus a first estimate for the cavity deformation dVm during 
the pulse ofAuw = 2.25 kPa is dim = 0�9 to 8.4 cm 3 using Eq. 16. Since the registered dVw 
�9 3 . . . .  ts only 0.4 c m ,  It is confirmed that dVsystern Is small before dim m Eq. 14. Then dVm is close 

3 �9 - 

to 0.4 c m ,  which gwes for the tested clay an undrained modulus Eu = 52.6 MPa. This value 
is above the usual range and it may be explained by the clay overconsolidation. Then the 
value of Es (drained modulus) to be used in Eq. 15 is lower than 52.6 MPa, which means 
that Ssfor this clay (Eq. 15) is estimated as higher than 1.86 x 10-4 m "l. 

The value of  Cobs for this test is higher than Cw. From Eq. 13, Cobs = (0.4 cm 3) / [(100 x 
3.14 x 3.152 cm 3) x 2250 Pa] = 5.7 x 10 .8 Pa t whereas Cw = 4.7 x 10 l~  Pa -l, Consequently, 
after replacing Cw by Cobs in Eq. 8, one gets a = S x 1.79 x 103, thus a i s  expected to be in 
the range 0.1-1.0 since b = 1 m and Ss is in the range of 10 .3 to10-4 as usually for most clays. 

Common Interpretation 

The conventional curve of  the ratio H(t)/Hi versus time is superimposed over the 
common type ciarves in Figure 4. The test data appear in Table 1. The best visual fit is 
obtained for a = 10 "3, which is fairly low when compared to the previous estimate of a. A 
common point of the superposed graphs is taken as [3 = 1 or t = 0.05 min = 3 s, which gives 
from the curve fitting (and Cobs instead of  Cw): k = 1.85 x 10 .7 m/s and S = 5.6 x 107�9 
Consequently, the usual interpretation method, using Cobs instead of  Cw, yields Ss = 5.6x 10 "7, 
which is significantly lower than 10 -4 to 10 .3 as derived from usual mechanical tests for 
measuring clay compressibility. The discrepancy between these Ss values may be viewed as 
a result of  confusing Cobs with Csystem (see Eq. 14). 
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Table 1 - Data o f  the presented example where H ' 9 5  = 148 cm 
and v'95 = 5.5 cm/min, 

time t assumed H H~ Hi dH/dt v* 
min cm . . . . . . .  cm/min -- 

0 156.0 1.000 . . . . . . . . . . .  
0.5 152.3 0.976 7.40 . . . . . .  
1 149.5 0.958 5.60 1.018 
2 144.2 0.924 5.30 0.964 
4 135.1 0,866 4,55 0.827 
8 119.9 0.769 3.80 0.691 

12 108.0 0.692 2,98 0.541 
16 96.7 0,620 2.83 0.514 
20 87.9 0.563 2.20 0.400 
25 78,3 0.502 1.92 0.349 
30 71.0 0.455 1.46 0.265 
35 64,9 0.416 1.22 0.222 

13 or t (min)xO.05 

Figure 4 - Field data o f  test SK7 (Vaivre, France) superimposed on common type curves. It 
is assumed that the piezometric level for  the test was correctly assessed The best visual 

f i t  gives an a-value close to 10 3, and then k = 1, 85 x 10 -j m/s and S = 5. 6 x 10 .7 
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Proposed Interpretation with the Velocity Graph 

The velocity graph of  this test (Figure 5) is close to a straight-line: it means that ahas  a 
much lower value than 10 .3 as derived from Figure 4. In addition, the extrapolated curved 
graph indicates that the estimated piezometric level was wrong by H*0 = 0.20 or H0 = 31.2 
cm. This error was used to get the real values o f H  = H~ssumed - H0, draw the adimensional 
velocity graph and superimpose it on the type graphs (Figure 6). The value of  a is now close 
to 10 -9 instead of  the 10 -3 obtained using the common interpretation method. When su_~er- 
imposed over the usual type graphs (Figure 7), the data fall on the type curve of  a = 1 0  - . A 
common point of  the superposed graphs is 13 = 1 or t = 0.23 min = 13.8 s, which gives from 
the curve fitting (and using Cobs instead of  Cw): k = 4.0 x 10 .8 m/s and S = Ss = 5.6 x 10 -13. 
This Ss value is much lower than the usual Ss values for clays (10 -4 to 103). Here again, the 
large discrepancy between these Ss values may be viewed as a result of  the confusion of  Cobs 
with C~stem (see Eq. 14) and as a result of  the inadequacy of the usual equations to represent 
the physical phenomena of  the pulse test. 
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Figure 5 - Velocity graph of field data of test SK7 (PL = piezometric level). 
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F i g u r e  6 - Superposition o f  the field data to the adimensional velocity type graphs. 

F i g u r e  7 - FieM data o f  test SK7 (Vaivre, France) superimposed on common type curves 
afier correction for the wrong estimate o[the piezometric level. The best visual fit  is for 

a close to 10 9, and then k --4. 0 x l0  s m/s andS  = 5. 6 x 10 13, 
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difference for k and S. However, if the usual equations are supposed to be correct, then 
from a mechanical point of view, instead of Cobs one should use the value of Csystem that is 
lower than Cobs (Eq. 14). As a result, using Eq. 9 with Csystem gives a k value that is lower 
than that derived from using Eq. 9 with Cobs. For example, i f  Csystem = 0.01 Cobs then the 
superposition would give a k value of 4 x 10 1~ m/s instead of 4.0 x 10 "8 m/s. Thus, there is 
a serious margin of ignorance about the k value derived from the usual equations. Such an 
approximation for k simply confirms the theoretical conclusion that the usual equations for 
the pulse test do not represent adequately the physical phenomena. 

In addition, Eq. 8 with Cobs provided for the tested clay an Ss value that is unrealistic by 
several orders of magnitude. Replacing Cobs with Csystem would yield an even more 
unrealistic Ss value. To get a realistic Ss value, according to Eq. 8, Csystem should be higher 
than Cobs by several orders of magnitude, but this is mechanically impossible. Such a dead 
end for Ss is another confirmation that the usual equations for the pulse test are not an 
adequate representation of the physical phenomena. 

Alternative Interpretation Method 

In the previous sections it has been shown that the usual test equations have theoretical 
and practical limitations. For interpreting the pulse test data, an alternative method may be 
used. The pulse corresponds to an increase of hydraulic head Ah and an increase of volume 
of water dVw that becomes available for injection into the packed-off interval. The volume 
dVw corresponds to the volume of water rising by dh inside an imaginary small pipe of 
diameter d (radius re) such as 

dVw = Ah Sinj =Ah nd a / 4 = Ah nrc 2 (20) 

Consequently, the test data may be analyzed as those of a slug test performed with a 
small pipe of diameter d. This suggestion is similar to that of Bredehoeft and Papadopulos 
(1980) who used Cw to calculate this diameter d, instead of using Cobs as proposed here. 

Three independent proofs (mathematical, physical and numerical analyses) were recently 
provided that the medium storativity has a negligible influence during a slug test (Chapuis, 
1998). Consequently, it is proposed to treat the data as those ofa  Hvorslev's problem after 
having determined the real piezometfic level for the test (Chapuis et al., 1981; Chapuis, 
1988; Chapuis and Sabourin, 1989) using the method of the velocity graph. 

In Hvorslev's solution (the equivalent of Newton's cooling law, Chapuis 1998) the flow 
obeys Laplace's equation (Eq. 1 without second member). The mass conservation equation, 
at the interface between the soil and the packed-off interval, relates the flow into the soil 
(Qsoil, Darcy's law) to the flowrate in the pipe (Qi,j). It is written 

Qinj = - sioj (dH/dt) = Qsoil = ckH (21) 

where c is the shape factor of the injection zone, H is the applied difference in hydraulic 
head. In the test, Qinj is the product of the intemal cross-section, Sioj of the injection pipe by 
the water velocity, dH/dt, in this pipe. Rearranging Eq. 21 gives 

dH/dt = - kcH / Sinj (22) 
in which the variables may be separated 
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dH/H= - (kc/Si,j) dt (23) 

Integration of  Eq. 23 yields the general equation of  Hvorslev (1951) 

In (1-1]/112) = - (kc/Si,j) (h-t2) = - kC(tn-t2) (24) 

where HI and/ /2  are the differences in total heads at times tl and t2 respectively and 
C=c/Sinj. Here the velocity graph method corresponds to Eq. 22 and graphically to the 
limiting straight line of  Figure 3. 

In the case of  the previously analyzed test, Eq. 20 gives d = 0.149 cm which corresponds 
to a small tube of internal diameter close to 1.5 ram. The injection zone of  diameter D = 6.3 
cm and length L = 100 cm has a shape factor c =181.71 cm that is given by the so-called 
ellipsoid approximation (Chapuis 1998) 

c = 2rd~ / In [(L/D) + (I + LZ/D2) it2] ~ 2r~L / In (2L/D) when L/D _> 4 (25) 

For assumed H values between 156 and 140 cm, the velocity graph (Figure 9) is curved. 
Its curvature lasts only a few minutes and may be due to either incomplete saturation (e.g. 
Chapuis 1999) or delayed (partly undrained and partly drained) wall deformation. For 
assumed H values lower than 140 cm the velocity graph becomes a straight line and 
indicates a piezometric error H0 = 42.5 cm. With a poorly estimated piezometric level, all 
Hvalues were erroneous and the graph o f ln  Hversus time t was curved (Figure 8). After 
correcting the H values for the piezometric error, the graph of In (H-Ho) becomes a straight 
line (Figure 10). The velocity graph and the semi-log graph give the same k value of  7.3 x 
10 t~ m/s, which is 50 times lower than that derived with the superposition method using 
Cobs in Eqs. 8-9. 
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In the same hole, a constant-head permeability test was performed. This test had a much 
longer duration, three days, and the injected flowrate slowly declined. The k value given by 

�9 - 1 0  �9 �9 - 1 0  �9 this test was 6.5 x l0 m/s. This ]s very close to the value of 7.3 x l 0 rn/sobtalnedfrom 
the pulse test data interpreted as a slug test. Again, these values are approximately 50 times 
lower than the k value derived with the usual superposition method using Cobs. 

Discuss ion and Conclus ion  

It was shown that the pulse test solution started with Eq. 1, in which terms should be 
added or modified to correctly represent the behavior of  a low-permeability medium. Then 
it was shown that the usual pulse test solution was copied from the solution for a heat- 
conduction problem although the two problems differ in many respects. As a result, by 
ignoring the deformation of the testing system and that of  the medium, by confusing a pure 
energy transfer with an energy-and-mass transfer, and by using a too simplified Eq. 1, the 
usual equations for the pulse test do not represent adequately the physical phenomena 
during the pulse test. 

The consequences of  this poor representation can be seen in the results of  the 
accompanying superposition method. First, it gives a k value that may be very different 
from the k values given by other testing methods (Cazaux, 1998). Second, it gives a S~ 
value that is much lower (by several orders of  magnitude) than the Ss values obtained from 
purely mechanical tests. 

The data of  a pulse test in an overconsolidated clay deposit have been used to illustrate 
the inadequacy of the usual method (Table 2). It was also shown that the small water 
volume intake due to the pulse can be used to obtain the modulus of  the tested clay and then 
its Ss value. This procedure provided a realistic & value as compared to the usual values 
derived from mechanical tests in geotechnical engineering. For comparison, the usual 
equations for the pulse test gave for & a value that was too low by up to eight orders of  
magnitude. 

Table 2 - Calculated k and S by the different methods used for the example data set 

method of  pressure-pulse test independent references 
interpretation k (m/s) S (--) k (m/s) t S (_.)2 

common method 
with Cobs 1.85x10 "7 5 . 6 x 1 0  "7 6.5x10 "l~ = l .0x l0  -4 

common method plus velocity graph for piezometric level 
with Cobs 4.0x10 s 5.6x10 "13 6.5x10 -~~ =l-0x10-4 
with Cw 3.3x10 s 4.6x10 15 6.5x10 -I~ =l .0xl0  -4 

proposed method with velocity graph 
with Cobs 7.3X10 l ~  1.86x10 "4 6.5X10 l~  =I .0x l0  4 

1 constant-head permeability test in the same piezometer 
a estimate from pressuremeter tests in stiff clay 



CHAPUIS AND CAZAUX ON PRESSURE-PULSE TEST 81 

In addition, the usual superposition method to interpret the test data cannot be used to 
check whether the assumed piezometric level for the test is the correct one. A reliable 
graphical method is provided here: it uses the test data to plot a "velocity graph" and obtain 
the correct piezometric level for the tested formation interval. 

During a pulse test, it is usually observed that the experimental velocity-graph is curved 
at the beginning of the test and perfectly straight afterwards. However, the graph of In H vs. 
t is always close to a straight line when the correct Hvalues are used (after the piezometric 
level has been correctly assessed using the velocity graph method). The initial curvature of  
the velocity graph is due physically to partial saturation and delayed deformation (partly 
undrained and partly drained) of the wall of  the cavity after the initial pulse. Frequently, 
after drilling and cleaning the borehole some time is allowed for any induced pore water 
pressure to dissipate. The return to pore water pressure equilibrium, however, may be a 
very long (several weeks) process in a low-permeability medium. In addition, after drilling 
and before testing, the wall of  the hole in low-k soils moves inward. During testing, it 
moves outwards, mainly at the beginning of the test. Such (mostly) undrained movement is 
not considered in the usual equations. However, its effect is to curve the initial part of the 
velocity graph in the same way as observed. Similarly, if the tested medium is somewhat 
unsaturated before testing (e.g. compacted clay liner), the effect of  unsaturation is also to 
curve the initial part of the velocity graph in the same way (Chapuis 1999). 

Considering the inadequacy of the usual equations, it was proposed to interpret the pulse 
test using Hvorslev's method, after having determined the real piezometric level using the 
velocity graph method. For the example of  this paper, the proposed interpretation method 
gave a k value close to that obtained by a constant-head test in the same injection cavity, 
both values being 50 times lower than the k value derived from the usual interpretation 
method for a slug-test. This confirmed that this usual interpretation method is highly 
questionable since it provided both an erroneous k value and an unrealistic S value. 
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Abstract: The accurate hydraulic characterization of low-permeability subsurface 
environments has important practical significance. In order to examine this issue from 
the perspective of laboratory-based approaches, we review some recent advancements in 
the theoretical analyses of three different laboratory techniques specifically applied to 
low-permeability geologic materials: constant-head, constant flow-rate and transient- 
pulse permeability tests. Some potential strategies for effectively decreasing the time 
required to confidently estimate the permeability of these materials are presented. In 
addition, a new and versatile laboratory system is introduced that can implement any of 
these three test methods while simultaneously subjecting a specimen to high confining 
pressures and pore pressures, thereby simulating in situ conditions at great depths. The 
capabilities and advantages of this innovative system are demonstrated using 
experimental data derived from Shirahama sandstone and Inada granite, two rock types 
widely encountered in Japan. 

Keywords: low-permeability, specific storage, hydraulic gradient, constant head, 
constant flow rate, transient pulse, laboratory permeability tests, geologic materials 

Introduction 

Laboratory testing of representative specimens has been a very useful and widely 
adopted approach for characterizing the physical properties of geological materials. One 
of the particular challenges in geotechnical/geoenvironmental laboratory testing is the 
accurate determination of the hydraulic properties of low-permeability geological 
materials such as clays and intact crystalline rocks. These materials are now being 
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scrutinized in increasing detail because of their importance in retarding the transport of 
hazardous wastes (e.g., Hanor 1993), including radioactive nuclear wastes that are 
disposed or stored underground (e.g., Moore et al. 1986). The hydraulic properties of 
low-permeability geological media also have implications in the recovery of natural gas 
from tight gas sands (Lin et al. 1986), the storage ofoil and LP gas, compressed air 
energy storage (Lien et al. 1987), the generation of abnormal subsurface fluid pressures 
(Neuzil 1995, Ge and Garven 1992), and the propagation of seismic energy (Rojstaczer et 
al. 1994, Roeloffs 1998). 

In general, any of four types of laboratory techniques are commonly employed for 
measuring the permeability of geological materials: the constant-head, falling-head (D 
5084, JSF T 311-1990), constant flow-rate (Olsen 1966, Olsen et al. 1988), and transient- 
pulse permeability tests (Brace et al. 1968, Hsieh et al. 1981, Neuzil et al. 1981). The 
first two of these conventional methods estimate the permeability of a saturated specimen 
by directly measuring induced flow rates under a constant or quasi-constant hydraulic 
gradient. However, these flow rates are too slow to monitor reliably with common fluid- 
volume measurement devices when permeabilities are very low (Zhang et al. 1998a). 
The latter two methods estimate the permeability of a saturated specimen by measuring 
time-dependent variations of differential hydraulic head across the entire length of the 
specimen. Although these latter techniques are thought to be much faster for testing low- 
permeability specimens, a substantial period of time, perhaps up to several tens of hours, 
can still be required for testing specimens having very low permeabilities (Zhang et al. 
1997, Trimmer 1982). 

In order to determine low permeabilities both rapidly and reliably in the laboratory, 
a systematic evaluation of both theories and experimental approaches has been performed 
(Esaki et al. 1996, Zhang et al. 1997, 1998a, 2000a, 2000b). In this paper, we review 
some recent advancements in the theoretical analyses of three laboratory techniques: 
constant-head, constant flow-rate and transient-pulse permeability tests. Discussions 
concerning falling-head permeability tests are not considered because these may be 
regarded as a special case of a transient-pulse permeability test (Zhang et al. 1998b). 
Some potential strategies for effectively decreasing the time required to confidently 
measure the permeability of hydraulically-tight specimens are also presented. Finally, a 
new and versatile laboratory system is introduced that can implement any of these three 
test methods while simultaneously exposing the specimen to high confining pressures and 
pore pressures, thereby simulating m situ conditions at great depths. The capabilities and 
advantages of this new system are demonstrated using experimental data derived from 
Shirahama sandstone and Inada granite, two rock types widely encountered in Japan. 

Laboratory Permeability Tests and Theories 

Theoretical Formulations 

Schematic diagrams summarizing initial and boundary conditions for the constant- 
head, the constant flow-rate, and the transient-pulse permeability tests are depicted in 
(Table 1). One-dimensional transient flow of a compressible fluid through a saturated 
porous and compressive medium can be described by the following Equation (1), which 
combines the principle of conservation of fluid mass in a deformable medium and 
Darcy' s law for laminar flow through a hydraulically isotropic matrix. The validity of 
applying these principles to these laboratory analyses has been theoretically verified by 
Fox and Zhu (1999). 
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Table l.Schematic diagrams, imtial andboundary conditions.[or laboratory permeability tests. 

H = hydraulic head,  L; A = cross-sectional area of  spec imen, /2 ;  z = vertical distance along the specimen, L; 
K = permeability, L/T; L = the length of  specimen, L; Z3 H = the constant-head, L; q = the constant flow rate,  L3/T; 
Q(t) = flow rate to the specimen at time t, L3/T; Ce = Storage capacity of  the flow pump sys tem, /2 ;  
t = time, T; Su, Sd = the compressive storages of  the upstream and downstream reservoirs, respectively, /2 

82H S, OH 
=0 (1) 

&2 K Ot 

where S~ is the specific storage of the specimen, L -1, and the other parameters are defined 
in (Table 1). 

A theoretical expression representing each individual permeability test can be 
obtained from the solution of Equation (1) together with the particular initial and 
boundary conditions described in Table 1. The hydraulic gradient distribution, i(z,t), 
within the specimen can be obtained by differentiating the expression for hydraulic head 
with respect to the variable z. These rigorous analytical solutions for both hydraulic head 
and hydraulic gradient are summarized in Table 2; conventional, steady-state expressions 
corresponding to each laboratory method are also listed. 

Simulations and Discussion 

The permeability of a geologic material depends upon its porosity and the 
connectivity between pores. Its specific storage is a function of the interconnected 
porosity, the bulk and matrix compressibilities, and also the compressibility of the 
saturating pore fluid. Accordingly, the hydraulic properties of geologic materials may 
vary dramatically. For example, values of permeability may range from several tens of 
cm/s for a gravel to less than 10 "n m/s for a clay or intact rock. Even for the same type of 
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geologic material, permeabilities may range over nearly three orders of magnitude 
because ofmicrostructural differences (Neuzil 1994; Nelson 1994). Compared to the 
wealth of permeability data available in the literature, reports on the specific storage of 
geologic materials are relatively scarce. Laboratory measurements of storage are 
complicated by equipment compliance or the compressive storage of reservoir tanks 
which depend upon the combined compressibilities of the equipment and the permeating 
fluid. Compliance is also a function of the applied pressure. 

In this paper, the permeability and specific storage of a hypothetical test specimen 
are assumed to be 5E-9 cm/s and 2E-7 1/cm, respectively. The e~uipment compliance for 
the constant flow-rate permeability test is assumed to be 2E-5 cm , with a flow rate of 
0. lmicroliter/min. The fluid compressibility and the reservoir volumes for the transient- 
pulse permeability test are assumed to be 1E-6 1/cm H20 and 100 cm 3, respectively. 
These values are based on estimates derived from a series of permeability tests performed 
on Inada granite to be presented later in this paper. In addition, the constant-head 
pressure is assumed to be 170 cm H20. The specimen dimensions are assumed to be 50 
mm in diameter by 100 mm in length, a standard size typically used in laboratory triaxial 
compression tests. 

With the above conditions and the expressions introduced in (Table 2), the 
particular response characteristics of each laboratory technique can be simulated and 
evaluated. For ease of comparison, all of the simulated results demonstrating the time- 
dependent changes in hydraulic head and hydraulic gradient within the specimen during a 
constant-head, a constant flow-rate and a transient-pulse test are depicted in (Table 3). 
Additional simulations may be produced by systematically changing the values of 

Table 3-Transient variations of simulated hydraulic head and hydraulic gradient within 
the specimen during laboratory permeability tests. 
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selected parameters and evaluating their effects on the responses associated with any 
individual laboratory test. This was done for the transient-pulse permeability test by 
Zhang et al (2000a). 

From the results depicted in (Table 3) as well as in (Table 2), the following general 
observations can be made: 

1. When testing low-permeability geological materials, all three laboratory 
techniques require relatively long times to approach steady or quasi-steady state 
conditions where conventional expressions (see Table 2) can be used to calculate the 
value of permeability. A series of simulations (not shown in this paper) for the hydraulic 
head distribution within the specimen show that the lower the permeability and/or the 
larger the specific storage of the specimen, the longer will be the time required to 
establish steady or quasi-steady state for each test. Transient conditions will also persist 
for a longer time if the specimen length is increased. Therefore, when testing a specimen 
having a relatively low permeability, it is advisable to use a shorter specimen having a 
larger cross-sectional area. In practice, a right cylindrical specimen with dimensions 
measuring 50 mm in diameter by 100 mm in length is typically chosen for permeability 
tests on rock, but we think that this standard size is not efficient for testing low- 
permeability materials. We suggest that new criteria be adopted for determining the 
optimum specimen size for permeability tests based upon the maximum grain size and/or 
the maximum length of microcracks in the specimen. For example, both the diameter and 
length of a test specimen should be larger than 5 to 10 times the maximum grain size 
and/or the maximum length of microcracks within the specimen. 

2. At the onset of an experiment, the increase in hydraulic head at the base of the 
specimen is gradual in the constant flow-rate permeability test and relatively abrupt in the 
other two tests. Consequently, the patterns of changes in hydraulic gradients within the 
specimen induced by the constant flow-rate test and by the other two tests are markedly 
different. During the constant flow-rate test, the gradients are established slowly across 
the entire specimen until a steady-state bound is reached that is also the maximum 
gradient. This maximum value is still comparatively small and can be controlled by the 
flow rate, q, of the pump (see expression in Table 2). In the constant-head and transient- 
pulse tests, the magnitude of the imposed hydraulic gradient can be substantial (note that 
the values of hydraulic gradient during the pulse test are normalized with respect to H). 
At early time, hydraulic gradients induced near the base of the specimen are also 
significantly greater than the final steady or quasi-steady state magnitude. Thus, from the 
perspective of subjecting a specimen to controlled hydraulic gradients similar to those 
existing in situ, the constant flow-rate test has its intrinsic advantage over the other tests. 
Relatively small differential hydraulic heads and relatively small step increases in 
pressure are recommended when conducting the constant-head and transient-pulse 
permeability tests, respectively. 

Parameter Identification Technique 

The theoretical solutions to the laboratory permeability tests are rigorous (Table 2) 
and it is difficult to determine analytically the permeability, K and the specific storage, Ss, 
of a specimen from the experimental measurements. Several investigators used graphical 
methods to quantify these parameters for a particular test (e.g., Neuzil et al. 1981, Morin 
et al. 1989), but the attendant procedures are relatively cumbersome and their accuracy is 
limited. To address this problem, we have proposed a numerical inverse method to back- 
calculate the hydraulic properties of a test specimen as well as other parameters 
associated with the experimental system, specifically, the equipment compliance, Ce, of 
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the flow-pump permeating system or the compressive storage of reservoirs used in a 
pulse test. This method is based on a parameter identification theory developed 
previously in the general context of system engineering; it has been successfully applied 
to both mechanical (Zhang and Weng 1994) and hydraulic problems (Esaki et al. 1996, 
Zhang et al. 1997, Zhang et al. 2000b) encountered in laboratory testing. The basic 
premise of the method is to back-calculate values of specific parameters by minimizing a 
properly defined error function which represents a least-squares reduction of the 
discrepancy between the measured and the theoretically calculated hydraulic differences 
across the specimen. Detailed descriptions of this Parameter Identification Technique 
and of error-function analysis are presented by Zhang et al. (2000b). 

Versatile Laboratory Permeability Test System 

Test Apparatus 

A newly-developed experimental system for measuring the permeability of rocks in 
the laboratory is shown in (Figure 1). It consists primarily of a pressure vessel for 
hydrostatic testing, three syringe pumps with a controlling unit, a data logger and 
personal computer (PC) connected to several sensors (a differential-pressure transducer 
(DPT) and thermocouples) for data acquisition and monitoring, the necessary plumbing 
(valves and stainless-steel tubing), and ancillary reservoirs and heat insulated chambers. 

The pressure vessel can support hydrostatic pressures up to 100MPa and can 
accommodate a right cylindrical specimen with a diameter ranging from 3 to 12 cm and a 
length from 1 to 16 cm through the use of adjustable end caps. The syringe pumps have a 
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Figure 1-Schematic of the versatile laboratory permeability test system for rocks. 
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volumetric capacity of 103 mL, can support hydrostatic pressures up to 69MPa, and can 
generate the same pore and confining pressures. They can deliver and monitor a constant 
flow of permeating fluid at rates from 25 mL/min to 0.01 microliter/min (about one 
thousand times lower than the resolution of common fluid-volume measurement devices) 
with an accuracy of+/- 3%. These devices can also produce and monitor a constant 
pressure with a resolution of 1 psi (6.9kPa). All three pumps can be manipulated by the 
same controlling unit. A high-linearity DPT is used to monitor the induced hydraulic 
head difference across the entire length of the specimen during a permeability test and 
sensitive pressure transducers built into the syringe-pump cylinders are used to monitor 
the pore and conf'ming pressures. The computer-based data-acquisition and monitoring 
system records all of the physical parameters at any specified time interval during the test. 
Run by a specially developed software package, the system can simultaneously display 
the measured parameters graphically and/or digitally to facilitate real-time evaluation of a 
test in progress. A detailed description of the system components as well as their 
technical features is provided by Zhang et al. (2000b). 

Procedures f o r  Individual Permeabili ty Tests 

Test Preparation Procedure - The specimen is loaded into the pressure vessel and 
the confining pressure is slowly increased up to a desired level and subsequently 
maintained constant with syringe pump C. The specimen and permeating system are then 
thoroughly evacuated through the evacuating port and saturated with pure water. The 
fluid volumes in syringe pumps A and B are adjusted to the appropriate size for testing. 
At this stage, the pore pressure is slowly increased up to a desired level and maintained 
constant by means of syringe pump A (syringe pump B is stopped). The variations in the 
temperatures of the heat-insulated chambers and in the flow rate of syringe pump A are 
monitored and the actual permeability tests are started only when fluctuations remain 
negligible for more than 2 hours. 

Constant-HeadPermeabil i ty  Test - One of the bypass valves is slowly closed and 
syringe pump A is stopped. If the differential pressure induced by closing this valve is 
relatively large, another bypass valve is adjusted to return the differential pressure to 
approximately zero. A constant differential hydraulic head across the specimen is then 
applied by setting syringe pumps A and B to constant but different pressure levels; values 
of this differential head are continuously monitored by the DPT. The permeability of the 
specimen is calculated by means of the recorded volume changes in the syringe pump 
cylinders over a certain time span when flow was known to be steady (see examples in 
this section). 

This improved constant-head permeability test has the following advantages over a 
conventional constant-head test: 1) The specimen can be tested under relatively high 
confining and pore pressures; 2) the permeating system is closed so that errors due to 
evaporation are eliminated in measurements of flow rate; and 3) the fluid volumes in the 
syringe pump cylinders can be measured with a higher precision compared to commonly 
used fluid-volume measurement devices. Consequently, the time required for testing a 
low-permeability specimen can be significantly reduced. 

Constant Flow-Rate Permeabili ty Test - This test is performed by injecting a small, 
constant flow-rate into the base of the specimen using syringe pump A. Syringe pump B 
is stopped and a large-volume (1000 mL) reservoir is connected to the downstream end of 
the specimen to dampen any pressure fluctuations. The permeability and specific storage 
are calculated from the time-dependent variations of differential hydraulic head across the 
specimen by means of the Parameter-Identification Technique (Esaki et al. 1996, Zhang 
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et al. 1997). The value of permeability can also be determined analytically once 
conditions have reached steady state (Olsen 1966, Olsen et al. 1988). 

Transient-Pulse Permeability Test - Syringe pumps A and B are stopped and used as- 
upstream and downstream reservoirs, respectively. A small pressure pulse is then applied 
to the upstream reservoir with the valve typically used for applying pressure steps. The 
permeability and specific storage are calculated from the recorded pulse decay across the 
specimen, again by means of the Parameter-Identification Technique (Zhang et al. 2000b). 
The advantages of using high-pressure syringe pumps as fluid reservoirs for this pulse 
test are discussed by Zhang et al. (2000b). 

Application of the New Laboratory System 

Test Specimen 

Two types of rock commonly available in Japan were used for the experiments. 
Shirahama sandstone (with grain size of about 0. lmm) and Inada granite (with grain size 
of about 2 to 4 mm) were chosen as typical examples of sedimentary and igneous rocks, 
respectively. 

In general, sedimentary rocks have anisotropic properties known to vary relative to 
bedding orientations (Morin et al. 1997). Also, granite contains many small defects 
which are preferentially oriented along three mutually perpendicular planes, defined as 
Rife Plane, Grain Plane and Hardway Plane (Osborne 1935). To investigate the effects of 
heterogeneity on rock permeability, specimens were cored parallel to and perpendicular 
to bedding for sandstone, and in the directions perpendicular to Rift, Grain and Hardway 
Planes for granite, as shown in Figures 2a and b, respectively. Based upon the 
observations listed in the previous section, we used disc-shaped cylindrical specimens 
(see dimensions shown in Figure 2) to reduce the time required for a test. 

Testing Strategies 

In order to evaluate the capabilities of this innovative laboratory system and to 
cross-check the results obtained from the three complementary test methods, a sandstone 
specimen cored perpendicular to bedding (named SVS) and a granite specimen cored 
perpendicular to the Hardway Plane (named GIIL) were tested under a series of confining 
and pore pressure conditions shown in (Table 4). To investigate the effects of confining 
pressure and rock heterogeneity on hydraulic properties, a series of permeability tests was 
performed on specimens cored in different orientations for both sandstone and granite. 
The confining pressure was increased stepwise up to 60 MPa and a transient-pulse test 
was conducted at each step. 

Results 

Figures 3a and 4a show the laboratory data generated during the constant-head 
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Figure 2-Specimens cored parallel to and perpendicular to bedding for sandstone, and specimens 
cored perpendicular to Rift Grain and Hardway Planes ft~r granite. 

Table 4-Conditions for cross-check permeability tests on Shirahama sandstone and lnada granite. 

Shirahama sandstone Inada granite 

Confining Pore Other 
Confining Pore Other Test No, pressure pressure conditions* Test No. pressure pressure conditions* 
(MPa) (MPa) (MPa) (MPa) 

SVS21CH 2 9 . 1  GHL1.5CH 29.4 
SVS21FP 2 1 0.005 GHL1.5FP 1 0.5 0.002 
SVS21TP 68.4 GHL1.5TP 34.9 

SVS41CH 38.5 GHL21CH 42.7 
SVS41FP 4 1 0.002 GHL21FP 2 1 0.0005 
SVS41TP 65.6 GHL21TP 36.4 

SVSI01CH 31.7 GHIA2CH 47.5 
SVS101FP 10 1 0 , 0 0 1  GHLA2FP 4 2 0.0005 
SVSI01TP 82.9 GHL42TP 113.3 

SVS105CH 10 5 44.3 GI-IL102FP 10 2 0.0003 
SVS105TP 65.8 GHL102TP 141.8 

SVS2010CH 20 10 32.5 GHL202FP 20 2 0.0003 
SVS2010TP 61.4 GHI.202TP 89.12 

SVS3015CH 30 15 20.9 GHL302FP 30 2 0.0002 
SVS3015TP 56.5 GHI.302TP 117.7 

SVS4020CH 40 20 31.4 
SVS4020TP 76,2 

*Other conditions illustrate the hydraulic head in cmH20, the constant flow-rate in em3/min and the 
step increase in pressure in emH20 (lcmH20=98,1Pa) for the constant-head, the constant flow-rate 
and the Wansient-pulse tests, respectively. 

permeability tests for Shirahama sandstone and Inada granite, respectively. Each curve 
illustrates the variations in differential hydraulic head across the specimen as a function 
of  time; after a certain period of  time, this head difference approaches a quasi-steady state. 
The changes in fluid volumes in both the upstream (inflow) and downslream (outflow) 
reservoirs are measured over a certain time span (solid horizontal line). As can be 
observed from the curves, all o f  the tests were performed under hydraulic gradients less 
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Figure 3-Examples of the results obtained from the Figure 4-Examples of the results obtained from the 
cross-check testing on Shirahama sandstone, cross-check testing on lnada granite. 

than 20. Permeability estimates are derived from inflow and outflow rates (changes in 
fluid volumes divided by the time period) using the expression for steady-state flow (see 
Table 2). These values and their averages are listed in (Table 5). 

Figures 3b and 4b show examples of the results obtained from constant flow-rate 
permeability tests for Shirahama sandstone and Inada granite, respectively. These curves 
illustrate the time-dependent rise in differential hydraulic head across the specimen 
induced by an externally imposed constant flow-rate from the syringe pump. The 
permeability and specific storage of each specimen are calculated from the data obtained 
over the whole-test and the half-test times by means of the Parameter-Identification 
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Table 5-Results obtained from the cross-check tests on Shirahama sandstone and Inada granite. 

Test No. 

SVS21 
o SVS41 

~ SVS101 

SVS105 
~ VS2010 
-~ SVS3015 

SVS4020 

GI-IL1.5 o 
GHL21 
GHI.A2 

~ GHL102 
.~ GHL202 

GHL302 

Constant-head (CH) 

Ki Ko Kave.Time 

0.86 0.85 0.86 540 
0.44 0.48 0.46 1 440 

0.39 0.39 0.39 1 020 
0.42 0.40 0.41 1 920 
0.38 0.39 0.39 1 860 

0.36 0.38 0.37 2 580 

0.33 0.35 0.34 1 920 

3.06 4.29 3.68 3 240 
4.14 3.10 3.62 5775 
3.51 3.28 3.40 5788 

Constant-flow rate (FP) 

Kh Kw Ks Ssh SSw Time 

1.04 1.04 1.04 1.40 1.41 510 
0.51 0.51 0.51 2.51 2.62 1 930 

0.40 0.43 0.43 2.76 2.62 1 580 

Transient-pulse (TP) 

K Ss Time 

3.69 0.0059* 72 
1.51 0.0999* 140 

1.32 0.0070* 170 
1.43 0.0993* 176 
1.37 0.0697* 170 

1.32 0.0200* 165 
1.22 0.1860" 175 

5.91 29.4 792 
6.61 7.07 470 
7.12 4.92 940 

5.13 5.53 1 040 
3.09 16.90 1 428 

2.13 10.20 2 070 

4.57 4.51 4.53 7.00 4.85 2970 
4.28 4.77 4.85 36.0 61.3 1 980 
3.88 4.10 4.11 19.7 12.1 2790 
2.23 2.40 2.43 60.0 40.3 5280 

1.71 1.76 1.75 30.8 23.7 6360 
0.81 0.87 0.91 19.6 12.8 7680 

Units of K for sandstone and granite are ( • 10 -7 cm/s) and ( • 10 -9 cm/s), res r Units of Ss 
for sandstone and granite are ( •  10 -6 1/cm) and ( • 10 -8 1/cm), respectively; Unit for the time is 
second; Ki and Ko indicate the values of K obtained from the inflow and outflow fluid volumes, 
respectively; Subscripts h, w and s for the FP tests mean the estimations from the half-time, whole- 
time and steady-state experimental data, respectively; All the values of K are converted at the 
temperature of 15 ~ 

Technique (Zhang et al. 1997) and these are tabulated in (Table 5). Permeability values 
derived from only the steady-state measurements are also listed. 

Figures 3c and 4c depict the decay of the normalized differential hydraulic head 
across the entire length of the specimen generated during transient-pulse permeability 
tests on Shirahama sandstone and Inada granite, respectively. The permeability and 
specific storage of each specimen are calculated from these response curves by means of 
the Parameter-Identification Technique and are tabulated in (Table 5). For comparison 
with these laboratory data, simulated curves developed from the constant flow-rate and 
the transient-pulse permeability tests are also shown in the above figures. These 
simulated curves were produced by substituting the back-calculated values of associated 
parameters into the expression (Table 2) for each individual test. Finally, the effects of 
confining pressure and specimen heterogeneity on the hydraulic properties of Shirahama 
sandstone and Inada granite are illustrated in (Figures 5a and b), respectively. 

Discussion 

The simulated curves representing both the constant flow-rate and the transient- 
pulse tests are in close agreement with the experimental data (Figures 3, 4b and c). These 
results demonstrate the accuracy of the rigorous theoretical analyses for individual tests. 
Although the permeability values obtained from the three different permeability tests are 
on the same order, there is some notable variability among tests, particularly in the case 
of sandstone (Table 5). These differences may reflect the errors arising from measuring 
substantial changes in hydraulic pressure at very early times during the pulse test They 
may also be related to very small plumbing leaks or slight temperature variations that 
may affect long-term test response. The test durations for the constant-head and the 
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constant flow-rate tests are roughly the same and so are the resulting permeability values 
(Table 5). Since a "real" or "reference" value for permeability is unknown, we cannot 
assess which technique is the best. However, this comparison among techniques does 
increase our confidence in our ability to test low-permeability specimens and achieve 
consistent results. The agreement among test results was better for the granite specimen, 
which is the sample with the lower permeability. 

The values of  specific storage obtained from the constant flow-rate and transient- 
pulse tests for granite vary over an order of magnitude (Table 5). However, estimates of 
specific storage for sandstone derived from the pulse tests are extremely low and 
unrealistic. The reasons why such low experimental values are obtained for this 
specimen are discussed by Zhang et al. (2000b). 

The values for both the permeability and the specific storage back-calculated from 
the half-time experimental data are in close agreement with those back-calculated from 
the whole-time experimental data (Table 5, middle column). These permeability values 
are also similar to those calculated from the steady-state measurements. Thus, results 
indicate that using the Parameter-Identification Technique based on rigorous theoretical 
analysis not only reduces the time required for testing low-permeability specimens, but 
also permits the specific storage to be determined as well. 

Under the test conditions summarized in (Figure 5), the permeability and specific 
storage of Shirahama sandstone ranged from 8.3E-7 to 1.2E-7 cm/s and from 1.3E-6 to 
1.2E-7 1/cm, respectively. Likewise, the permeability and specific storage oflnada 
granite ranged from 1.9E-8 to 0.7E-10 cm/s and from 2.5E-7 to 8.3E-9 1/cm, respectively. 
In general, the permeabilities of both rock types decreased monotonically with increasing 
confining pressure, but the rate of this decrease diminished at higher confining pressures. 
This reduction in permeability is attributed to the closure of microcracks at low confining 
pressure that control fluid flow (Walsh and Brace 1984). The variation in specific storage 
for both rocks displayed no systematic pattern or trend as a function of increasing 
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confining pressures. This variability may be due to a cyclical generation and closure of 
secondary microcracks that are formed between grains and perpendicular to the 
contacting surface during hydrostatic crushing (Zhang et al. 1990; Berge and Berryman 
1995). 

The permeabilities of the specimens cored perpendicular and parallel to bedding for 
sandstone are almost the same (Figure 5a). This implies that Shirahama sandstone is 
relatively isotropic in a hydraulic sense. For the granite specimen, changes in 
permeability perpendicular to the Rift Plane are larger than those perpendicular to the 
Grain and Hardway Planes (Figure 5b). Thus, the hydraulic properties of this rock type 
are affected by its physical and mechanical heterogeneities. 

Summary and Conclusions 

The accurate hydraulic characterization of low-permeability environments has 
important practical implications. In order to examine this issue from the perspective of 
laboratory-based investigations, we review some recent advancements in theoretical 
analyses associated with three laboratory techniques applied to low-permeability geologic 
materials: constant-head, constant flow-rate and transient-pulse permeability tests. A 
versatile laboratory system is then introduced that can implement any of these three test 
methods while subjecting a specimen to high confming pressures and pore pressures, 
thereby simulating in s i tu  conditions at great depths. The capabilities and advantages of 
this new system are illustrated with experimental data from Shirahama sandstone and 
Inada granite, two rock types widely encountered in Japan. Primary conclusions drawn 
from this present study are as follows. 

1. To reduce the time required to satisfactorily measure low permeability, it is 
advisable to use a shorter specimen having a larger cross-sectional area, i.e., a disk- 
shaped specimen. Physical characteristics related to maximum grain size and/or the 
maximum length of microcracks in a specimen should be incorporated into developing a 
new standard for determining optimum specimen dimensions when testing low- 
permeability geological materials. 

2. The rigorous theoretical analysis of the transient-phase data obtained during a 
constant flow-rate test permits the test duration to be significantly shortened without 
sacrificing accuracy in estimating both the permeability and the specific storage of a test 
specimen. 

3. The permeabilities derived from the three complementary laboratory methods 
and the specific storages obtained from the constant flow-rate and transient-pulse tests are 
in general agreement. The consistency of these results illustrates the effectiveness and 
versatility of this innovative laboratory system for testing low-permeability geologic 
materials. 

4. The permeabilities of Shirahama sandstone and Inada granite range from about 
8.3E-7 to 1.2E-7 cm/s and from 1.9E-8 to 0.7E-10 era/s, respectively. Both the 
permeability and the specific storage of either specimen are found to vary with confining 
pressure; permeability decreases monotonically with increasing stress, whereas specific 
storage varies circularly. Inada granite in particular appears to exhibit hydraulic 
anisotropy and demonstrates significant changes in permeability perpendicular to the Rift 
Plane. 
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Abstract: Field infiltration tests are commonly used to assess the hydraulic conductivity 
of low permeability materials such as natural clay barriers and compacted clay liners. The 
soils used for compacted clay liners are always partially saturated and require very long 
testing times to reach steady-state flow conditions. Consequently, because they are less 
time consuming, laboratory tests are usually preferred for construction quality control. 
Nevertheless, it is well-known that field tests are more representative of the clay liner 
because of the scale effect. This is why, since the 1980s, the main issues associated with 
field procedures have been studied and several methods proposed for testing low- 
permeability materials within short time periods. The proposed methods are based on 
early-time flow analysis in unsaturated conditions and have been applied to various 
compacted soils under field and laboratory conditions. To evaluate these methods, we 
carried out a comprehensive testing program using a hydraulic field infiltrometer method 
(sealed single-ring infiltrometer) and a laboratory rigid-wall permeameter method that 
reproduces surface field test conditions. The laboratory tests were continued until 
saturated hydraulic conductivity was obtained so that this value could be compared 
against the hydraulic conductivity estimated from early-time analysis on the same 
specimen. The obtained results show the influence of (a) the initial moisture content, (b) 
the sorptivity and hydraulic head on the early-time infiltration rate, and (c) the final 
estimated hydraulic conductivity. A comparison of analysis methods shows the 
limitations of some and tries to explain the reasons for such inadequacies in the 
description of early-time unsaturated flows. Nevertheless, the conclusions of our study 
show that conventional early-time analyses give a good estimation of  saturated hydraulic 
conductivity within a short time period compatible with construction quality-control 
procedures. 
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Introduction 

Permeability tests are not often interpreted under unsaturated conditions. They are 
generally continued until steady-state conditions are reached, following which Darcy's 
law is applied assuming that the water potential at the wetting front is at atmospheric 
pressure (Olson and Daniel 1981, Purdy and Ramey 1995). The hydraulic conductivity in 
the vertical direction ~, is then expressed by the following equation: 

h+ zw v = / ~ - ~  (1) Zw 
where v is the infiltration rate, zw is the thickness of the saturated profile and h is the 
hydraulic head at the soil surface. 

The conventional interpretation of tests on low-permeability materials is based on the 
value of zw determined at the end of the test. Here Darcy's law is applied by computing 
the steady-state infiltration rate with the hydraulic gradient. As the moisture profile in the 
soil generally shows an increase in moisture content in the topmost centimeters of the 
flow zone, zw is determined in practice by sampling and determining the moisture content 
0 at various depths of the topmost centimeters of the soil (Figure 1 a). The Green and 
Ampt (1911) model, assuming the profile to have a perfect piston shape (Figure lb), can 
also estimate zw. In reality, the shape of the profile shows that the distribution of the 
wetting front is not a perfect piston shape because it includes a diffusion term 
characterizing the capillary flow. A transmission zone and a moistening zone fed by 
capillarity can be observed between the initial moisture content of the soil, 0~, and the 
saturation moisture content, O~t. The separation of these two zones is determined 
formally to the inflection point depth of the profile, which is zw. 

f .... 

dep 

Moisture content, 0 
Oi O~t 

/ 
(a) 

Zw 

d~ )th 

Moisture content, 0 
Oi O~t 

t r a n s m ~  

/ L___. ~ pisto~ >> shape 
~ (Green and ~Lmpt, 1911) 

k__ EXP;rriofilental 

(b) 

r 

Figure 1 - (a) Experimental saturation profile determined from actual moisture content, 
and (b) zw estimated using the Green and Ampt (1911) model. 

The hydraulic conductivity, k, is determined at time t when the infiltration rate is v(t) 
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in a saturated profile of  thickness equal to zw(t), supposing that the pressure of  the water is 
equal to the atmospheric pressure at the wetting front and the flow is vertical. Equation 2 
describes this condition. 

k =  z~(t) v( t )  (2) 
h + zw(t) 

Here, for a given hydraulic head, h, we can calculate the hydraulic conductivity at any 
time t by computing the hydraulic head to the saturated thickness. We determine the 
hydraulic conductivity from (a) the infiltration rate at the end of the test, and (b) the 
wetting front deduced from the analysis. The results are generally satisfactory, but if  the 
soil is initially very far from saturation, they slightly overestimate the hydraulic 
conductivity because suction at the wetting front is not considered. Consideration of the 
actual suction at the wetting front, hf, leads to the more general relationship of Green and 
Ampt (1911): 

k - z ~ ( t )  �9 v ( t )  (3) 
h - hf + zw(t) 

Here the hydraulic conductivity is calculated assuming that the wetting front 
progressing through the soil is a plane separating a nearly saturated transmission zone 
located between the soil surface and this plane, and a zone where the soil retains its initial 
degree of  moisture content. The suction at the wetting front, hf, is assumed to be constant 
throughout the infiltration. The applied hydraulic head, h, is constant and referenced to 
the soil surface. 

Determining the infiltration rate, the saturation profile, and the suction hf at the wetting 
front in this equation is difficult. In this paper, we present the main available methods for 
estimating the parameters of  Equation 3 (Philip 1969, Green and Ampt 1911, Cazaux 
1998). We compare the obtained hydraulic conductivity values, estimate hydraulic 
conductivity by analytical methods in unsaturated conditions (Fallow et al. 1994, Elrick 
and Reynolds, 1992) and compare them to the conventional methods. Our testing 
program was carried out in both the laboratory and the field on several soils used for 
hydraulic barrier construction. The soils were tested in the field with ring infiltrometers 
and in the laboratory with a rigid-wall permeameter and an oedo-permeameter. 

Test Procedure 

Hydraulic Conductivity Measurement in the Field 

The field tests in our program were realized with a sealed single-ring infiltrometer 
(SSRI) of  200-mm diameter. The laboratory tests were realized with a rigid-wall 
permeameter and an oedo-permeameter, both of  101,6-mm diameter (4 inches), which 
reproduce the conditions of  the field surface test with infiltrometers. 

Sealed-Ring Infiltrometers - The single- or double-ring infiltrometer method is based 
on measuring infiltration rate under a given constant hydraulic head. In the case of  the 
double ring, the outer ring allows vertical flow in the inner ring. Application of the 
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hydraulic head and monitoring o f  the infiltration is done through a pressure volume 
controller (PVC). The infiltrometer, with one or two concentric rings closed by a lid, is 
pushed into the soil and filled with water (Figure 2). Several PVC types can be used for 
applying the hydraulic head, such as Mariotte bottle, pressurized reservoir, piston syringe, 
or horizontal capillary. A confining system can be used to apply a normal load to the soil 
surface. 

Figure 2 - Diagram of the sealed single-ring infiltrometer (SSR1) used in this program (a) 
and of a sealed double-ring infiltrometer (b). 

Hydraulic Conductivity Measurement in the Laboratory 

Rigid-Wall Permeameter (RWP)- The RWP isolates a soil specimen between two 
porous stones embedded in caps and enables the test to be realized at constant volume; it 
keeps the specimen from swelling. The RWP can only be used for fine-grained soils with 
a low swelling potential. Being side and surface confining, the test conditions are close to 
those applied in situ. 

Oedo-Permeameter (ODP) - With the ODP the soil specimen is placed between two 
porous stones. The top o f  the cell consists of  a piston that allows vertical swelling of  the 
specimen, as well as the application o f  normal stress to the specimen. Monitoring o f  
infiltration and swelling can be done simultaneously. The ODP reproduces the conditions 
of  field tests made without confinement o f  the soil surface. 

Soil Characteristics 

Four soil types were tested in our program: 
Silt A (SA) - a very homogeneous low-plasticity silt that gives a good reproducibility 

o f  laboratory hydraulic conductivity tests. All the tests made on this soil were performed 
in the laboratory on compacted specimens in the RWP mould according to the Standard 
Proctor procedure. 

Silt B (SB) - a plastic silt with clayey nodules, approximately one centimeter in 
diameter. Laboratory tests made on this soil were performed on compacted specimens 
(Standard Proctor procedure) in the RWP mould, and a few field tests were made with the 
SSRI. In the field, the clay liner was built up in three layers o f  30 cm each, compacted 
with a sheep-foot roller. 

Sand Bentonite Mixture (SBM) - a fine-grained silty sand treated with 4% bentonite. 
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Laboratory tests made on this soil were performed on compacted specimens in the RWP 
and ODP moulds (Standard Proctor procedure); field tests were made with the SSRI. In 
the field, the liner was built with a fine factory-treated sand with 5% of  Na-activated 
bentonite. The liner is made of  two 50-cm layers, compacted with a heavy vibrating 
roller. 

Clay (C) - a very plastic black silty clay. Tests made on this soil were performed in the 
laboratory on compacted specimens in the RWP mould (Standard Proctor procedure). 

The characteristics o f  these soils, whose densities are o f  the order of  95-97% of  the 
Proctor optimum value, are summarized in Table 1. Grain-size distributions o f  the four 
soils are resumed in Figure 3. The physical characteristics of  each test, as well as the 
hydraulic head applied during infiltration, are summarized in Table 2. The initial soil 
saturation /tO (difference between saturated volumetric moisture content and initial 
volumetric moisture content, i.e. 0s,,- a) for the tests ranged between 40 and 95%. In 
addition, various hydraulic head values (from 10 and 150 cm) were applied to evaluate 
the influence o f  the initial saturation on the estimation o f  the saturated hydraulic 
conductivity. 

Table 1 - Soil characteristics. 
SA SB C SBM 

Methylene blue value (g/100g) 

Initial volumetric moisture content 0, (%) 

Optimum moisture content, 0oer (%) 
Dry density, ~ (kN/m 3) 

Optimum Proctor dry density, ~OPN (kN/m 3) 
Atterberg Liquidity limit, WL 
Atterberg Plasticity Index, le 

28.2 

17.3 
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Figure 3 - Grain-size distribution of the tested soils (sand only for SBM) 
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Table 2 - Test parameters for compacted (suffix R) and intact (I) specimens. 

Test 0 ~'d AO h (cm) Test 0 ~'d dO h 
(%) (kN/m 3) (%) (%) (kN/m a) (%) (cnl) 

SA IR 15.1 15.9 24.9 50 SB 91 32.2 16.7 4.8 135 

SA2R 15.3 15.9 24.7 100 SB 10I 34.1 16.9 2.1 47 

SA3R 10.4 16.2 24.4 150 SB I l l  18.2 16.8 6.0 20 

SA4R 16.8 17.1 15.8 30 SB 12I 30.6 16.5 3.9 10 

C 1R 32.5 17.2 2.6 100 SBM IR 19.5 18.6 10.3 50 

C 2I 32,4 15.8 8.0 30 SBM 2R 19.7 18.8 9.3 10 

SB IR 22,0 16.4 2.0 10 SBM 3I 23.8 17.0 12.0 130 

SB 2R 36.1 16.6 0.6 10 SBM 4I 23.4 17.6 10,2 140 

SB 31 33.2 16.2 5.7 l0 SBM 51 22.5 17.3 12.2 140 

SB 41 31.8 16.2 7.1 40 SBM 61 23.8 17 12.0 30 

SB 51 33.1 16.7 3.9 140 SBM 71 22.6 17.1 12.9 120 

SB 6I 32.3 16.0 7.3 135 SBM 81 25.0 17.5 8.9 120 

SB 7I 32.2 16.1 7.0 60 SBM 91 24.3 17.1 11.2 130 

SB 8I 32.1 16.3 6.4 30 SBM 101 23.7 17.2 11.4 10 

Determination of Steady-State Infiltration Rate 

Conventional Determination 

A very long time is necessary to approach the exact value of the steady-state 
infiltration rate during an infiltration test, and theoretically it is not possible. The 
boundary conditions are those of a semi-infinite medium and the hydraulic gradient tends 
to 1. To achieve a pseudo-steady state requires several weeks in the case of  low-saturation 
and low permeability soils (of the order of  1.10 "l~ m/s). Bentoumi (1995) showed that the 
variation in infiltration rate for hydraulic gradients higher than 10 becomes low at the 
assumed onset of  steady-state conditions. The steady-state infiltration rate, Vss, is 
determined graphically from the slope of the linear portion of  the infiltration curve versus 
time. Figure 4 shows the typical evolution of  the infiltration rate with two stages: a 
'transient state' during which the infiltration rate decreases rapidly versus time, and a 
'steady state' during which the infiltration rate decreases slowly as the wetting front 
deepens (Philip, 1969). 

Low hydraulic heads (lower than 30 cm) are applied for tests performed with open-ring 
infiltrometers and for hydraulic conductivities higher than 1.10 .9 m/s. With sealed 
infiltrometers, infiltration rate can be accelerated by applying higher hydraulic heads (50 
to 200 cm) (Philip 1969, Bentoumi 1995, Groenevelt et al 1996). The 'transient state' 
phase reveals a gravitational force and a more-or-less important suction force when the 
test is made on an initially unsaturated material. The limit between these two states is 
called critical time, tcr, which is the moment at which the 'transient state' gradually 
becomes steady (Philip 1969, Groenevelt et al. I996). 
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Figure 4 - Typical relationship of  cumulative infiltrated volume (V) and infiltration rate 
(v) versus time for an initially unsaturated soil. 

Philip's Model 

Philip (1957) describes infiltration rate during the 'transient phase' as 

v= Sh +A 
2 - ~  (4) 

where Sh is the sorptivity for hydraulic head, h, and A, a parameter close to the hydraulic 
conductivity (among k/2 and 2.1#3). 

Bentoumi (1995) showed in several tests that the hypothesis of the A parameter being 
among k/2 and 2.k/3 is rarely verified experimentally. Using compacted SA soil with 
various initial moisture contents, he showed that the A to k ratio varies between 3 and 40. 
Parameter A seems to be dependent on the hydraulic head and is close to the state-steady 
infiltration rate, vss, for a given hydraulic head. By introducing hydraulic conductivity 
into the term A and considering it to be equal to 2.A, Groenevelt et al. (1996) propose the 
equation 

Sh k 
v = 2---4747 + 3 (5) 

S~ can be expressed from the White and Perroux (1987) equation 

(6) 

where b is a empirical parameter equal to 0.5 and q~m, the matric potential at the wetting 
front. 

The method of determining Sh and .4 consists in plotting the infiltration in a (I/t m, t m) 
graph and using linear regression to determine (a) the slope equal to .4, and (b) the Y-axis 
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intercept point Sh. In some cases the plot does not give a straight line whereupon Sh can 
be determined by linear regression in a I versus t I/2 plot. Figure 5a presents a typical 
evolution of  infiltration rate versus t, and Figure 5b shows the evolution of  the same data 
versus t a/2. The curve decreases first in a linear pattern according to Philip's model, and 
then more slowly until it reaches a constant value equal to 'steady state' infiltration rate, 
vss. The intersection of  these two lines occurs at the critical time tc, (Groenevelt et al 
1996). 

(a) 

t 

o 

0 

! 

(b) / 

Steady 1 state 
s t a t e  I 

tcrl/2 t't/z 

Figure 5 - Determination o f  critical time (t~,) and stead- state infiltration rate (vss) (after 
Groenevelt et al 1996). 

In the plot versus fi/2, the state steady vss is estimated by linear extrapolation of  the 
state-steady line on the Y-axis; this value has no theoretical meaning because it decreases 
constantly to reach the value of  the hydraulic conductivity (hypothesis of  the semi-infinite 
medium). The method allows easy determination of  the limit between the 'transient' and 
'steady' states, but does not always enable easy estimation of  the steady-state infiltration 
rate, vss. Moreover, for hydraulic conductivities lower than 1.10-gm/s, the decrease of  the 
infiltration rate beyond to, is not linear versus the square root o f  time and does not allow 
an accurate linear extrapolation. 

Hyperbolic Law 

The steady-state infiltration rate, vss, can also be determined by a hyperbolic law for a 
given hydraulic gradient during the tTansient phase. The tests realized on soils with 
different hydraulic heads and initial degrees of  saturation show that the evolution of  the 
infiltration rate can be described by a hyperbolic law from the first moments of  the test. 
The relationship between infiltration rate and time with this method is postulated to adjust 
the hyperbolic curve given by the following equation 

a 
v = - - + w  (7) 

t 



CAZAUX ON HEAD INFILTRATION TEST ANALYSIS 109 

where a i s  the model slope factor. At the infinite time 

lim(~+ vss )= v ,  (8) 

Equation 7 is that o f  a straight line in the graph (v,1/t), and Equation 8 shows that the 
steady-state infiltration rate is given for a infinite time. Consequently, vss corresponds to 
the Y-axis intercept o f  the straight line of  slope 0r The infiltration rate at time t can be 
easily determined by Equation 7. Experience has shown that, in most cases, the first 
infiltration-rate values will be highly variable (Cazaux 1998) due to the very short period 
(a few minutes) when the infiltrated volumes are not recorded during the setting of  the 
apparatus. Therefore one or several first abnormal points must be systematically deleted 
when applying this model. Figure 6a shows the SB 1R test data for Philip's model and the 
hyperbolic law. The infiltration rate versus the opposite of  the square root o f  time shows 
that Philip's model fits on the first points, but that after about five hours, the infiltration 
rate drops out of  the model and decreases gradually versus time. In this case, the steady- 
state infiltration rate is difficult to determine. Figure 6b plots the same infiltration-rate 
values but versus the opposite of  time; here the hyperbolic law is linear from the first 
points and the linear regression can be made before the first five hours, enabling good 
accuracy in evaluating the infiltration rate. The steady-state infiltration rate computed by 
hyperbolic law is noted as vhyp that is the infiltration rate determined by the Y-axis 
intercept o f  the regression made on the early-time test data. 
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Figure 6 - Plot of the infiltration rate for test SB 1R using Philip's model (a) and the 
hyperbolic law (b). 
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Comments 

For each test, we determined vss with all the methods described above. We also 
determined (a) the initial infiltration rate corresponding to the first moments of  the test, 
noted v~j, (b) the infiltration rate after 24 hours infiltration, corresponding to the time of  a 
field test and noted v:4, (c) the saturation infiltration rate corresponding to the linear 
regression of  the infiltration curve versus time at the end of  test and noted v~, (Figure 7), 
(d) the parameters of  Philip's model, which are the sorptivity Sh and parameter A, and (e) 
the infiltration rate obtained with the hyperbolic law, vhyp. Table 3 gives the results for all 
the tests, along with the testing times to obtain the final infiltration rate vf,~ and the 
hyperbolic rate v~vp. 

ID 

End o f  test 

T~24 

24 h Time 

Vfm 

Figure 7 - Graphical determination o f  infiltration rate at the beginning o f  the test v~.~ 
after 24 hours testing v:~, and at the end o f  test vj~,~ 

The results show that, for all the tests, the ratio between the initial infiltration rate and 
the infiltration rate after 24 hours is between 1 and 10, as is the ratio between the final 
infiltration rate and the rate after 24 hours (Figure 8). This ratio is influenced by the initial 
soil saturation, d0, and the hydraulic head, h; the morn saturated the soil and the higher 
the hydraulic head, the lower this ratio, as illustrated by Figure 9. Figure 10 compares the 
infiltration rate estimated from the hyperbolic model vAyp with that estimated after 24 
hours v24 and that at the end of  test vfi,. The ratio between vhyp and v24 is between 1 and 
10, which is comparable with that obtained initially for all the tests. It is also seen that 
Vhyp gives a good estimation of  the final infiltration rate. Comparing the times for 
determining the final infiltration rate vfi, shows the interest o f  the hyperbolic 
extrapolation; apart from test C 1R, for which the measurement of  the volumes was not 
made within the first hours of  infiltration, this can be done within 24 hours. The average 
time for estimating V~p is 10 to 15 times lower than that needed for determining v~,. 

The hypothesis concerning parameter A of  Philip's model tends to be verified, as 
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s h o w n  b y  F i g u r e  11 i n  w h i c h  p a r a m e t e r  A i s  p l o t t e d  a g a i n s t  t h e  i n f i l t r a t i o n  r a t e  e s t i m a t e d  

f r o m  t h e  h y p e r b o l i c  l a w  vhyp a n d  f i n a l  t e s t  d a t a  van. C o n s i d e r i n g  t h e s e  o b s e r v a t i o n s ,  w e  

n o t e  t h a t  t h e  e v o l u t i o n  o f  t h e  i n f i l t r a t i o n  r a t e  i s  a f u n c t i o n  o f  ( a )  t h e  i n i t i a l  d e g r e e  o f  s o i l  

s a t u r a t i o n  a n d  Co) t h e  a p p l i e d  h y d r a u l i c  h e a d  - - - - ~ e  m o r e  s a t u r a t e d  t h e  s o i l  a n d  t h e  h i g h e r  

t h e  h y d r a u l i c  h e a d ,  t h e  m o r e  r a p i d l y  s t e a d y - s t a t e  c o n d i t i o n s  a r e  r e a c h e d .  A g o o d  

e s t i m a t i o n  o f  Vss c a n  b e  o b t a i n e d  b o t h  b y  p a r a m e t e r  A o f  t h e  P h i l i p ' s  m o d e l ,  a n d  b y  t h e  

h y p e r b o l i c  m e t h o d ,  a l t h o u g h  t h e  l a t t e r  i s  e a s i e r  t o  u s e  b e c a u s e  P h i l i p ' s  m o d e l  d o e s  n o t  

a l w a y s  g i v e  a g o o d  f i t .  

T a b l e  3 - Infiltration rates estimated using the various methods 

T e s t  Test h ( c m )  Sh A v~t v24 vfm t vhyp t 
method (rnVs)  ( m / s )  ( m / s )  ( m / s )  ( m / s )  (hr) ( m / s )  (hr) 

SA IR RWP 50 2.7.10 -5 5.8.10 "~ 3.3.10 -7 1.2.10 -7 8.0.10 "s 110 8.4.10 s 7.5 

S A 2 R  RWP 100 4.4.10- 5 7.2.10 -8 5.1.10- 7 1.2.10- 7 5.5.10 "$ 80 8.0.10 s 7.5 

S A 3 R  RWP 150 9.10- 5 1.1.10- 7 5.5.10- 7 1.7.10 -7 9.0.104 60 1.2.10 .7 7 

S A 4 R  RWP 30 3.8.10 -5 6.1.10 "a 3.5.10 -7 8.7.10" s 4 .0.10 s 29 4.2.10 .8 3 

C 1R RWP 100 1.7.10 -6 5.4.10 "t~ 6.1.10 -9 8.8.10 I~ 800 6.5.10 I~ 100 

C2I  SSRI 30 1.1.10-6 2.5.10 .9 1.1.10- 8 3.3.10 .9 11 3.6.10 -9 1.8 

SB 1R RWP 10 2.1.10-6 1.4.10 "8 2.7.10 -9 7.0.10 "1~ 150 6.6.10 I~ 5 

SB 2R RWP 10 1.4.10 -7 1.1.10 -9 1.7.10 s 2.0.10 -9 1.5.10 -9 350 1.3.10- 9 18 

SB 3I RWP 10 9.2.10 -7 1.8.10 "8 1.8.10- 9 3.0.10 t~ 170 4.8.10 I~ 4 

SB 41 RWP 40 4.6.10 "7 2.2.10 "l~ 5.8.10 .9 7.2.10 -9 5.0.10 I~ 120 5.9.10- I~ 4 

SB 51 RWP 140 3.0.10-6 2.5.10 -9 2.5.10 s 3.5.10 -9 2.2.10- 9 170 2.0.10 -9 9 

SB 6I RWP 135 3.7.10-6 7.1.10 -8 1.1.10 "s 24 1.2.10-6 2 

SB 71 RWP 60 2.5.10 .7 3.0.10- 9 8.1.10- 9 3.0.10 .9 2.5.10 .9 40 2.6.10 -9 3.5 

SB 8I ODP 30 2.8.10 .7 3.4.10 s 1.0.10- s 7.0.10 .9 90 6 

SB 91 SSRI 135 1.0.10- s 3.2.10 -7 4.1.10" a (24) 4.1.10 "s 1.6 

SB 10I SSRI 47 1.9.10 -6 4.9.10 "9- 2.0.10" s 7.6.10 -9 (24) 5.5.10 -9 4.9 

SB 111 SSRI 20 1.3.10 -5 6.1.10 "9- 3.3.10 "~ 6.6.10 .9 (24) 7.2.10 -9 2.4 

SB 12I SSRI 10 1.0.10-6 4 .3 .10 I~ 1.9.10 "8 3.1.10 -9 1.5.10 -9 70 1.9.10 -9 9 

SBM IR RWP 50 1.7.10-6 4.3.10" s 5.0.10 -9 4 .4 .10 I~ 480 4 .2 .10 I~ 25 

SBM 2R RWP 10 1.5.10 -6 3.3.10" 8 3.4.10 -9 4 .0 .10 t~ 560 3.7.10 I~ 25 

SBM 3I RWP 130 1.1.10- |o 9.7.10 "l~ 8.0.10" l~ 1.2.10 -9 280 1.2.10 .9 14 

SBM 4I RWP 140 7.2.10 -7 6.7.10- 9 1.9.10 -9 3.8.10" t~ 190 2.9.10 t~ 5 

SBM 51 RWP 140 2.2.10- 7 2.8.10 .9 6.7.10 .9 3.3.10 -9 3.7.10 -9 840 3.2.10 .9 29 

SBM 6I ODP 30 9.9.10 .7 1.3.10 -9 5.3.10 .9 3.7.10 .9 5.5.10" I~ 16 16 

SBM 71 SSRI 120 5.5.10 -7 1.5.10 -9 2.1.10 s 3.1.10 .9 (24) 2.9.10- 9 0.9 

SBM 8I SSRI 120 6.9.10 -7 2.4.10 .8 4.1.10 -8 (24) 3.5.10 -9 1.6 

SBM 9I SSRI 120 1.2.10-6 4.1.10- 9 3.0.10 "s 4.2.10 "9 (24) 5.3.10 -9 0.8 

SBM 10I SSRI 10 1.1.10-6 1.9.10 -8 2.4.10 .9 1.3.10 .9 40 2.0.10 -9 3 
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(b) 

Eva lua t ion  o f  the H y d r a u l i c  Grad ien t  

Green and Ampt Model 

The depth of the wetting front, Zw, is usually determined at the end of the test by 
sampling and laboratory water-content determination. It can also be estimated each time 
with Equation 9 (Green and Ampt 1911) 

I (9) 
4 0  
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where I is the cumulative infiltration and dO the difference between initial and saturated 
volumetric water content ( O, at -- Oi). 

We compared the experimental zw observed on 22-era soil columns at different times 
of infiltration against the estimated values calculated from Equation 9. Figure 12a shows 
the experimental and calculated curves versus time for test SA 1R with a hydraulic head 
of 50 crn. Of note is (a) a deviation at the beginning of infiltration, and (b) the similar 
shape of the experimental and calculated zw curves after 20 hours testing. The ratio 
between the experimental and calculated depth is about 2 up to 20 hours and then 
decreases to 1.2 at 100 hours. The deviation between the two profiles stabilizes at 20 
hours to a value of  5 em; the model tends to underestimate the profile within first hours of  
testing. Figure 12b shows the same graph but for test SA 3R with a hydraulic head three 
times higher than in SA 1R. Here we note that the deviation is lower (3 cm) and is 
acquired within first 10 hours of  infiltration. This initial deviation is due to several 
factors. For example, the shape of the moisture profile is very different from the 
theoretical piston-shape profile and, in the case of  the low-saturation soils and low 
hydraulic heads, the suction provokes model inadequacy. The difference between the 
calculated and experimental depth is lessened with long a infiltration time, a high 
hydraulic head and soil initially close to saturation. 

25 �84 

20 �84 

~ 15 - 

d l O  

5 

(a) 
25 

20 

dlO 

5 

0 

(b) 

~ m u m m B �9 m 

0 

0 50 100 150 0 20 40 60 80 
time 0a) time 01) 

Figure 12 - Deviation between calculated and experimental moisture profi le f o r  tests 
SA 1R with h = 50 cm (a) andSA  3R with h =150 cm (b). 

Hyperbolic Determination 

The depth of the wetting front zw corresponding to the infiltration rate determined by 
the hyperbolic law vhyp is estimated according the same law in agreement with Darcy's 
law (Equation 3). The hydraulic gradient is infinite at the beginning of the infiltration and 
then decreases to 1 after an infinite testing time. If  the infiltration rate follows a 
hyperbolic law in the first moments of test, the hydraulic gradient i will also follow a 
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hyperbolic law. In these conditions, it can be described by the following relationship: 

a 
i=--+i-  (10) 

t 
where tx is the model slope factor and i .  the hydraulic gradient at infinite time. At an 
infinite time 

lim( ~ + i~ )= ihyp (11) 

Equation 11 is a straight-line equation in (i, I/t), with ihw corresponding to the Y-axis 
intercept point of the straight line of slope ~ The hydraulic gradient can be determined at 

any time t. 

Figure 13 shows the plot for two tests performed on the sand bentonite mixture 
(SBM): SBM 1R and SBM 4I. 
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Figure 13 - Hydraulic gradient versus l/t for tests SBM 1R (a) and SBM 41 (b). 

Evaluation of Effective Hydraulic Head 

In Equation 3, the suction at the wetting front hf actually corresponds to the water- 
entry value and can be considered as being equal to 0.5 times the air-entry value (Bouwer 
1966), The value ofhfis  traditionally taken to be lower than or equal to 0.5 m (Green and 
Ampt 1911, Hillel and Gardner 1970). It can be determined experimentally by using a 
pressure transducer connected to the infiltrometer (Bouwer 1966, Topp and Binns 1976, 
Cazaux 1998) or with a Mariotte bottle and controlled suction (Fallow and Elrick, 1996). 
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The method consists in dosing the water supply of the infiltrometer and recording the 
decrease in hydraulic head versus time at the soil surface. The hydraulic head shows an 
initial rapid decrease to a minimum negative value corresponding to the air-entry value 
%Ua (Figure 14), following which the hysteresis effect increases the hydraulic head to a 
value that allows water to enter the soil. The head then enters a decrease-increase cycle. 
Analysis of  this phenomenon enables experimental determination of the air- and water- 
entry values respectively ~ and ~w. 

(a) 200 Co) 
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Figure 14 - (a) Typical variation of  hydraulic head versus time (after Fallow and Etrick, 
1996), and (b) Hydraulic head versus time for test SA 7R. 

The air-entry value ~Ua is the hydraulic head in the soil that allows air to escape from 
the soil pore network. The water-entry value ~,r is the head allowing the water to fill the 
pore network preventing the flow of air; it is very difficult to determine in the field. The 
air-entry value is only determined if it is assumed that the water-entry value is equal to 
half the air-entry value. Recently, Fallow and Elrick (1996) noted that the ratio between 
the water-entry and air-entry values is about 2/3 for a ~Vw average value of 1 m. Equation 
(3) becomes 

I~ - zy(t) v(t) (12) 
h - v ~ +  zf(t)  

Saturated Hydraulic Conductivity Calculation 

In this section, we compare the hydraulic conductivity estimation from Darcy's law 
with the parameters estimated using the various available models (Hyperbolic Law, Philip 
1969, Green and Ampt 1911, Cazaux 1998). Hydraulic conductivity can also be 
calculated by analytical methods in unsaturated conditions (Fallow et al. 1994, Elrick and 
Reynolds, 1992). Two further determinations of hydraulic conductivity are made: the first 
with Philip's model assumes that k is equal to A/3, and the second is an indirect method 
that is described below. 
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Estimation from Darcy's Law and the Green and Ampt Model 

Calculation of hydraulic conductivity with Equation 12 was done for all the tests by 
computing the parameters estimated from the various analysis methods described above. 
khy, is the hydraulic conductivity calculated from Vhyp and the hydraulic gradient estimated 
from hyperbolic law ihyp. k~, is the hydraulic conductivity calculated from vfi, and the 
wetting-front depth zw experimentally determined at the end of the test. k24 is the 
hydraulic conductivity calculated from v~4 after 24 hours infiltration and the wetting front 
zw calculated from the Green and Ampt model atter 24 hours (Equation 9). 

Estimation from the Indirect Method (IM) 

If  we consider the Green and Ampt model (Equation 9) assuming that the wetting front 
zw is a perfect horizontal plan, the cumulative infiltration I is expressed as 

I = zw. AO (13) 

If  we then inject in Equation 3, we obtain 

,, (ho-he+--' ] v= =k / -7-ZO[ (14) 

..C 
klM " AO . (ho - hf  ) 

v=  I-k#M (15) 
I 

In the plotting the infiltration rate v versus 1/I, the slope is equal to ktM.AO.(h-h~ and 
the Y-axis intercept point to ksM., which is the hydraulic conductivity determined by this 
indirect method. This procedure only requires the independent measurement of  the initial 
degree of soil moisture and the flow data. The correlation is good from the first points of  
the test data and solving the hydraulic conductivity consists in finding the best ksM value 
to obtain the best fit. The hydraulic head at the wetting front hymay be adjusted to obtain 
a better fit for very low degrees of  initial saturation A0 (Figure 15). The indirect method 
nevertheless has the disadvantage of being directly dependent on A0, and so a poor 
estimation of this parameter can lead to errors. Moreover, fitting of experimental data 
with the model can lead to potential error too and in that case, the method can lead to an 
estimated result with a major systematic error. 
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Figure 15 - Solving hydraulic conductivity test SBM 2R by the indirect method 
(AO = 9.3%, h = 0.1 m, adjusted h f  = 0.5 m); k11~ =2.9.10 "n m/s. 

Unsaturated Analysis 

Basic Analysis - The procedure suggested by Elrick and Reynolds (1992) for 
interpreting hydraulic conductivity from infiltration tests is based on the calculation of k 
from the estimation of  a empirical parameter ix* 

keR = Q'P (17) / ~ r  h + ~2  +_._r-r -_~-1 / 
C 2 C 2 ct* 

where Qrp, is the steady-state flow, h is the hydraulic head, r is the radius of the 
infiltrometer and (72 is a shape coefficient equal to 0.5 for the device used in this program. 

Transient-state analysis - Fallow et al (1994) proposed estimating the saturated 
hydraulic conductivity from the early-time data obtained in the infiltration measurements. 
The validity domain of this analysis is limited to the transient state before the critical 
time, as defined earlier. The hydraulic conductivity kFAL determined by this procedure is 
calculated with the relationship proposed by Reynolds and Elrick and (1990) between k 
and the matrix potential ~m 

tx* --- kFAL (19) 
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The first step of the method is to determine the sorptivity Sh from the representation of 
the infiltration versus the square root of  time. The sorptivity So is then determined from 
the relationship giving Sh (Fallow et al 1994) 

Sh = So. [I + 2bet * h~2 (20) 

r is chosen according to the structure of  the soil; in the case of  compacted clays it is 
equal to 1 m -1. From Equation 21, ~,, is calculated with the experimental value of A0 and 
assuming b =0.55 

 0_-[ao 
The hydraulic conductivity kFAL is then determined from Equation 19. This analytical 

method requires only a short testing time, but is partially based on empirical parameters. 

Results Analysis 

We used all the methods (k24, k#~ k ~  A/3, kEt~ kFAL. k]~) to determine the hydraulic 
conductivity for each test so as to be able to compare the values both between each other 
and with the values of  the saturated hydraulic conductivity determined for each test and 
noted ks. The results are given in Table 4. 

Here it can be seen that the indirect method based on an analysis of  the first hours of 
testing gives a good estimation of the hydraulic conductivity k for most of  the soils. The 
ratio k]M/ks varies from 0.3 to 5, with the exception of a few tests where it reaches l0 
(Figure 16). Nevertheless, a tendency to underestimation is observed for a few tests 
performed on the SB silt and the SBM. The experimental determination of the initial 
saturation made on a small sample can also explain deviation of the model. Inaccurate 
fitting of the experimental data by the operator with indirect method can also amplify the 
error made on the estimation of initial saturation. Whereas many authors propose simple 
empirical relationships such as k equal to A/2, A/3 or 2A/3 for estimating hydraulic 
conductivity, we propose estimating k from parameter A of Philip's model since we have 
shown that A is much closer to v~, than to 2k or 3k. As shown by the most favorable 
relationship, .4/3 does not lead to a good estimation of the hydraulic conductivity. A could 
reasonably be used as a first estimation of ks, because it is strictly a function of hydraulic 
head h. The three singular points giving/t/3 lower than the hydraulic conductivity 
obtained on SA silt concern three tests with a very low hydraulic head (10 cm). In this 
case, the divisor 3 is higher than the actual hydraulic gradient. 

The results from Elrick and Reynolds (1992) procedure, kER, show a tendency to 
overestimation (Figure 17). In the case of the SBM soil, the points that are the farthest 
from the equal line correspond to the four field tests and give a kE~/ks ratio of  4 to 10. The 
calculation was made by taking an ~,* coefficient of 1, corresponding to a homogeneous 
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fine-grained soil. Even though the SBM is originally a coarse-grained structure, we must 
take into account that the addition of  bentonite confers the characteristics of  a fine- 
grained soil. tx* was then calculated by an inverse method from the value of  the actual 
saturated hydraulic conductivity ks. We note that a'* varies between 0.2 and 2.6 for the 
laboratory tests and between 0.04 and 0.5 for the field tests that show an overestimation 
of  the hydraulic conductivity. These results are in agreement with Elrick and Reynolds 
(1992) hypotheses, which assume that field material usually has greater macroporosity 
than soil tested in the laboratory because of  the scale effect; in these conditions a* should 
be higher. 

Table 4: Hydraulic conductivity values (m/s) obtained from the analysis methods 

Test method k,~4 kiln kER kFAL ktM ,4/3 ktTf ks 
S A  1R RWP 1.3.10 4 1.8.10 -a 2.0.10 .9 l , l . 10  4 1.9.10 "$ 2,3.10 -8 1.3.10 "8 

S A 2 R  RWP 8.4.10 .9 1.2A0 -8 3.2.10 .9 9.9.10 "~ 2.4.10 "s 1.3.10 "s 1.1A0 "s 

S A 3 R  RWP 1.0.104 1.7.104 9.6.10 .9 1,4.104 3.6.10 "8 1.5.104 1.6.10 "s 

S A 4 R  RWP 2.1.10 ~ 3.8.10 .9 8.7.10 .9 5.6.10 -9 2.0.10 "8 2.9.10 .9 4.8.10 -9 

C 1R RWP 1.2.10 "1~ 8.7.10 -11 2.9.10 "11 9.2.10 "11 1.8.10 "l~ 7.5.10 "11 4.0.10 "11 

C 2I  SSRI 1.9.10 "1~ 1.5.10 -1~ 2.2.10 "11 8.0.10-11 8.3.10 "l~ 1.5.10 "1~ 1.5.10 -1~ 

SB I R  RWP 3.9.10 "1~ 2.2.10 "1~ 4.1.10 -9 2.9.10- II 9.6.10 "11 3.5.10 "l~ 7.0.10 "t~ 

SB 2 R  RWP 2.5.10 "1~ 7.9.10 -I~ 2,5,10 "1~ 1.9.10 "tt 4.5.10 "t~ 3.7.10 "1~ 6.8.10 "t~ 6.0.10 "l~ 

SB 3I  RWP 8.2.10-11 2.5.1ff 11 5.0.10 "11 7.4.10 -II 9.5.10 "11 3.7.10 "11 8.0.10 "tt 

SB 41 RWP 3.6.10 m 1.1.10 "10 5.7.10 "H 2.3.10 -II 6.10-12 7.3.10 '11 9.3.10-12 8.0.10 "H 

SB 5I  RWP 4.4.10 "11 1.2.10 "1~ 8.8.10 -H 1.2.10 "1~ 5.'8.10 "H 8.3.10 "1~ 7.4.10 "H 8.0.10 "11 

SB 6I  RWP 1.1.10 "H 2.8.10 "1~ 1.2.10 "11 9.0.10 "H 6.3.10 "11 1.2.10 "1~ 

SB 7I  RWP 3.5.10 "11 1.4.10 q~ 1,0,10 "1~ 4.4.10 "t3 1.5.10 "11 1.0.10 -9 8.1.10 "11 t.1.10 "t~ 

SB 8I  ODP 4.6.10-1~ 1.3.10 -9 7.7. t0 "1~ 2.3.10 "12 4.5.10 "1~ 6.7.10 "1~ 8.0.10 "1~ 

SB 9I  SSRI 2.1.10 -9 6.1.10 "j~ 1.4.10 "l~ 5.1.10 "l~ 3.9.10 "l~ 3.0.10 "1~ 

SB 10I SSRI 3.8.1ff I~ 4.4.10 "1~ 5.6.10 -H 1.5.10 "~~ 1.6.10 -9 2.0.10 "1~ 4.0.10 "l~ 

SB 11I SSRI 4.6.10 "1~ 6.9.10-1~ 8.9.10 "l~ 6.7.10 -I~ 2.0.10 -9 4.8.10 -la 5.5.10 "l~ 

SB 12I SSRI 1.5.10- I~ 1.5.10 "l~ 2.8.10 "1~ 8.9.10 -t2 3.2.10" I~ 1.5.10 "1~ 1.0.10 "1~ 7.0.10 "t~ 

S B M I R  RWP 6.9.1ff II 2.4.10 "11 1.9.10 "11 1.0.10 -II 2.4.10 "H 1.8,10 "11 2.0.10 "11 

S B M 2 R  RWP 1.6.10-1~ 8.8.10 "11 2.4.10 "11 1.1.10 "tl 2.9.10 "11 5.1.10 "11 2.0.10 "tl 

S B M 3 I  RWP 4.3.10 "12 2.1.1ff tl 3.5.10-11 1.6.10 "14 - 3.7.1ff 1~ 3.2.10- II 4.0.10 "11 

S B M 4 I  RWP 3.1.1ff 12 2.10 "12 8.3.10 "12 9.4.10 "j3 4.6.10 "12 3.3.10 "12 1.0.10 m 

S B M 5 I  RWP 6.1.1ff 12 8.3.10 "11 1.0.10 "13 4.2.1041 9.3.10 "1~ 2.3.10 "H 2.0.10 m 

S B M 6 I  ODP 3.9.10 "H 5.6.10 "11 2.8.10 "11 3.3.10 "12 4.9.10 "11 4.3.10 "1~ 4.4.10 "11 5.0.10 -II 

S B M 7 I  SSRI 9.0.10" 12 1.7.10 "t~ 5.6.10 -13 3.9.10-12 5.0.10 "l~ 1.3.10 "tt 1.4.10 "lj 

S B M S I  SSRI 3.5.10 "11 9.3.10- I~ 1.3.10 "12 5.0.1042 1.6.10 "11 2.3.10 "11 

S B M g ]  SSRI 4.5.10 "11 3.9.10 m 3.3.10 "12 1.6.10 "11 1.4.10 "1~ 3.3.10 m 3.3.10 "l: 

S B M I O I  SSRI 7.0.10 "11 7.2.10 "11 7.0.10" H 5.9.10 "12 7.4.10" II 7.8.10 "11 3.0.10 m 

We assume that the overestimation does not result from a*, but from the shape factor 
of  the flow, especially considering that all the SBM specimens had very homogeneous 
initial physical characteristics. With the other soils the model shows a better adaptation 
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with the kER/ks ratio varying between 0.5 and 3. Figure 17, which gives the values of  it* 
computed from the saturated hydraulic conductivity ks, shows good homogeneity for this 
parameter with the clay C, silt SA, and silt-bentonite mixture SBM, although not in the 
field tests. For silt SB, the spatial dispersion reveals the heterogeneousness that was noted 
in the field and laboratory samples. The range o f  a* from 0.2 to 20 can be explained by 
the macroporosity created by compaction process, that makes the barrier heterogeneous 
compared to the theoretical homogeneous soil matrix in the model. 
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Figure 16 - Hydraulic conductivity calculated using the indirect method (a) and 
parameter A of the Philip's model (b). 
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Figure 17 - Hydraulic conductivity calculated using the Elrick and Reynolds (1992) 
procedure (a), and values of tt* computed from saturated hydraulic conductivity (b). 
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Figure 18 shows the hydraulic conductivity calculated from (a) the data at 24 hours 
and Co) the final data. The kt4 values deviate to both sides of the equal line with a ratio 
between 0.1 and 10. Unlike the previous two methods and kj~n, where points are closer to 
the line, a real dispersion is observed around the equal line and not only a few singular 
points. In the ease of kfi,, the singular points correspond to specimens that had a lower 
initial degree of soil saturation zlO:. SB 3I, SB 4I and SBM 4I. We must also admit that the 
overall time of testing has a real influence on the validity of the final result. Even though 
conventional analysis of the data after 24 hours gives a satisfactory estimation of the 
hydraulic conductivity, the application of longer testing times decreases the uncertainty. 

Figure 19 shows the hydraulic conductivity k determined by the Fallow et al (1994) 
analysis and by the hyperbolic law method. The former, which is based on the sorptivity 
value, gives a few underestimated values. Those closest to the saturated hydraulic 
conductivity ks correspond to the tests made on specimens with the lowest degree of  
initial soil saturation AO. As the hydraulic conductivity calculation is directly related to 
the sorptivity Sh, the model gives important deviations when dealing with soils of very 
low sorptivity because initially close to saturation. When considering the relationship 
between kt,yp and ks with this method, we note that the points are close to the equal line 
and that the ratios are the closest to 1 of  all the methods. Onty five tests give k~t, distant 
from the equal line, with a maximum k~/ks ratio of 2 (SB 4I, SB 12I, SBM 4I, MA 1 and 
MA3). 
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Figure 18 - Hydraulic conductivity calculated from data after 24 hours (a) and from final 
data (b). 
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Figure 19 - Hydraulic conductivity calculated from the Fallow et al (1994) method (a) 
and from the hyperbolic law (b). 

C o n c l u s i o n s  

The results presented in this paper give very interesting information. First, it seems 
that the conventional methods for determimn" g hydraulic conductivity, based on the Green 
and Ampt model and Darcy's law, are reliable if the testing times are sufficiently long. 
With short test times (generally a few hours), the indirect method and the hyperbolic 
method give estimations of the saturated hydraulic conductivity with lowest uncertainty. 
However, both methods are based on a best-fit analysis of experimental data that can lead 
to systematic error. This is particularly true for the indirect method where the value of 
hydraulic conductivity can be highly influenced by the unique determination of initial 
saturation of soil. Moreover, the practice shows that the first experimental infiltration data 
are always abnormal. The analysis proposed by Elrick and Reynolds (1992) gives 
satisfactory results, but leads to an overestimation of the hydraulic conductivity; it also 
requires the choice of the parameter a*, which can increase uncertainties to more than 
magnitude 10. Assuming the typical value of~x* to 1, according to Elrick and Reynolds 
(1992) maybe non conservative with respect to landfill liners applications (Guyonnet et 
al., 2000). The estimation of the hydraulic conductivity from parameter A of Philip's 
model is also not satisfactory. Analysis using final data leads to the best centering on the 
equal line, similar to that determined from the hyperbolic law. The overestimation with 
the Philip's model and the Elrick and Reynolds (1994) method, and the underestimation 
noted with the indirect method are obvious. The hyperbolic law and the indirect method 
are able to give a good estimation of the saturated hydraulic conductivity with very short 
testing times. The hyperbolic law appears simple and fast to use and the indirect method 
needs very few data, but both require are source of important errors of interpretation. The 
conventional analytical method based on the final data of the infiltration tests remains the 
most commonly used in practice. We note that with both the analysis after 24 hours and 
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the final analysis, the testing time is an essential parameter in the validity of the 
estimation of the saturated hydraulic conductivity using the conventional Darcy's method. 
The results of this testing program show that it is possible to use short-term field 
hydraulic conductivity tests with sufficient accuracy to assess the hydraulic performance 
of hydraulic barriers, especially since characterizing the real saturated hydraulic 
conductivity is not the main objective for site construction quality control program. If the 
soil has been previously well-defined in the laboratory (saturated hydraulic conductivity, 
compaction parameters, moisture content and density), short-term field testing can offer a 
very useful and representative tool for field control procedure of hydraulic performance. 
However, to assess the real saturated hydraulic conductivity of a fine-grained soil, long 
term tests should be performed in the laboratory until full saturation of specimen. 
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Abstract: 
This paper presents the study of the influence of residual NAPL on the transport of 

various heavy metals trough a mixed contaminated soil under saturation conditions. The 
concepts of  soil structure, preferential flow, heavy metal transfer: retention and transport 
and multiphase hydrodynamics are investigated for various conditions. Residual NAPL 
causes water to bypass regions it occupies towards regions having less flow resistance, 
hence creating preferential flow and transport. Residual NAPL can also obstruct small 
pore entries and mask active surface sites. Thus, it can influence heavy metal net transfer. 
Our results show that mobility of  heavy metals is altered by the presence of NAPL. This 
behavior has important implications from both contamination assessment and 
remediation perspectives. 

Keywords: contaminated soil, mixed contamination, heavy metals, NAPL, preferential 
flow, mobility 

Introduction 
Among the most commonly encountered soil contaminants are heavy metals, 

petroleum hydrocarbons, and halogenated organics. Many of them are highly toxic and/or 
potential carcinogens. In 80% of the 1384 Quebec polluted sites, heavy metals and NAPL 
(Non Aqueous Phase Liquids) are simultaneously found. 

From a scientific and technical perspective, assessment of metal mobility, risk 
evaluation and remediation of mixed contaminated sites are often complicated by the lack 
of fundamental knowledge about interactions between metals and NAPLs. These 
interactions have yet to be identified and their impact on contaminant mobility and site 
remediation have to be assessed. Therefore, this study provides critical information on 
heavy metals-NAPL interactions in soil and addresses the following issues: 1) the relation 
between residual NAPL occupation of void space and modification of water flow and 
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heavy metal transport and 2) the implications of  NAPL-induced water flow modifications 
on heavy metal retention and chemical interactions with the soil solid phase. 

Objectives 
The main goal of this study is to identify the processes by which residual NAPL 

influences heavy metal transfer in a water saturated soil. 

Review of  literature 
Classic transport theory through porous media considers a homogeneous medium 

composed of identical particles generating a void network of identical pores, each pore 
having the same water conductivity as all others. In such ideal media, macroscopic 
parameters, such as hydraulic conductivity (K) and grain- or pore-size distributions, are 
constant in space. However, real soil formations show spatial variations in these 
parameters. A homogeneous soil can be described as having macroscopic parameters 
showing variations but maintaining constant average values through space (Freeze and 
Cherry 1979). Such parameters have monomodal probability density functions. In 
heterogeneous soils, however, the spatial variability of  parameters is greater and hence 
their average values also vary in space. Parameters in these soils have multimodal 
probability density functions. For instance, in well-aggregated soils, the dis~bution of 
porosity is usually bimodal because of the discontinuity between macroporosity and 
matrix porosity. 

When residual NAPL is present, it will occupy regions of the void network and hence 
decrease the relative permeability to water of those regions. In water-wet media, residual 
NAPL will form ganglia in the intermediate to large pores. The heads and tails of these 
ganglia will occupy the pores themselves whereas their body will occupy the pore necks 
(Conrad et al. 1992). This situation creates discontinuities in the void network and 
modifies the water flow pattern. Water will therefore bypass NAPL-regions of lower 
relative permeability to regions of higher relative permeability if available (Mayer and 
Miller 1993). In oil-wet media, this water bypassing phenomenon may be increased, 
because residual NAPL occupies the finer pores, forms non-miscible films at the surface 
of soil grains and aggregates, and water can then only flow through larger pores. The 
presence of residual NAPL causes water to flow preferentially through larger pores, 
thereby decreasing the surface area and time available for contact with the solid phase. 
Therefore, residual NAPL may shift the water flow pattern from matrix to preferential 
flow. If  a preferential flow pattern was already present before the introduction of residual 
NAPL, it may be stabilized and even enhanced by the presence of residual NAPL. 

Reactions between solutes and the solid surfaces are controlled by 1) the available 
surface area, 2) the contact time between the liquid and solid phases, and 3) the reactivity 
of the solid phase. The first two parameters are functions of the pore size distribution and 
pore water velocity, respectively, making reactions dependent on the water flow pattern. 
In homogeneous soils, because permeability and porosity distributions are constant 
through space, surface area and contact time are considered constant throughout the 
medium. In these soils, flow is homogeneous and called matrix flow. However, in 
heterogeneous soils, for example well-aggregated soils, bimodal porosity produces a 
heterogeneous flow pattern consisting of macroporous flow (i.e. very rapid flow through 
macropores also called inter-aggregate flow) and matrix flow (i.e. intra-aggregate flow). 
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Furthermore, surface area and contact time vary through space being high in 
micropores and decrease as the pore size increases. 

The mechanisms by which residual NAPL is retained in the void network depend on 
the wettability of the solid surfaces. As mentioned before, if the soil is water-wet, NAPL 
will be retained as ganglia occupying pore bodies and pore throats and therefore creating 
discontinuities in the void network. If  the soil is oil-wet, NAPL will be retained as films 
and pendular rings, and will occupy the smaller pores. However, in real surface soils, the 
wettability of  the soil surface is mixed due to the presence of different mineral and 
organic surfaces. Hence, NAPL ganglia as well as surface films can occur. Therefore, in 
addition to decreasing the access of solutes to reaction sites by creating bypassing water 
flow, residual NAPL can also decrease available surface area by forming non-miscible 
film at the surface of solid particle, therefore masking solute reaction sites. Retention of 
solutes is possible once they can access reaction sites. In heterogeneous soils, solute 
reactions are usually limited by the rate of  diffusion of the solutes from the larger pores to 
the smaller pores containing the reaction sites. The presence of non-miscible NAPL films 
at the surface of soil particles prevents the infiltrating solutes from diffusing into the 
smaller reactive pores by creating a physical barrier between the infiltrating solution and 
the resident matrix solution. 

Materials and Methods 
The soil was sampled from a stormwater runoff infiltration basin under construction in 

l'Isle d'Abeau (France). It is a quaternary fluvio-glacial deposit representative of  the 
region of Lyon. Sampling was performed in the unsaturated zone at a depth of 
approximately 2 m. The soil was stored in plastic containers at 4~ The physico- 
chemical characterization of the soil was performed during previous studies, namely 
Laboratoire de Sciences de l'Environnement (LES, 1997) and Plassard (1999). Major 
components of the soil, determined by X-ray diffraction, are, in decreasing order of  
abundance; quartz, calcite, muscovite, clinochlore ferrian, albite and a few iron oxides. 
The natural grain-size distribution of the soil (see Figure 1, reference) indicated a well- 
graded silty sand having a wide range of particle sizes, which is typical of  a fluvio-glacial 
deposit. The curve 15W-40 shows the impact of NAPL in grain size distribution. 
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Figure 1 - Grain size distribution 
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The soil showed traces o f  copper (Cu), chromium (Cr), nickel (Ni), and zinc (Zn) in 
the range o f  natural levels reported for those metals. Lead (Pb) and cadmium (Cd) 
showed slightly detectable levels. Iron (Fe) and calcium (Ca) levels were high, these 
being constitutive elements of  the soil. Soil pH was alkaline (8.0) and the insoluble 
carbonates content was high (23% w/w) indicating a high buffering capacity and the 
potential to retain heavy metal as (co-precipitates). The soil was poor in organic matter 
(1.75 % w/w) and had a low Cation Exchange Capacity (CEC = 2.75.10 -5 g/mol). 

Laboratory Column Setup 
Laboratory columns were composed of  a central cell with end diffusers (see Figure 2). 

The central cell was made of  clear PVC (10 cm I.D., 20 cm length) and end diffusers o f  
perforated PVC plates placed between polypropylene screens. Soil was compacted in the 
silicone grease-lined cells at a water content (%w) of  11% (i.e. on the wet side of  the 
modified Proctor curve) producing a dry density o f  1.61 + 0.06 g/cm 3. The total pore 
volume of  columns was 258 + 9 cm 3 and was measured gravimetrically. Soil columns 
were then saturated with a saline solution (10 -2 M NaCI) to maintain an ionic equilibrium 
during soil column conditioning. The columns were saturated from the bottom at a 
constant head and kept under static saturation for 24 hours. Then, the resident solution 
was flushed with 3 pore volumes (PV) of  fresh saline solution. 

Figure 2- Experimental setup 

Three series of  columns were used with three different NAPL viscosities (O1, 02  and 
03)  while a fourth series was used as a blank (i.e. no NAPL, reference). Three different 
mineral oils (motor oils) were used as NAPLs. The density and dynamic viscosity of  
these oils were measured and are given in Table 1. NAPL was placed into columns 
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similarly to the procedures described by Conrad et al. 1992, Pennell et al. 1993, Dawson 
and Roberts, 1997 and Fortin et al. 1998. Detailed description of the column setup can be 
found in Dub6 (2001). 

Table 1- Density and viscosity of NAPLs 

NAPL [ Density(g/cm3~ I Visc~ O30021 0.856 0.856 0.828 191.22 161.12 156.49 

Columns were run in duplicates and average results were reported. Residual NAPL 
was determined by the difference between the volume of NAPL injected and that 
displaced by water. A residual concentration of approximate 12% was obtained for the 
three NAPE Then, tracing was performed to characterize the flow pattern in soil columns 
by continuously injecting a bromide solution (2g Br-/L) from the bottom at a constant 
flow rate of 5 mL/min. Samples were taken at each 0.1 PV for a total elution of 3 PV and 
Br concentration was determined using an ion selective electrode. Similarly, a nitrate 
solution of Cd, Cu, and Pb (200 mg/L each), was introduced in the soil columns. Effluent 
solution was sampled at each 0.5 PV for a total elution time of 5 PV. Samples were 
filtered on 0.45 ~tm ashless filters and acidified (< pH 2) using HNO3. The Cd, Cu and Pb 
were analyzed using flame-AAS. Following the elution of 5 PV of metallic solution, the 
soil casts were extracted from the cells and fractionated into four layers of 5 cm each. Six 
samples were taken per layer, air-dried, and screened at 2-mm. In a first sample triplicate, 
total concentrations of  Cd, Cu, and Pb were determined. On a second sample triplicate, 
the geochemical distributions of  the three heavy metals were determined using a 
sequential chemical extraction method (Tessier et al. 1979). Some samples were also 
examined using Scanning Electron Microscopy (SEM) coupled with Energy Dispersive 
Spectrometry (EDS) in order to identify metal-mineral associations and oil pathways. 

Results and Discussion 
SEM results are presented in Figure 3a and b. Figure 3a shows a silicate particle 

covered by a mixed coating of NAPL and fine particles possibly of  clay and calcite. 
Figure 3b is a detail of the first figure, which clearly shows the mixed nature of the 
coatings. Even though silicate surfaces are water-wet, the presence of constitutive 
elements of  calcite at the surface of silicate particles is an indication that calcite has 
precipitated at the surface of silicates, therefore shifting the wettability of  a fraction of the 
surfaces to oil-wet. Furthermore, the coating of fine reactive particles (clay, carbonate 
precipitates) by non-miscible films is also evidence that NAPL decreased the reaction 
potential of the soil and the access to micro-pores. 

Water flow is characterized by the elution profiles obtained for Br- tracer (see Figure 
4). The blank series showed preferential tracer elution with a BT (breaktrough) of 0.4 PV 
and tailing. It could be assumed that the soil columns presented distinctive water fluxes, 
namely a rapid flux conducted through preferential flow channels and a slower flux 
through the soil matrix. This preferential flow pattern produced early tracer breakthrough. 
The remaining fraction of the tracer solution infiltrated the soil matrix and was eluted 
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more slowly, hence producing the tailing of the elution profile. The presence of residual 
NAPL influenced water flow in comparison to the blank series. Residual NAPL enhanced 
flow bypassing through preferential channels. Respective BTs for the three NAPL 
conditions were 0.4, 0.3 and 0.17 PV. The presence of NAPL increased preferential 
channeling and decreased matrix flow, hence reducing the residence time and the 
possibility of exchanges between the soil and aqueous phases. 

Figure 3 - SEM photographs of a typical soil-NAPL system. 

Physical properties of the NAPLs influence water flow. The denser and more viscous 
NAPL (03) clearly had the greater influence on flow bypassing, followed in order of 
decreasing viscosity and density by 02 and O1. This shows that, even though 
macroscopic concentrations of  residual NAPL are the same, the microscopic arrangement 
of NAPL ganglia in the pore network can generate different effects on flow pattern. In the 
present case, as NAPL viscosity and density increase, the size of the largest stable NAPL 
ganglia also increases (Hunt et al., 1988). Larger ganglia can more effectively disconnect 
the network of voids occupied by water because they tend to occupy multi-pore domains 
(Conrad et al., 1992). This then creates a more significant bypassing of water flow 
towards more conductive pore sequences and hence increases the velocity of flow and 
solute breakthrough. In essence, this process decreases the size of the pore volume to 
water flow and to metal transport. 
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Figure 4 - Tracer elution profiles 

It is not possible to use a tracer to differentiate between bypassing due to NAPL 
ganglia and films. Being the soil water-wetted initially, the presence of residual NAPL 
ganglia is safely assumed. Other than enhancing water flow bypassing, oil films also 
prevent solute diffusion towards micro-pores and reactive sites and reduce the surface 
area available for reaction. 

Heavy Metal Transfer 
Figures 5a to 5c below show elution profiles of the metallic solutions for each column 

series. All heavy metals were retarded with respect to the tracer for each column series. 
Hence, even though the presence residual NAPL reduced the contact between the 
aqueous solution and the solid phase, retention of heavy metals occurred. 

For the blank series, no Pb or Cu were eluted after 5 PV indicating the complete 
retention of these metals in the soil column. Conversely, Cd was eluted from the blank 
columns, starting at 3 PV, and reaching a relative concentration (C/Co) of 0.13 after 5 
PV. The elution of Cd may indicate a competition with the other heavy metals for the 
same retention sites and/or competitive precipitation. 

If reaction sites had not been present in preferential channels, elution of heavy metals 
would have occurred earlier, concurrently with tracer breakthrough. Nevertheless, the 
surface available for contact between the solid and liquid phases is lower in preferential 
channels than in matrix pores. A lower surface area leads to a lower total amount of 
reactive sites and therefore a lower retention capacity in preferential channels. This 
difference in retention capacity between preferential and matrix flow regions may 
become important as preferential retention sites may rapidly become saturated as a result 
of longer infiltration times and/or increasing bypassing of flow through these channels. 
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Figures 5a to 5c - Heavy metal elution profiles 
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The results for the 03 columns clearly show an effect on heavy metal elution. For 
these columns, elution was noticeable at 1 PV. The elution reached the following C/C0 
values after 5 PV : Cd (0.50, breakthrough) > Cu (0.24) > Pb (0.12). As for the tracer 
experiments, the relative influence of the different NAPLs on water flow and metal 
transfer depended on their physical properties. The 03 NAPL, because of its higher 
density and viscosity, may have produced larger ganglia and/or wetted larger areas of oil- 
wet surfaces, hence having the largest effect on heavy metal elution. On the other hand, 
the effect of the O1 and 02 NAPLs on water flow was not sufficient to significantly 
affect heavy metal elution. The results obtained, particularly those for the 03 columns, 
demonstrate that residual NAPL did not occupy the largest pores, as would be the case 
according to theory in a water-wet saturated soil. If this would have been the case, 
preferential flow would have been reduced. Hence, residual NAPL seemed to have 
occupied pore sequences of intermediate sizes, i.e., probably overlapping the boundary 
between preferential channels and matrix pores. Such pores may have been smaller 
preferential pores and/or large matrix pores. Moreover, films of residual NAPL may have 
occupied this boundary where oil-wet surfaces were located. Both forms of residual 
NAPL increased flow bypassing and decreased the available surface area. 

Heavy metal migration profiles are shown for column 03 and are presented in Figure 
6. They give the distribution of total Pb, Cu and Cd (after digestion) in the soil column 
depth following the elution of 5 PV. 

As it can be seen in Figure 6, upper layers retained higher concentrations than lower 
layers. This was true for the 3 metals under study. Gloabally, more Pb than Cu than Cd 
was retained. Given the fact that total soil retention capacity was not exceeded, the lower 
concentrations found in deeper layers may have resulted from slower retention kinetics, 
hydrodynamic dispersion, and preferential flow. 

In the presence of residual NAPL, it was first observed that the retention of heavy 
metals in the first layer is invariably reduced. However, in deeper layers, retention is 
increased. As for the elution profiles, the degree to which the behavior observed for the 
blank columns is modified is related to the physical characteristics of the NAPLs. 

Figure 6 - Heavy metal migration profiles for column 03 
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The more viscous and denser 03 NAPL induced to most significant effect on heavy 
metal migration. Table 3 presents the differences in retention versus depth between the 
blank and 03 columns. 

Table 3 - Difference in heavy metal retention w/r to blank for 03 columns. 
Depth ~em:t Pb Cu c a  

0-5 -45% -52% -43% 
5-10 +92% -19% -57% 
10-15 +838% +197% -I% 
I5-20 +839% +437% +73% 

+ = increase in heavy metal retention; - = decrease in heavy metal retention 

The decrease in heavy metal retention in the first layer can be explained by a 
decreased access of the metallic solution to the soil matrix produced by the combination 
of flow bypassing and formation of NAPL films. This in turn enhanced transport of 
heavy metals further down the soil column along a network of preferential paths 
stabilized by the presence of residual NAPL. The retention capacity of every layer was 
effectively reduced but at the same time the metallic load imposed on the deeper layers 
was increased. Hence, for an infiltration time under 5 PV, while heavy metal retention in 
the first layer was less than the blank, it was higher in the deeper layers. If longer 
infiltration times would have been used, heavy metal retention in the deeper layers would 
have been greater in the blank because of their higher retention capacity. On the other 
hand, in the presence of  residual NAPL, retained concentrations of  heavy metals would 
have been lower, the soil columns would have saturated more rapidly, and heavy metal 
elution would have been considerably increased. 

Heavy Metal Geochemical Distribution 
The geochemical distribution of heavy metals in the solid phase was evaluated as a 

function of depth. As an example, Pb results are presented in Figure 7. The distribution 
patterns for the blank columns show that Pb and Cd were mainly retained in the acid- 
soluble and reducible fractions. Cadmium presented an lower affinity for the 
exchangeable fraction in the first layer where the competition with Pb and/or Cu was 
likely most significant. Copper was also mainly retained in the acid-sohible and reducible 
fractions and showed a low affinity for the oxidizable fraction (1%). Hence, all metals 
mainly (co-)precipitated as carbonates and/or (hydr-)oxides. Despite the variations in the 
concentration of each metal with depth and variation of the concentration ratios between 
metals, the percent distribution pattern of each metal among the geochemical fractions 

�9 remained very similar. 
In the presence of residual NAPL, the percent distribution patterns also stayed similar 

with depth. More importantly, the percent distribution patterns of each metal stayed 
similar to the blank independently of the NAPL used. Variations observed between 
percent distributions are within the precision of the method of sequential chemical 
extractions. Hence, it seemed that while preferential channeling and NAPL films affected 
the overall quantity of chemical exchanges between the aqueous and solid phases, they 
did not alter the quality of these exchanges. For example, NAPL films may have reduced 
the availability of the retention sites but the proportions of each type of site (i.e. 
proportions of  each geochemical constituent active in heavy metal retention) with respect 
to the total number of  sites still available remained the same. 
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Figure 7 - Lead geochemical distribution pattern 

Concluding remarks 
The results presented allow us to conclude that residual NAPL has an effect on heavy 

metal transfer in an initially water-saturated carbonated alkaline soil. This effect is 
expressed globally as a decrease in the heavy metal retention potential of  the soil and 
therefore an increase in heavy metal mobility. This increased mobility is characterized by 
an earlier elution of the aqueous heavy metals out of the flow domain as well as a greater 
depth of migration. 

This increased heavy metal mobility mainly results from two alterations of the soil by 
residual NAPL. First, the water flow pattern is affected by NAPL ganglia and films 
occupying void regions located at the boundary between preferential channels and soil 
matrix. As a result, infiltrating water is forced to bypass matrix regions of high retention 
potential towards highly conductive pore sequences of low retention potential. Secondly, 
NAPL films mask retention sites by coating active geochemical constituents and prevent 
diffusion of dissolved heavy metals into the soil matrix. However, residual NAPL does 
not influence the modes of retention of heavy metals. 

Therefore, residual NAPL induces changes in soil structure which translate into higher 
heavy metal mobility through an alteration of water flow pattern. These interactions seem 
to be physical in nature, emphasizing the importance of accounting for hydrodynamics 
when studying heavy metal transfer in soils. 
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Abstract: In this study, an experimental program was conducted to determine 
electrokinetic remedial efficiency of PAHs in low permeability soils. Kaolin was 
selected as a representative low permeability soil, and phenanthrene was selected as a 
representative PAH. Several surfactants/cosoivents were evaluated to enhance 
desorption/solubilization of PAHs in soils, and bench-scale electrokinetic experiments 
were performed to investigate the enhanced removal of PAHs using 
surfactants/cosolvents. Electric current, cumulative electroosmotic flow, and cumulative 
contaminant mass removal were measured during the application of electric potential, and 
pH and residual contaminant concentration in the soil were measured after electrokinetic 
treatment. The results showed that the extent of contaminant desorption/solubilzation as 
well as the amount of electroosmotic flow both affected PAH removal efficiency. 
Furthermore, significantly different results were obtained due to the chemical and 
electrical characteristics of the surfactants/cosolvents. Generally, electroosmotic flow 
behaved according to Helmholz-Smoluchowski (H-S) theory and advective transport of 
the contaminant occurred from the anode towards the cathode. Electrokinetic treatment 
caused slightly acidic conditions throughout the soil because of the electrolysis reaction 
at the anode and the electroosmotic flow towards the cathode. Although contaminant 
mass removal was low in all the tests, the results showed significant PAH migration 
towards the cathode. Reaction kinetics or a change in solution and/or surface chemistry 
under electric potential, however, seems to have caused sorption or precipitation of the 
contaminant to the soil and hindered complete PAH removal from the soil. Thus, further 
evaluation needs to be performed to determine the cause of low contaminant removal, but 
enhanced electrokinetic remediation appears to be a promising technique for the removal 
of PAHs from low permeability soils. 
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Introduction 

Toxic polycyclic aromatic hydrocarbons (PAHs), such as phenanthrene, anthracene, 
and pyrene, are persistent and difficult to remove from low permeability clayey soils 
because these contaminants have low aqueous solubilities and a tendency to strongly bind 
with the clay minerals and organic matter present in these soils (Connell 1997, Luthy et 
al. 1997). Generally, conventional remediation techniques such as in-situ flushing or soil 
washing require enhanced solutions containing surfactants/cosolvents to achieve adequate 
PAH desorption and solubilization (Rome 1998, Sabatini et al. 1996). Basically, the 
surfactants/cosovlents increase contaminant desorption by reducing the interfacial tension 
between the PAH and the soil. However, when low permeability soils are present, in-situ 
flushing or soil washing remediation is not effective because the low hydraulic 
conductivity of the soils severely limits the flow and the contaminant and 
surfactant/cosolvent interaction. Ultimately, with these types of remediation techniques, 
it is the hydrogeology of the site that largely governs the amount of PAH removal and the 
degree of contaminant tailing (Fountain et ai. 1995). Therefore, it is important to develop 
innovative remediation technologies that are applicable for PAH-contaminated sites 
where low permeability soils are present, and the electrokinetic remediation process 
offers great promise under such conditions. Electrokinetics essentially involves the 
installation of wells/drains, the insertion of electrodes into the soil, and the application of 
a low electric potential. The applied voltage gradient induces electroosmotic flow that is 
capable of transporting surfactants/cosolvents through low permeable soils at rates 
magnitudes higher than flow rates generated under typical hydraulic gradients 
(Casagrande 1949). 

This paper presents the results of a laboratory investigation that was performed to 
evaluate different surfactants/cosolvents for enhancing electrokinetic remediation. In 
particular, surfactants/cosolvents were selected based on their ability to cleanup a low 
permeability clayey soil, kaolin, spiked with a typical PAH contaminant, phenanthrene. 
The surfactant/cosolvent screening process was primarily based on (1) a literature review 
and the results from previous studies, (2) applicability for m-situ electrokinetic 
remediation and the enhancement of electroosmotic flow, and (3) ability to desorb and 
solubilize phenanthrene in batch tests. The soil type and other electrokinetic variables 
were kept constant in order to compare the relative performance of the surfactants and/or 
cosolvents. The parameters that were evaluated for surfactant/cosolvent performance 
included the electric current, cumulative electroosmotic flow, and cumulative mass 
removal during the electric potential application as well as the soil pH and residual 
contaminant concentrations after the electric potential application. 

Background 

Electrokinetics and Electroosmotic Flow 

At the electrodes, electrolysis reactions occur and generate oxygen gas and hydrogen 
ions at the anode and hydrogen gas and hydroxide ions at the cathode. 

2H20 ::~ 4e" + 02 (g) + 41-I + oxidation (anode) 
2I-I20 + 2e ::~ 1-12 (g) + OH" reduction (cathode) 
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Electrokinetic remediation is accomplished through various contaminant transport 
processes such as electromigration, electroosmosis, electrophoresis, and diffusion. 
Electromigration describes the transport of ionic species present in the pore fluid. This 
mechanism is largely responsible for generating the electrical current through the soil, 
and it includes the migration ofI-I + and OH" generated due to electrolysis towards the 
oppositely charged electrode. Moreover, under an electric potential, electroosmosis, 
which refers to the bulk movement of pore fluid, occurs because the locally existing 
excess ions migrate in a plane parallel to the particle surface towards the oppositely 
charged electrode, and, as they migrate, they transfer momentum to the surrounding fluid 
molecules via viscous forces (Eykholt 1992). Electrophoresis, which describes the 
transport of charged colloidal-sized particles through the pore fluid as well as diffusion, 
which describes the transport of species due to concentration gradients also contribute to 
contaminant transport. 

PAHs such as phenanthrene are electrically neutral, and, thus, they basically do not 
electromigrate towards an electrode due to electromigration or electrophoresis. Diffusion 
usually is a very slow process, so it was also not expected to contribute substantially to 
PAH removal. Therefore, electroosmosis is the controlling mechanism for PAH removal 
because the electroosmotic flow should greatly enhance flow and soil-solution- 
contaminant interaction through low permeability soils. If the PAHs are desorbed from 
the soil and solubilized into solution, electroosmosis should facilitate the advective 
transport of them towards the electrode well(s)/drain(s) where they can be extracted. 
Finally, after removal, the contaminant-laden effluent can be treated using established 
wastewater treatment technologies (Abdul et al. 1992, Pinto and Moore 2000, Lee et al. 
2001). 

Generally, the surfaces of clay particles are negatively charged primarily due to 
isomorphic substitution or to broken bonds around the edges of composite silica-alumina 
units (Grim 1968). As a result, cations that are dissolved in the solution surrounding clay 
particles are attracted to the negative electric field originating from the mineral surface. 
Initially, the amount of cations attracted to the surface outnumbers the amount necessary 
to balance the negative charges, and, since the concentration of cations near the mineral 
surface is high, due to thermal motion energy they diffuse away from the surface in the 
direction of decreasing concentration gradient (Dukhin and Derjaguin 1974). 
Consequently, the charges become distributed in a diffuse double layer configuration 
(Mitchell 1993). Under an electric potential, the solubilized ions electromigrate, and, as 
they move, they transfer momentum to surrounding fluid molecules. If the cations and 
anions are evenly distributed, equal and opposite flow results and the net flow is zero. 
However, when the momentum transferred to the fluid in one direction exceeds the 
momentum of the fluid traveling in the other direction, electroosmotic flow is generated 
(Gray and Mitchell 1967). 

Helmholz developed one of the first theories concerning electroosmosis in 1879, and 
Smoluchowski modified it in 1914 (Mitchell 1993). Helmholz-Smoluchowski theory (H- 
S theory) is still widely accepted, although it is more applicable for soils with fairly large 
pores (Gray and Mitchell 1967). The theory states that electroosmotic flow velocity is 
directly proportional to the applied voltage gradient (EL), zeta potential (Q, and dielectric 
constant (D) of the fluid and inversely proportional to the fluid viscosity (11) (Gray and 
Mitchell 1967). 
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The zeta potential is basically a complex function of the interfacial chemistry between the 
liquid and solid phases (Eykholt and Daniel 1994), and West and Stewart (1995) define it 
as the electric potential at the junction between the fixed and mobile parts in the double 
layer. The zeta potential is a function of many parameters including the types of clay 
minerals and ionic species that are present as well as the pH, ionic strength, and 
temperature (Vane and Zang 1997). At a unique pH, called the point of zero charge 
(pHpzc), the net charge on the mineral surface and the zeta potential equal zero, and, 
according to H-S theory, the electroosmotic flow ceases. 

It has been reported that the pI-Ip~ of kaolin soil is approximately 4.5 (Evangelou 
1998), so, when the pH is greater than this value, the soil has negative surface charge and 
negative zeta potential, and, under these conditions, the electroosmotic flow is directed 
from the anode towards the cathode. The electrolysis reaction at the anode, however, 
generates an acidic solution that causes the pH to drop. Consequently, as the flow of low 
pH solution enters the soil from the anode, the zeta potential might become more 
positive, and this could cause the electroosmotic flow to cease or possibly reverse and be 
directed from the cathode towards the anode (Vane and Zang 1997, Eykholt and Daniel 
1994). It is important to note that there are many additional factors, such as ionic 
strength and the voltage gradient, that affect the electroosmotic flow, so a low pH and 
positive zeta potential in one region does not necessarily cause the flow to reverse 
throughout the soil sample. 

Although soil conductivity is largely a function of the pore fluid conductivity, the 
surface charge of the clay minerals might produce substantial effects. Mitchell (1993) 
notes that the mineralogy plays a crucial role because of minerat dissolution as well as 
other mineral-solution interactions such as hydrogen bonding, van der Waals forces, 
osmosis, or surface-dipole attraction. Furthermore, besides mineralogy, the conductivity 
depends on other soil properties, such as the particle size and shape, porosity, fabric and 
cementation, and degree of saturation (Mitchell 1993). 

Besides the H + and OH" ions generated by the electrolysis reactions, there are many 
ions that might be associated with clays (Greenland and Hayes 1978). In particular, 
kaolin soil, which is frequently used in electrokinetic experiments, has been characterized 
extensively for its physical and chemical properties (Eykholt 1992). Kaolinite has the 
chemical formula of Al2Si2Os(OH)4, and it has a low cation exchange capacity (CEC), 
implying a low tendency to substitute different cations such as Mg 2+ or Fe 2+ for At3+. 
However, impurities such as titanium and iron oxides, and smectite have been found to 
exist in kaolin soil (Eykholt 1992). Although these impurities are small and difficult to 
determine with x-ray diffraction, they can affect the surface charge of kaolin soil 
(Eykholt 1992). 

When the pH is low, the I-I + ions balance the negatively charged clay particles, and, 
consequently, aluminum dissolution from the clay may take place, increasing the 
aluminum ions in solution (Carrol-Webb and Walther 1988). Depending on the pH, 
different chemical reactions occur as kaolinite dissolves and the products are hydrolyzed 
species of aluminum and silicon (Eykholt 1992). 
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Surfactants/Cosolvents 

The current carrying capacity of  an electrolyte, or its conductivity, mainly depends on 
the viscosity of the solution and the concentration, charge, radii, and mobility of the 
dissolved ions (Hamann et al. 1998). Solutions that possess high conductivities are 
generally ones that have high concentrations of ions that are able to easily dissociate. If  
the ion concentration becomes too high however, ionic interaction may decrease 
conductivity. Generally, pure solvents such as benzene, methanol, or distilled water are 
poor conductors because the electrolyte molecules only slightly dissociate (Hamann et al. 
1998). They also may contain stronger conducting impurities that cannot be removed. 
The dielectric constant, or permittivity, of a fluid is closely related to the dipole moment 
of the fluid molecule, and it is a measure of the ability of  the liquid to resist the presence 
of an electrical field (Mitchell 1993). Non-aqueous liquids are generally composed of 
molecules with low polarities, so non-polar organic compounds, such as PAHs, are 
usually more soluble in non-aqueous solvents. The low polarity of  non-aqueous solvents 
commonly means that they have lower dielectric constants, and, for example, the 
dielectric constant of ethanol is less than one-third the dielectric constant of water (Weast 
et al. 1984). 

In addition to solvents, surfactants have been used extensively for enhancing the 
aqueous solubility of organic contaminants (Lowe et al. 1999). Basically, surfactant 
molecules, or monomers, are composed of two separate groups or moieties. The head 
group is lypophilic (attracted to the bulk phase) and the tail group is lypophobic (repelled 
from the bulk phase). Furthermore, when the bulk phase is water, the corresponding 
terminology becomes hydrophilic and hydrophobic. The presence of the 
characteristically divergent (amphiphilic) monomers in the bulk phase causes an increase 
in the overall free energy of the system. Thus, to lower the free energy, the monomers 
concentrate at surfaces and interfaces and lower the surface tension (Myers 1988). 

At a specific concentration, termed the critical micelle concentration (CMC), the 
monomers have sufficiently saturated the interface locations and they begin to aggregate 
into structures called micelles. For micelles in dilute aqueous surfactant solutions, the 
hydrophilic head moieties are directed towards the aqueous phase and the hydrophobic 
tails are directed towards the interior region. The interior of the micelle becomes a 
hydrophobic region suitable for PAils, and, as a result, PAH solubility is greatly 
enhanced above the CMC (Ganeshalingam et al. 1994). 

Surfactants reduce interfacial tension and enhance PAH desorption and sohbilization, 
but it has been determined that micellar solubilization is a rate-limited process (Grimberg 
et al. 1995, Yeom et al. 1996, Patterson et ai. 1999, Farrell et al. 1999). The rates at 
which micelles are created and dissipate are considered to be very rapid (Attwood and 
Florence 1983), and the partitioning of the PAH between the aqueous and micellar phases 
is also generally assumed to be a fast process (Grimberg et al. 1995). However, Patterson 
et al. (1999) and Yeom et al. (1996) suggest that the mass transfer is limited due to the 
diffusion of the PAH from the soil matrix. 

Water-miscible organic cosolvents such as ethanol or other alcohols do not form 
micelles, but, as mentioned earlier, their molecules are less polar than water and more 
chemically similar to PAH molecules. Therefore, when cosolvents are present, PAH- 
water interracial tension is usually reduced and PAH desorption and solubility is 
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enhanced (Li et al. 2000). The effect ofcosolvents on PAH removal can be estimated by 
using the ratio of the soil-cosolvent and soil-water partitioning coefficients, and this ratio 
largely depends on the cosolvent concentration as well as the relationship of the 
cosolvent with the soil and contaminant (Li et al. 2000). Generally, the higher the 
cosolvent concentration, the greater the PAH desorption/solubilization, but many factors 
are involved so it is commonly a nonlinear relationship (Yalkowsky and Banerjee 1992). 

Experimental Methodology 

Materials 

The soil chosen for this research was kaolin, and Table 1 shows its mineralogy and 
properties. As seen in the table, kaolin basically consists of  the mineral kaolinite and has 
a hydraulic conductivity of  around 10 "s cm/s, which is significantly lower than the 10 .5 
cm/s value that is generally required for in-situ soil flushing. Kaolin has been previously 
used in many electrokinetic research studies (Eykhoit 1992, Reddy and Parupudi 1997, 
Reddy et al. 1997, Reddy and Chinthamreddy 1999, Saichek 2002). 

Phenanthrene (molecular formula = C14 Hlo; molecular weight = 178.2; aqueous 
solubility = 7.25 x 10 "6 mol/L; Log Kow = 4.57) was chosen as the representative PAH in 
this study (Connell 1997), Phenanthrene is a common PAH found at numerous 
contaminated sites and it has environmental properties such as aqueous solubility, Kow, 
and vapor pressure that are comparable to other PAHs, such as acenaphthene, 
fluoranthene, and fluorene (Schwarzenbach et al. 1993, Connell 1997). Although higher 
molecular weight and more carcinogenic PAHs, such as benzo (a) pyrene, often have 
higher Kow values and lower aqueous solubilities, it was hypothesized that since the 
parent structures are similar, phenanthrene would be an adequate representative 
compound that would give a general indication of PAH behavior. The kaolin was spiked 
with phenanthrene with a target concentration of 500 mg/kg (based on the dry mass of 
soil). 

Four surfactant/cosolvent solutions, namely 1% Witconol 2722, 3% Tween 80, 40% 
ethanol, and 4% Witco 207 in 40% ethanol were investigated as flushing solutions and 
their properties are presented in Table 2. Additionally, testing was performed using 
deionized water for baseline comparison purposes. These surfactants/cosoivents are non- 
ionic and have been used previously by researchers to enhance PAH solubility (Yeom et 
al. 1995, Ko et al. 1998a). Ethanol was purchased from Fisher Scientific, Pittsburgh, 
Pennsylvania, Tween 80 was obtained from Aldrich Chemical Company, and the Witco 
surfactants were obtained from Witco Corporation, Houston, Texas. Ethanol was 
selected as a cosolvent because of its relatively high solvency properties (phenanthrene 
solubility in pure ethanol = 7.63 x 10 -2 mol/L) (Li et al. 2000), its fairly good results at a 
40% concentration in batch tests, and its low toxicity as compared to other cosolvents. 
The surfactant/cosolvent concentrations were selected based on the results of the batch 
experiments (Saichek 2002). 
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Table 1 - Summary ofsoilproperties. 

Property 
Mineralogy 

Particle Size Distribution (%) (ASTM D 422) 
Gravel 
Sand 
Silt 

Clay 
Atterberg Limits (ASTM D 4318) 

Liquid Limit 
Plastic Limit 

Plasticity Index 
Specific Gravity (ASTM D 854) 

Compaction (ASTM D 698) 
Maximum Dry Density 

Optimum Moisture Content 
Hydraulic Conductivity [cm/s] (ASTM D 2434) 

Cation Exchange Capacity [meq/100g] 
(ASTM D 9081) 

pH (ASTM D 4972) 
USCS Classification (ASTM D 2487) 

Value 
Kaolinite: 100% 
Muscovite: trace 

Illite: trace 

0 
0 
10 
90 

44 
29 
15 

2.61 

14 
30 

1.0 x 10 "s 

1 . 0 -  1.6 

4 .5-5 .0  
CL 

Table 2 - Selected properties ofsurfactants/cosolvents. 

Name Chemical Formula Molecular 
Weight 

1310 

CMC OVII 

Tween 80 C64 H124026 
Ethanol C2HsOH 46 

Witconol 2722 C64 H124026 1310 1.2 x 10 "~ 
Witco 207 Not Available Not Available Not Available 

1.2 x 10 ~ 
Not Applicable 

Electrokinetic Test Set-up 

An electrokinetic test set-up similar to that used in previous electrokinetic research 
was used in this study (Reddy and Shirani 1997, Reddy et al. 1997, Reddy and Parupudi 
1997). A schematic diagram of the entire test set-up and the electrokinetic cell is shown 
in Figure 1. 

The test s~-up consisted of a cell, two electrode compartments, an anode reservoir 
and cathode sample bottle, a power supply, a multimeter, and peripherals such as tubing, 
wiring, and support stands. The cell was made of Plexiglas and measured 6.2 cm in 
diameter and 19.1 cm in length. Each electrode compartment was also made of Plexiglas, 
and consisted of an electrode and a porous stone as shown in Figure 1. The slotted 
graphite electrodes were placed in the electrode compartments, and filter paper was used 
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at the end of the sample to prevent particulate matter from entering into the porous 
stones, reservoir, or sample bottle. A porous stone was then placed next to the filter 
paper between the end of the sample and the graphite electrode. Gas vents were provided 
in the electrode compartments to allow the gases generated from the electrolysis reactions 
to escape. 

Figure 1 - Electrokinetic test setup. 

Testing Procedure 

For each experiment, approximately 1.0 kg of kaolin was used. Since phenanthrene is 
relatively insoluble in deionized water, hexane was used to solubilize the contaminant. 
The hexane-phenanthrene mixture was added to the kaolin and mixed thoroughly using a 
stainless steel spoon. Additional hexane was added to ease mixing and aid in 
homogeneous contaminant distribution throughout the soil. The hexane-phenanthrene- 
kaolin mixture was then placed in a ventilation hood for 4-5 days, where the hexane 
evaporated, leaving the kaolin dry. A sample of the contaminated dry soil was saved for 
chemical analysis. Deionized water was added and thoroughly mixed with the soil to 
yield the initial water content of approximately 35%. The prepared moist soil was then 
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tamped into the cell in uniform layers using a hand-held aluminum alloy pestle for 
compacting and eliminating voids. 

The electrode compartments, the anode reservoir, and the cathode sample bottle were 
connected to either ends of  the electrokinetic cell. The anode reservoir was filled with 
the surfactant/cosolvent solution and the cathode compartment was initially filled with 
deionized water. The kaolin in the cell was then subjected to a voltage gradient of 1.0 
VDC/cm for the required duration. During testing, the current and cumulative 
electroosmotic flow was measured, and aliquots of effluent were collected to determine 
phenanthrene concentrations. 

After each experiment was completed, the soil was removed from the cell using a 
mechanical extruder and then sectioned into five parts from the anode to cathode as 0-4, 
4-8, 8-12, 12-16, 16-19.1 cm Each section was mixed and representative soil samples 
were collected to measure water content, pH, and phenanthrene concentration. Moisture 
content was measured by the standard test method for laboratory determination of water 
(moisture) content of soil and rock by mass (ASTM D 2216). The pH measurements 
were made using a digital pH meter. 

Quantitative measurement of the phenanthrene concentration in the initial and 
sectioned soil samples was accomplished by conducting Soxhlet extraction and high- 
performance liquid chromatograph (HPLC) analysis (Saichek 2002). The phenanthrene 
from the effluent samples was extracted using a triple liquid-liquid extraction procedure 
using a total volume of about 50 mL ofdichloromethane. The volume of the extract was 
then reduced using a Kuderna-Danish concentrator, and the solvent was exchanged to 
methanol for subsequent injection into the I-IPLC. 

The I-IPLC that was used was a Hewlett Packard Model 1100 equipped with an 
Alltech Econosphere reverse-phase C18 column (250 x 4.6, 5 ~tm particle size) and a 
diode array UV detector, and the samples were filtered through a 0.22 Cameo 13F PTFE 
membrane prior to injecting. The samples were injected manually using a 20 pJ., sample 
loop, and a mixture of water and methanol, 25:75 was used as the mobile phase with a 
constant flow rate of 1.0 mL/min. The detector wavelength was set at 254 nm. 
Calibration of the HPLC was performed using four external standard solutions 
(phenanthrene) and two concentration ranges, and linearity was determined on a daily 
basis. The system was determined to be free of  contamination by running blank samples 
regularly, and recovery of the spiked phenanthrene samples was about 101 and 99.5% for 
the soil and liquid samples, respectively. 

After the electrokinetic tests were completed, a mass balance analysis was performed 
for the phenanthrene in each test. The mass balance was reasonably good for most of the 
tests, with all the final phenanthrene mass results within plus or minus 21% of the initial 
mass, and most of them within 15% (Table 3). The mass balance differences were 
primarily attributed to uneven contaminant distribution in the soil samples. Although the 
soil samples were thoroughly mixed, the phenanthrene distribution was probably still 
somewhat heterogeneous, and only a representative portion of the soil (10 g) was used for 
the Soxhlet extraction procedure. The chemical analysis of  the phenanthrene 
concentration in the effluent samples was much more consistent and accurate because the 
contaminant was evenly distributed through the liquid. In addition, the liquid-liquid 
extraction and concentration procedure allowed the detection of very low (0.01 mg) 
phenanthrene concentrations in the effluent. 
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Table 3 - Mass balance. 

147 

Flushing Initial Mass Mass Mass Final Mass 
Solution in Soil [mg] Removed by Remaining Removed and 

Solution [mg] in Soil [mg] Remaining/Initial 
Mass [%] 

Deionized water 386.4 0.00 386.2 100.0 
1% Witconol 335.9 0.01 371.3 110.5 
2722 
3% Tween 80 377.5 0.04 365.0 96.7 
40% Ethanol 398.6 0.44 349.3 87.7 
4% Witco 207 in 486.5 0.48 382.8 78.8 
40% ethanol 

Results and Analysis 

Current 

Figure 2 shows the current measured during electric potential application in all tests. 
These current measurements exhibit a similar basic pattern. Generally, at the beginning 
of  the test the current starts near or at its peak value and then begins to decrease fairly 
rapidly. Initially, the decrease may be drastic, as in the 4% Witco 207 in 40% ethanol 
and 1% Witcono12722 tests, but after a few weeks, the decrease became gradual, and, 
after around 50 days all the tests reached a nearly constant long-term current value. The 
long-term current values are indicative of  the electrical characteristics of  the surfactants 
and cosolvents used. The long-term current values ranged from a low 0.1 mA in the 40% 
ethanol test to a high of  0.7 mA in the test using 4% Witco 207 in 40% ethanol. The 
current value in the 40% ethanol test was only slightly below the 0.2 mA baseline value 
measured in the deionized water test, whereas the 4% Witco 207 in 40% ethanol test 
showed over three times that current. The 1% Witconol 2722 solution was dilute and 
similar to deionized water, so it was not surprising that it had a similar 0.2 mA current 
value. Lastly, the 3% Tween 80 was a bit more concentrated than 1% Witconol 2722 
surfactant, and the resulting 0.3 mA current value is slightly above that measured in the 
deionized water test. 

The pattern of  a decreasing current over time in tests using kaolin soil correlates well 
to the findings of  other investigators (Eykholt 1992, Pamukcu 1994, Grundl and 
Michalski 1996), but these other studies report somewhat higher initial current values. 
The initial current value is largely a reflection of  the amount of  sorbed or associated ions 
in the soil, or of  the amount of  mineral dissolution that occurs, so the kaolin soils in the 
other studies may have simply contained a larger amount of  impurities or salt 
precipitates. As time passes, the current decreases and stabilizes because the amount of  
initial excess ions is depleted as they electromigrate to the electrode chamber, where they 
may concentrate and precipitate (Pamukcu 1994). The long-term current value is more 
difficult to understand. Although IT  and OH" ions are generated at the electrodes due to 
the electrolysis of  water, when these ions migrate towards the opposite electrode, they 
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meet and react to form water, so they may not significantly contribute to the current 
(Dzenitis 1997). However, the adsorption of these ions to the soil and the slow 
dissolution of minerals and/or salt precipitates may have led to the stable, long-term, 
supply of charge carriers (Eykholt 1992). 
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Figure 2 - Current measured in the soil during electrokinetic remediation. 

It appears that the presence of a nonionic surfactant, as well as an increase in 
surfactant concentration, generally has the effect of slightly increasing the current. 
Although nonionic surfactants are neutrally charged compared to anionic or cationic 
surfactants, several researchers have shown evidence that surfactant sorption may occur 
due to hydrogen bonding with an oxyethylene group (Edwards et al. 1994, Rosen 1989, 
Ko et al. 1998b). Moreover, a nonionic surfactant also showed weak adsorption to 
positively charged alumina, and, at low pH, it was found that the ether linkages of  
oxyethylene chains could be protonated, giving the molecules a positive charge (Rosen 
1989). Therefore, nonionic surfactants may possibly acquire ionic charges, and the 
sorption or presence of nonionic surfactant molecules may change the soil surface or 
solution chemistry so that additional ions can become solubilized. 

Ethanol has a much lower dielectric constant than water so there may be less ion 
dissociation when this solution is present, and, thus, it is reasonable that the 40% ethanol 
solution had a smaller long-term current value than deionized water. Furthermore, since 
the 40% ethanol solution had a relatively low long-term current, it was probably the 
micellization and solution chemistry effects of the surfactant that were responsible for 
raising the current in the test using the combination of  4% Witco 207 in 40% ethanol. It 
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is also obvious that the 4% Witco 207 in 40% ethanol and 1% Witconol 2722 tests had 
much higher initial current values than the 3% Tween 80 test, and this is most likely due 
to the differences in the chemistry of  these surfactants. 

Cumulative Electroosmotic Flow 

Figure 3 shows the cumulative electroosmotic flow measured in all tests using the 
different flushing solutions. Similar to the current measurements, the basic pattern of  
flow was relatively consistent for each test. Near the beginning, when the current was 
high, the flow rate was high, then, within a few weeks, as the current started to decrease, 
the flow rate decreased. After approximately 50 days, the current reached a nearly 
constant value and the flow rate stabilized. The initial flow for all the tests was 
substantial, and within the first few weeks each test reached a cumulative volume of  
approximately 100 mL. However, it was the long-term stable flow acquired after nearly 
50 days that determined which test produced the overall greatest cumulative flow. 
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Figure 3 - Cumulative electroosmotic flow measured during electrokinetic remediation. 

The basic patterns of  flow and current behavior were similar, but the magnitudes of  
the flow and current differed. For example, the test with the highest current was 4% 
Witco 207 in 40% ethanol, and this does not correspond to the test with the highest flow, 
which was deionized water. This is because there are many additional factors that affect 
electroosmosis besides the electric current. According to H-S theory, the electroosmotic 
flow velocity is a function of the viscosity and dielectric constant of  the fluid, the zeta 
potential, as well as the electrical field strength. Furthermore, pH changes occur as a 
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result of the electrolysis reactions, and these reactions tend to decrease the electroosmotic 
flow (Shapiro and Probstein 1993). The electrolysis reactions change the pH thereby 
affecting the surface charge on the soil and the zeta potential, and, as a consequence, non- 
uniform electroosmotic flow and significant positive and/or negative pore pressures may 
be produced (Eykholt and Daniel 1994, Eykholt 1997). The pH and solution chemistry 
changes and the development of pore pressures can further result in the flocculation or 
dispersion of the soil particles, and these effects can cause smaller or clogged void 
spaces, compaction, lower permeability, and a reduction or cessation of electroosmotic 
flow. 

The flow rate in the 1% Witconol 2722 and the 4% Witco 207 in 40% ethanol tests 
started high but it reduced substantially after a few weeks. For the 4% Witco 207 in 40% 
ethanol test, the average flow rate was 15 mL/day for the first 19 days, but it dropped to 
just over 1 mL/day during the last 65 days. Similarly, the 1% Witconol 2722 test had an 
average flow rate of nearly 8 mL/day during the first 35 days, but it reduced to less than 2 
mL/day for the last 50 days. The 3% Tween 80 test had a lower initial average flow rate 
of around 7 mL/day for the first 40 days, but it maintained a rate of over 2 mL/day for the 
next 70 days. The 40% ethanol test had an even lower initial average flow rate of about 5 
mL/day for the first 40 days, and it dropped to less than 2 mL/day for the next 90 days. 
The highest cumulative flow rate was seen in the deionized water test that began with an 
initial average rate of around 8 mL/day for the first 40 days, and maintained over a 5 
mL/day average for the next 90 days. 

According to H-S theory, it is logical that the baseline test employing deionized water 
probably possessed the highest dielectric constant and the lowest viscosity, resulting in 
the greatest amount of cumulative electroosmotic flow. Moreover, since ethanol has a 
dielectric constant that is about a third of the dielectric constant of water at 25 ~ it 
makes sense that the test using 40% ethanol had a much lower cumulative flow than the 
baseline test. The dielectric constants and viscosities of the surfactant solutions were not 
measured or found in the literature, but it is assumed that due to the organic nature of 
these solutions the viscosities were most likely greater and the dielectric constants were 
less than deionized water (Attwood and Florence 1983). 

The results of the three tests using surfactant solutions are difficult to interpret due to 
the amphiphilic nature of the surfactant molecules. Since the surfactant concentration in 
the 1% Witcono12722 test was dilute and the long-term current value was similar to the 
baseline deionized water test, it was expected that the 1% Witcono12722 test and the 
baseline test would have comparable cumulative flows, but the flow in the dilute 
surfactant test was much lower. Surfactant monomers congregate at interfaces, and it 
appears that even at low surfactant concentrations the long-term electroosmotic flow was 
reduced compared to the baseline test. Based on electroosmotic theory, it is possible that 
the aggregation of surfactant monomers at interfaces affects the diffuse double layer 
region and interferes with ionic movement, which, consequently, reduces the transfer of 
momentum to the bulk water molecules. Furthermore, the increased viscosity in the 
diffuse double layer region as well as the presence of micelles could also decrease the 
amount of pore space and the flow velocity. 

The 1% Witconol 2722 and 4% Witco 207 in 40% ethanol tests were conducted for a 
shorter duration than the other tests, but it is interesting that all three of the surfactant 
solutions had around 350 mL of cumulative electroosmotic flow a~er about 80 days. The 
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CMC of 4% Witco 207 in 40% ethanol was not measured, but the lower concentration, 
1% Witconol 2722, solution was at a concentration which was approximately 600 times 
its CMC, and the 3% Tween 80 solution was about 1800 times the CMC, so all three 
surfactants were at concentrations that far exceeded their CMCs (Table 2). Thus, the 
surfactant solutions should have been under the conditions where the surfactant 
monomers had saturated the soil particle surfaces, a sufficient number of micelles were 
present, and the micellar solubilization ofphenanthrene was occurring. At the interfacial 
regions near the soil particle surface, there should have been similar conditions for 
surfactant adsorption, and this might be the reason for the comparable electroosmotic 
flow between the different surfactant solutions. 

Cumulative Mass Removal 

Figure 4 shows the cumulative mass removal in all tests using different flushing 
solutions. Overall, considering the initial mass of  contaminant in the soil, none of the 
flushing solutions removed significant amounts ofphenanthrene. It should be noted that 
the largest amount of phenanthrene was detected in the solution drained from the cathode 
reservoir at the conclusion of testing. Since phenanthrene has such a low aqueous 
solubility, it was expected that the baseline deionized water test would show a negligible 
amount of mass removal, and this was verified by the results. Similarly, the solution 
most resembling deionized water, the dilute surfactant (1% Witconol 2722), did not 
produce any phenanthrene removal, and this may have been due to a large amount of 
surfactant sorption and/or a low amount of micellization. Although the 1% Witconol 
2722 concentration was much higher than its CMC, several investigators have determined 
that surfactant sorption might continue until the concentration is well above the CMC 
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Figure 4 - Cumulative mass removed during electrokinetic remediation. 
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(PenneU et al. 1993, Adeel and Luthy 1995, Ko et al. 1998a). The more concentrated 
surfactant, 3% Tween 80, showed a slight amount of removal of  38 lag, but this was 
minor compared to the 4% Witco 207 in 40% ethanol and the 40% ethanol solutions, that 
removed over 400 lag. However, even this amount ofphenanthrene mass (400 ~tg) 
corresponds to less than 0.1% of the initial mass present in the soil. Clearly, for all five 
tests, the results show that most of the phenanthrene remained within the soil. 

Profile of pH m the Soil 

6.5 

Figure 5 shows the pH profile in the soil after conducting the electrokinetic 
remediation experiments with different flushing solutions. These results show that acidic 
conditions, which ranged from a pH of approximately 5.5 to 2.5, existed throughout the 
soil, and the pH at the anode was often much lower than the pH at the cathode as a result 
of the electrolysis reaction at the anode. It should be noted that for all the tests, 
electroosmotic flow was directed from the anode towards the cathode. The H + ions 
generated at the anode are about twice as mobile as the OH" ions generated at the cathode 
so they generally dominate in electrokinetics, and both H + and OH" ions have a high rate 
of transport because they easily associate and/or dissociate with water (Acar et al. 1995). 
In kaolin, the combined transport mechanisms of electroosmosis and electromigration are 
largely responsible for causing the acidic solution generated by the electrolysis reaction at 
the anode to migrate faster into the soil and move towards the cathode, and this explains 
the acidic conditions that existed in all the tests (Acar et al. 1995). However, if the 
electroosmotic flow reduces, a substantial amount of electromigration of OH" into the soil 
from the cathode electrolysis reaction could raise the pH near the cathode, and this 
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Figure 5 - p H  in the soil after electrokinetic remediation. 
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accounts for the higher pH that is seen in the soil section closest to the cathode in the 1% 
Witconol 2722 and the 40% ethanol tests. In addition, a decrease in electroosmotic flow 
means that less solution is flowing in from the anode reservoir, and, thus, the electrolysis 
reaction occurring at the anode causes the IT ions to become more concentrated, thereby 
lowering the pH further in the anode region. 

The baseline deionized water test was the only test where the pH remained above 4 
near the anode, and this is probably due to the higher electroosmotic flow in this test. 
The consistent inflow of relatively high pH water from the anode reservoir helped to 
dilute the IT ion concentration that was being generated by the electrolysis reaction in the 
anode compartment. Moreover, since the deionized water solution was migrating more 
quickly from the anode towards the cathode than in other tests, the soil pH remained 
relatively constant at a pH of about 4.5 to 5.5. The baseline test is also of interest 
because the point of zero surface charge (pHpz0 for kaolin is reported to be near pH = 4.5 
(Evangelou 1998, Eykholt and Daniel, 1994), and Figure 5 shows that all the tests, with 
the exception of the baseline test, had a pH near the anode that was below 4 near the 
anode. As mentioned earlier, when the pH is below the pHp~, by H-S theory, the flow 
rate should substantially decrease towards the cathode, or possibly reverse, due the 
reduction and/or transformation of net charge on the mineral surface and the resulting 
effect on the zeta potential (Eykholt and Daniel 1994, Acar et al. 1995, Vane and Zang 
1997). Therefore, from the pH analysis, it is evident that it may be beneficial to raise the 
pH at the anode to counteract the electrolysis reaction, and this may maintain the pH 
above the pHpzc and result in a high electroosmotic flow. Typically, for kaolin, buffering 
solutions as well as recycling the solution in the anode compartment have been shown to 
generate additional electroosmotic flow (Shapiro and Probstein 1993, Ko e~ al. 2000). 

The lowest pH values occurred in the 1% Witconol 2722 and 4% Witco in 40% 
ethanol tests, and Figures 2 and 3 show that both of these experiments started with high 
current and flow rates, where, for both tests, about 270 mL of flow was collected in the 
cathode bottle within the first 40 days. During the following 40 days, however, the flow 
substantially decreased in these tests, and only around 95 mL, or a third of the initial 
flow, was collected. In these surfactant tests, it appears that the electrolysis reaction at 
the anode and surfactant adsorption to the mineral surface affected the diffuse double 
layer, and this might have led to the development of negative pore pressures or a 
reduction in void space that resulted in a lower electroosmotic flow. Furthermore, the 
low electroosmotic flow allowed the IT ions to concentrate in the anode compartment, 
and this acidic front began electromigrating towards the cathode, thereby lowering the pH 
along soil profile. The tests using 40% ethanol and 3% Tween 80 had a more gradual 
initial current and electroosmotic flow, and they both resulted in a more sustained flow 
and slightly higher pH values along the soil samples. 

Residual Phenanthrene Distribution in Soil 

Figure 6 shows the phenanthrene concentration in the soil at the completion of the 
electrokinetic remediation experiments with the different flushing solutions. Since 
phenanthrene has such a low aqueous solubility, it is not surprising that the contaminant 
concentration remained essentially unchanged throughout the soil in the deionized water 
test. The dilute surfactant test using 1% Witconol 2722 also showed contaminant 
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concentrations along the soil column that were close to the initial concentration. It is 
likely that the low concentration of this surfactant as well as surfactant adsorption to the 
soil surface caused the amount of phenanthrene desorption and solubilization to be 
limited when the 1% Witcono12722 solution was used. 

For the 40% ethanol test, Figure 6 exhibits a clean soil section near the anode and 
slightly elevated phenanthrene levels through the remainder of the soil specimen. It is 
possible that a greater amount of electroosmotic flow and soil-solution-contaminant 
interaction occurred near the anode since this is where the solution enters the soil. The 
greater interaction might have been capable of causing phenanthrene desorption and 
solubilization or mobilization from the anode region, but as it traveled farther along the 
soil profile towards the cathode, changes in the soil or solution chemistry caused the 
contaminant to sorb, become trapped or precipitate back on the soil particles. Lambe and 
Whitman (1969) state that decreasing the pH tends to cause the flocculation of clay 
particles, and, due to the electrostatic attractions between the face of one particle and the 
edge of another, the particles form a loose array. Conversely, the dispersed clay particles 
tend to stack tightly together and form in an efficient parallel array. Therefore, the low 
pH region near the anode could have led to particle flocculation and a more open 
structure so that the phenanthrene was accessible to the solution and/or micelles. 
Moreover, the loose array structure would have caused the phenanthrene to be more 
easily desorbed and solubilized or possibly flushed towards the cathode. In the higher pH 
region, the clay may have been more disperse and tightly packed, and these conditions 
could have contributed to phenanthrene sorption or to the contaminant becoming 
entrapped and lodged in the smaller void spaces. 
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Figure 6 - Phenanthrene concentration in soil after electrokinetic remediation. 
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Figure 6 also shows that the 3% Tween 80 solution cleaned the soil section near the 
anode, and migration is more evident because in the middle region and further towards 
the cathode, the contaminant concentration is substantially higher than the initial 
concentration. Phenanthrene migration is also clearly observed in the 4% Witeo 207 in 
40% ethanol test, because the soil sections near the anode are clean, whereas the soil 
sections near the cathode have concentrations that are much higher than the initial 
concentration. When used alone, the 40% ethanol solution had a much lower amount of 
phenanthrene migration, so it appears that the greater amount of contaminant migration in 
the 4% Witco 207 in 40% ethanol test is a result of the surfactant or a synergistic effect 
produced by combining the surfactant and the cosolvent. 

As shown in Figure 4, the cumulative mass removal was high in the 40% ethanol test, 
and the same amount of removal was observed in the test using the combined 4% Witco 
207 in 40% ethanol. The 3% Tween 80 test had a comparatively low amount of 
cumulative mass removal, soit appeared as though using a surfactant without a cosolvent 
was ineffective. However, the residual phenanthrene concentration profiles shown in 
Figure 6 reveal that a large amount of phenanthrene migration occurred in the test using 
the 3% Tween 80 solution. Thus, although there was a low amount of phenanthrene 
removal, it is evident that under the fight conditions surfactants may be quite effective at 
PAH desorption and solubilization during the electrokinetic remediation process. 

Conclusions 

The objective of  this laboratory investigation was to evaluate different surfactants and 
cosolvents for enhancing the electrokinetic remediation of PAH-contaminated low 
permeability clayey soils. Phenanthrene was used as a representative PAH and kaolin 
soil was used as a representative low permeability clayey soil. Five different 
electrokinetic experiments were Conducted under the electric potential of 1.0 VDC/cm 
using deionized water, 1% Witcono12722, 3% Tween 80, 40 % ethanol, and 4% Witco 
207 in 40% ethanol. The parameters that were measured included the electric current, 
cumulative electroosmotic flow, and cumulative mass removal. At the conclusion of 
testing, the treated soil was extruded and examined to assess the pH and residual 
contaminant concentration along the soil profile. 

The main conclusions drawn from the results of this investigation were as follows: 

1. The electrical current measurements showed that the presence of a surfactant and/or 
cosolvent solution affects the electrical current, and the long-term current appears to 
correlate to the chemical properties, such as the viscosity and/or dielectric constant, of the 
flushing solution. The higher current observed in the surfactant tests was attributed to the 
nonionic surfactant molecules, which may possibly acquire ionic charges, and the 
sorption or presence these molecules may change the soil surface or solution chemistry so 
that additional ions can become mobilized. 

2. The highest cumulative electroosmotic flow was produced by the baseline deionized 
water test, and, according to H-S theory, this flow was because of the higher dielectric 
constant and lower viscosity of water. Although the electroosmotic flow in this baseline 
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test greatly increased soil-solution-contaminant interaction, this interaction alone was not 
effective for accomplishing contaminant mass removal, and it is evident that the flushing 
solution must be capable of producing adequate phenanthrene desorption and 
solubilization. The only tests that generated phenanthrene removal and/or migration used 
surfactant/cosolvent solutions that had at least a 3% surfactant concentration and/or a 
40% cosolvent concentration. 

3. The pH profiles were helpful for assessing the relationship between the electrolysis 
reaction at the anode and the reduction in electroosmotic flow. The test with the highest 
cumulative electroosmotic flow, the baseline deionized water test, provided a greater 
inflow that contributed to diluting the 14 + ions generated by the electrolysis reaction at the 
anode. In the other tests, with lower dectroosmotic flows, the electrolysis reaction at the 
anode dominated, and this caused the I-I + concentration to increase and the pH in the soil 
nearest the anode to fall below the pHpzc. 

4. For the three tests using at least a 3% concentration of surfactant/cosolvent, namely, 
3% Tween 80, 40% ethanol, and 4% Witco 207 in 40% ethanol, the region closest to the 
anode was found to be free of phenanthrene. In these tests, the low pH in the anode 
region could have caused the clay particles to flocculate, thereby producing a more open 
mineral structure. Thus, near the anode, the phenanthrene may have been more 
accessible to the surfactant/cosolvent solution, and it may have been more easily 
desorbed and solubilized or possibly flushed or mobilized towards the cathode. 
Conversely, in the higher pH region, the clay may have been more tightly packed, and/or 
the pore spaces became clogged, and these conditions could have contributed to micelle 
dissolution, phenanthrene sorption, or to the contaminant becoming entrapped and lodged 
in the smaller void spaces. 

5. Although contaminant mass removal was limited in all the tests, with 3% Tween 80, 
40% ethanol, and 4% Witco 207 in 40% ethanol, substantial phenanthrene desorption and 
solubilization apparently occurred near the anode, but removal was hindered because the 
contaminant sorbed back onto the soil further along the cell, towards the middle and 
cathode regions. The results from this investigation are very promising, but further 
testing needs to be performed to gain a greater understanding of the electrokinetically 
enhanced in-situ flushing process for PAHs. 
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Abstract: Although geotextiles are increasingly employed in environmental engineering 
works for their hydraulic and mechanical properties, their influence on the flow and 
transfer of solutes, such as heavy metals, has not been fully investigated. This article 
considers the transfer of a tracer to characterize the flow, and three heavy metals (zinc, 
lead and cadmium) in a calcareous soil fi'om a fluvio-glacial deposit with and without 
geotextiles, under steady state flow and saturated conditions. Leaching column 
experiments were conducted. Results showed that in some cases, geotextiles can 
homogenize the flow and reduce heavy metals elution, while in others, the flow was 
heterogenized and the heavy metals were more eluted. The influence on both flow and 
heavy metals elution depends on the injection rate, the initial water content of the 
geotextile, and its properties (resistance to water penetration). 
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Introduction 

Geotextiles Increasingly Used in Geoenvironmental Engineering 

Gcosynthetics are increasingly used today in civil, geotechnical and geoenvironmental 
engineering, mostly in environmental works like waste dumps and infiltration basins. 
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These fibrous materials have specific mechanical properties - high shear strength, high 
resistance to puncture, etc.- and hydraulic properties - high porosity, high permeability 
and a small filtration opening size (parameter linked to filtration capacity) (Bidim 
Geosynthetics 1996). Their mechanical properties are exploited to protect other 
components (geomembranes, clay, pipes, etc.), and reinforce the soil. Their hydraulic 
properties are exploited to drain and filter water. In particular, they are used to filter 
leachates in collection systems and drainage layers, thereby preventing drainage 
equipment from clogging (Arti6res et al. 1993, Koerner and Koerner 1990). 

Infiltration basins are used for runoff water management in the Lyon region (France). 
Stormwater and runoffwater is collected over a wide area and injected in a small area, 
allowing high concentration of some pollutants (Mikkelsen et al. 1994). Thus 
groundwater quality depends on proper monitoring of these geoenvironmental works. In 
some of these infiltration basins, geotextiles have been placed to separate the upper soil- 
reactive layer from the groundwater underneath. Geotextiles make it easy to remove the 
upper layer if it is too contaminated. 

Despite their growing use in infiltration basins, the influence of geotextiles on flow 
and on dissolved contaminants has not been fully investigated. And yet a literature review 
suggests that geotextiles could significantly influence the flow and the transfer of 
pollutants such as heavy metals. 

How Do They Influence the Flow and Transfer of Heavy Metals? 

Geotextiles are not presumed to interact directly with these pollutants, due to the low 
chemical reactivity of their fibers. But they may interact with the soil to produce a new 
soil-geotextile system with new characteristics. 

When geotextiles are put into the soil, they constitute a particular layer with a 
particular structure. This structural heterogeneity could modify the soil around the 
geotextile due to soil particle movement and other physical and chemical processes 
(precipitation, biological clogging; Farkhouh 1994, Koerner and Koerner 1990). When 
steady state conditions are reached, the soil-geotextile system consists of a layer 
comprising (1) the original soil, (2) a layer including the modified soil plus the geotextile, 
and (3) a layer consisting of the original soil underneath. As a rule, the layer including the 
modified soil and the geotextile displays a different structure (high porosity), different 
physical and biological properties, and different hydraulic properties (high hydraulic 
conductivity). This modification of hydraulic properties can be expected to modify the 
flow. Thus the process of heavy metals transport by water as well as the retention 
mechanisms could be modified. Actually, these mechanisms can be affected by the 
volume of soil in contact with the heavy metals and the contact time, both of which are 
flow dependent. 

This study aims at characterizing the influence of different geotextiles on the transfer 
and the retention of three heavy metals (Zn, Pb, and Cd) in a calcareous soil. Their 
influence is studied for saturated and steady state flow conditions. The comparison 
between flow and transfer in the soil system and flow and transfer in the soil-geotextile 
system is studied for different hydraulic conditions (pore water velocity), different 
geotextile installation conditions (water content) and two geotextiles with different 
resistance to water penetration (wetting capacity when subjected to water and initially 
dry). 
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Experimental  

The experimental method is based on column leaching experiments. The properties of  
the materials i.e., soil and geotextiles, experimental setup and transport models are 
successively presented. 

Materials 

Soil - the soil was collected and sieved through a 1-ern sieve from a calcareous fluvio- 
glacial deposit in an infiltration basin near Lyon in the Rh6ne Alpes Region. It is 
characterized by a coarse texture (Figure 1), low CEC (Cationic Exchange Capacity), low 
organic matter content and high carbonate content and pH (Table 1). This soil was 
selected for its retention property for heavy metals (Plassard et al. 2000). 
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Figure 1 - Soil particle size distribution and the A S T M  texture scale. 

Table 1 - Soilphysico-chemicalproperties.  

pH 

Carbonate content (%) 

Organic matter (%) 

CEC (mol -j.g) 

8.65 

25 

2 

2.75"10 ~ 

Geotextiles - two geotextiles were tested. Both were nonwoven needlepunched 
geotextiles currently used for drainage and filtration. Before use, both geotextiles were 
washed with sulfochromic acid 4 to eliminate any chemicals entering the geotextiles 
during needlepunching. They were known to be made of  different chemical derivatives 

4 Sulfochromic acid consists o f  250 ml of  concentrated sulfuric acid (H2SO4) added to 
750ml of  a 0.9 mol/l potassium dichromate (K2Cr207) solution. 
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and therefore display different resistance to water penetration. Their properties are listed 
in Table 2. 

Table 2 - P r c  ~erties of the geotextiles. 

Geotextile GI Geotextile G2 

Thickness, cm 

Weight, g/cm 2 

Porosity, % 

Permittivity, (s "l) 

Experimental Setup and Transport Models 

0.6 

800 

92 

0.5 

0.5 

630 

93 

0.6 

Characterization of heavy metals transfer and flow in the soil and soil-geotextile 
system was monitored through leaching column experiments. The same experimental 
setup was used to inject heavy metals and a tracer to determine the flow. Transfer models 
were used to characterize the transfer of  the tracer more accurately and to assist in its 
interpretation. 

Experimental Setup - The leaching columns were made of transparent PVC, 30 cm 
long and 10 cm in diameter. Both ends were closed with perforated caps. Glass marbles 
(5-mm diameter) were placed between the cap and the soil to ensure uniform solute 
distribution in the soil, allowing a real length of 28,5 cm for the soil and soil-geotextile 
systems. Before filling, the soil water content was adjusted to 8% with a 0.01 mol/1 
sodium nitrate (NAN03) solution (So). The columns were then filled with approximately 
4.1 kg of soil for a final bulk density around 1.82 g/cm 3. The geotextiles, dry or wet, were 
always placed in the middle of the columns. The columns were then saturated upward 
using a Mariotte bottle for 48 hours with solution So. This natural saturation led to a pore 
water volume (Vo) around 510 cm 3. 

After saturation, the percolation of the tracer and heavy metals was monitored with the 
experimental setup shown in Figure 2. The columns were connected to a peristaltic pump 
that could deliver two different solutions successively, i.e., solution So and the 
percolation solution (tracer or heavy metals) at a constant flowrate. The solutions 
percolated upward in the columns to expel the air l~om the columns. 

The columns were first subjected to the injection of tracer solution in pulse mode. 
Bromide (Br-) was used for its low reactivity, so that the tracer solution (ST) consisted of 
a 0.01 mol/1 potassium bromide (KBr) solution. The pulse consisted of successive 
injections of, at first, 1 Vo of solution So to establish steady state flow conditions, 
followed by 0.67 Vo of tracer solution (ST), and finally 6.3 Vo of solution So. Eluate 
samples were collected at the upper cap and their bromide concentrations ([Br-]) 
determined by ionic chromatography. Bromide elution was characterized by the 
breakthrough curves (BTC) that plotted the ratio [Br-]/[Br']o against the ratio V/Vo, where 
[Br-]o, V and Vo are the bromide concentration of the percolation solution, the volume 
percolated and Vo the pore water volume respectively. 
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Figure 2 - Experimental setup. 

The columns were then subjected to the injection of a solution contaminated with 
heavy metals (Zn, Pb and Cd) in step mode. This solution (SM) was prepared by 
dissolving 10 -3 mol/1 of zinc, lead and cadmium nitrate (Zn(NO3)2, Pb(NO3)2, Cd(NO3)2). 
The ionic strength I of the solution SM was kept constant and equal to that of the other 
solutions by adding sodium nitrate (NaNO3). The step consisted of successive injections 
of 1 Vo of solution So to ensure steady state flow conditions and 7.5 Vo of solution SM. 
The eluate concentrations of zinc, cadmium and lead were determined by flame atomic 
adsorption spectrometry. Heavy metals elution was then characterized by their BTCs 
([M]/[M]o against V/Vo, where [ ] = total dissolved concentration and where M = Zn, Cd 
or Pb). 

BTC Analysis and Transport Models- The flow was more accurately characterized by 
calculating parameters from the bromide BTCs and modeling the BTCs. At first, the mass 
balance was determined for each column by the zero order moment of the BTCs. The 
mean travel time and retardation factor (R) were determined by the first order moment of 
the BTCs. The retardation factor served to determine the real water volume "used" by the 
bromide. It estimated the ratio VagVo, where VBr was the real water volume used by the 
bromide. This volume was smaller than the pore water volume due to anionic exclusion 
and to isolated water. Thus, a new water content 0Br=R0 Was considered for BTC 
modeling. 

The transport model used was a two region (mobile-immobile water) MIM transport 
model with a first-order exchange of solute. Previous studies have shown that this model 
was accurate for characterizing bromide transfer in our soil (Fevrier et al. 2000). The 
water is assumed to be divided into two fractions: a mobile fraction active in mass 
transport and a stagnant immobile fraction, and that solutes can only reach by diffusion 
from the mobile fraction. This diffusion is assumed to be governed by a first order law. 
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The MIM transfer model can be synthesized by the following equations (Van 
Genuchten and Wierenga 1976) : 

f OC. OC,, 
a% 
az = 

OC= 

ac. 
- - - -  q 

~z (1) 

where 
0m = volumetric water content of the mobile fraction (cm3/on3), 
0~,~ = volumetric water content of  the immobile fraction (cm3/cm3), 
Cm = solute concentration in the mobile fraction (mol/L), 
Cim = solute concentration in the immobile fraction (mol/,L) 
q = Darcy water velocity in the mobile fraction (cm/min), 
Dm= dispersion coefficient (em2/min) in the mobile fraction, and 

a = solute exchange rate (miff I) between the mobile and the immobile fractions. 

The analytical solution Cm(x,t) of  this model corresponds to the analytical solution of 
equations (1) for the following initial and boundary conditions : 

c , . ( z , O )  = C . ( z ,O)  = o 

c, .(+oo, t)  = c . (+oo , t )  = o 

qC,.(O+,t)-8,.D. --~z~ (O+,t) = qCo when t <_ 8t 

�9 OCm(o+,t) = 0 when t >- & qCm(O+,t)- 8,.D. 
Oz 

(2) 

where 
8t = time of injection of tracer solution ST. 

Some parameters (0Br, X = 1 = length of the column) and others including Dm, a and 
0m were then estimated to optimize the fitting of experimental BTC by the transfer model 
analytical solution Cm. These parameters can help determine flow homogeneity. For 
instance, the higher the mobile water content ratio (f=-0J(0m+0im)), the smaller the 
immobile fraction and the more homogeneous the flow. This means that, for quite similar 
values for Dm and oq the value of the water content ratio fcan be considered as a good 
indicator of flow homogeneity. 



168 LOW PERMEABILITY AND DUAL POROSITY ENVIRONMENTS 

Experimental Schedule 

The experimental setup accounted for several experimental parameters such as 
injection rate Q, initial geotextile water content, when put into the columns, and type of 
geotextile (G1 or G2). The influence of the geotextiles on flow and heavy metals transfer 
was tested for the following experimental conditions : 

r Injection flowrate: all the experiments were performed at a high injection 
flowrate Q = 14.02 cm3/min, which corresponded to a pore water velocity 
equal to 0.80 cm/min, and at low injection flowrate q = 5.59 cm3/min, that 
corresponded to a pore water velocity equal to 0.32 cm/min. 

,/  Initial geotextile water content: for all injection rates, geotextile G 1 was 
placed dry or wet. Geotextile G2 was always placed dry. 

r Type of geotextile: both geotextiles were tested for all the injection rates. 
All the experiments performed for this study are presented in Table 3. Three tests were 

performed for each type of column. The different columns were graded using the 
following code: the first letter for injection rate (q and Q respectively for the low and high 
rates), the second and the third for the system (S for soil, G1 for soil-geotextile G1 and 
G2 for soil-geotextile G2) and the last for the geotextile installation condition (d and w 
respectively for dry and wet). 

Table 3 - Experimental schedule. 

Soil 

q qS 

Q QS 

Results and Discussion 

Soil-geotextile G 1 Soil-geotextile G2 

qGld: geo GI dry qG2d: geo G2 dry 

qGlw: geo G1 wet 

QGId: geo G1 dry QG2d: geo G2 dry 

QGIw: geo G1 wet 

Influence of Geotextiles on Flow 

At LowFlowrate- Figure 3 and Figure 4 show the mean BTCs plotting the averaged 
ratio [Br-]/[Br-]o against the averaged ratio VNo at the low flowrate. 

Analysis of the BTCs reveals little difference between qS and qG2d. The BTCs qS, 
qGlw and qGld were more different, qGlw and qGld were characterized by a more 
symmetrical shape with a later breakthrough and a smaller tailing. 
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Figure 3 - Mean BTCs of soil and soil-geotextile G1 columns at low flowrate. 
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Figure 4 - Mean BTCs of soil and soil-geotextile G2 columns at low flowrate. 

It can be proposed that the curve shape is an indicator of  the homogeneity o f  the flow 
in the column. The earlier the breakthrough, the larger the tailing, and hence the more 
asymmetrical the BTC, the more heterogeneous the flow. This assumption is illustrated 
thanks to two particular columns of  the qS and qGld types, which are well representative 
of  the mean BTCs. Figure 5 shows the experimental BTC curves (points) and model 
curves (continuous lines). The mass balance, retardation factors and all the parameters o f  
the model curves are presented in Table 4. The shape o f  the BTC qS appeared more 
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asymmetrical, with an earlier breakthrough and a larger tailing. As the solute exchange 
rate ct and the dispersivities were close, the differences of shape resulted in a change in 
the mobile fraction ratio f. The ratio fwas smaller for the column qS (52.2%) than for the 
column qGld (76.2%). Thus the higher ffor column qGld was indicative of more 
homogeneous flow. 

Figure 5 - BTCs fitted with the MIM model for one of the columns qS, qGld. 

Table 4 - Modeling parameters for one column qS and one column qGld. 

Mass balance (MB) 

Retardation factor (R) 

Mobile fraction ratio (f) (%) 

Solute exchange rate (o0 (ran "l) 

Dispersivity (~.) (cm) 

qS qGld 

0 926 0 918 

0 816 0 935 

54.2 76.2 

0 0017 0 002 

2.08 2.68 

Thanks to the analysis of BTCs and of the modeling parameters, it seems accurate to 
conclude that geotextile G2 or geotextile G 1 placed wet slightly homogenizes the flow, 
and that geotextile G1 placed dry homogenizes the flow significantly. 
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At High Flowrate - Figures 6 and 7 show the mean BTCs obtained at high flowrate. 
The standard deviations are not shown to keep the figures legible. 

[Br-l/IBr-lo 
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1,0 2,0 3,0 4,0 

QS 

~ Q G l d  

" " " QGlw 

V/Vo 
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Figure 6 - BTCs of  soil and soil-geotextile GI columns at high flowrate. 
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Figure 7 - BTCs of  soil and soil-geotextile G2 columns at high flowrate. 

There was no significant difference between QS and QGIw. QG2d appeared similar to 
QS except shifted slightly to the left, thus revealing an earlier breakthrough of  bromide. 
QGld seemed quite different from the other BTCs, The breakthrough was later, the 
tailing reduced, and the curve was more symmetrical. Geotextile G1 had little influence 
on the flow when introduced wet (QGlw), but homogenized the flow when introduced 
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dry (QGld). Geotextile G2 introduced dry caused some heterogenization of the flow. At 
high flowrate, the results have to be regarded cautiously: slight differences between the 
mean BTCs compared to the variability of triplicates. On the contrary, the reproducibility 
of triplicates was good at low flowrate. 

Influence of  Geotextile on Heavy Metals Transfer 

Lead was not eluted at all in any of the experiments. This may have been due to lead 
carbonate and hydroxide precipitation (Plassard 1998). Thus the influence of the 
geotextiles on the heavy metals transfer could only be analyzed by their influence on the 
transfer of  zinc and cadmium. These metals had similar elutions for all the experiments. 
The results shown deal only with the elution of cadmium. The same results and 
conclusions can be drawn for the elution of zinc. 

Figure 8 and Figure 9 show the mean BTC obtained at high and low flowrates, 
respectively. All the BTCs had a linear shape and a late breakthrough. Retention 
mechanisms prevented heavy metals from eluting completely and rapidly. 

At low injection rate (Figure 8), the standard deviation was quite small except for 
columns qGlw, which revealed good reproducibility of the results. The BTCs of columns 
qS, qGlw and qG2d were similar. In fact, cadmium elution seemed slightly less in 
columns qGlw and QG2d, although this difference was not really significant. The BTC 
qGld was far lower than the other BTCs. Geotextile GI placed wet and geotextile G2 did 
not significantly influence cadmium elution, while geotextile G1 put dry significantly 
reduced cadmium elution. 
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" "" qGlw ! 

T 
i * qG2d t 

_ o .  ! 

1,0 2,0 3,0 4,0 5,0 6,0 7,0 
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Figure 8 - Cadmium BTCs at low injection rate. 

At high flowrate (Figure 9), standard deviations were quite high indicating a variability 
of the results, although some trends persisted. All the BTCs, except QG2d and QGlw, 
seemed different from each other. The BTCs QG2d and QGlw were above BTC QS, 
whereas BTC QGId was lower than the others. When compared with columns QS, 
cadmium elution was higher in columns QGlw and QG2d and smaller in columns QGId. 
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Figure 9 - Cadmium BTCs at high injection rate. 

In short, at both flowrates, geotextile G 1 placed dry reduced heavy metals transfer. 
Geotextile G1 placed wet and geotextile G2 had no influence on heavy metals elution at 
low injection rate and increased their elution at high flowrate. 

Discussion 

Flow modification and the elution of heavy metals appear to be related. When the 
geotexfile led to homogenization of the flow (qGld and QGld), heavy metals were less 
eluted. When the geotextile led to a heterogenization (QG2d and QGlw) of the flow, 
heavy metals elution was increased. This is all the more accurate as each column is 
concerned. For instance, for the two specific columns presented above, the flow was 
much more heterogeneous in column qS than in column qGld, while heavy metals 
elution was much higher in column qS than in column qGld. At the end of percolation, 
the ratio [Cd]/[Cd]o scored 0.16 for qS and 0.03 for qGld. These results were general and 
could be applied to most of  the columns. The result indicated a strong correlation 
between flow homogeneity and heavy metals elution. 

This correlation between flow and heavy metals transfer can be explained by 
considering the following assumptions. Flow heterogeneity can affect the transport 
process and retention mechanisms by reducing the contact between the soil and the 
contaminants (Birkholzer and Tsang 1997), the local increase in velocity causing a 
decrease in retention by kinetic mechanisms (Fryar and Schwartz 1998). Previous studies 
have shown that the retention mechanisms in the soil studied can be affected by the 
homogeneity of the flow and the quality of the contact between the soil and the heavy 
metals concerned (Zn, Cd and Pb) (Plassard 1998). The main retention mechanisms are in 
fact the precipitation of carbonates and hydroxide metals and the combination with 
carbonates (Plassard et al. 2000). These mechanisms need carbonate ions (CO32") and OH" 
�9 These anions are provided by the dissolution of the soil carbonates, which increases with 
improved contact between carbonates and pore water. Carbonate dissolution may be 
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favored by homogenizing the flow, thereby improving the quality of  the contact between 
soil carbonates and pore water. 

All these assumptions led to the conclusion that the geotextiles did not react directly 
with the heavy metals but influenced their transfer and retention by influencing the flow 
and mainly its homogeneity. Determining their influence on the heavy metals transfer is 
thus equivalent to determining their influence on flow. 

Their influence on the flow can be characterized if we consider the water content of 
the geotextile as one of the main factors. For low water content, geotextiles, like most 
permeable materials, are characterized by very low permeability. They could form a lower 
permeability layer in the soil, reducing the flow in the macropores and thus homogenizing 
the flow. Moreover, a high water content in the geotextile must result in high hydraulic 
conductivity. The geotextile may form a layer interconnecting the macropores and high 
hydraulic conductivity zones, resulting in a heterogenization of the flow (Birkholzer et 
Tsang 1997). 

Other parameters, such as injection flowrate, resistance to water penetration and initial 
water content, influenced the geotextile water content during the percolation of bromide 
and heavy metals and hence its influence on the flow. For instance, a high injection rate 
associated with high water head on the geotextile and a low resistance to water 
penetration (geotextile G2) ensured a high water content at both injection flowrates. This 
could explain the heterogenization of the flow by geotextile G2 for all cases. For 
geotextile G1, the injection flowrates did not seem high enough to ensure by themselves a 
high water content in all cases. Thus the water content must have been high only when 
geotextile G1 was placed wet. Thus geotextile GI placed dry maintained a low water 
content at both flowrates, resulting in good homogenization of the flow. 

Conclusions 

This study demonstrated that the installation of geotextiles in a calcareous soil can 
change the flow and hence the transfer of  some heavy metals (Zn, Cd). The influence of 
geotextiles on heavy metals appears to depend only upon their influence on the flow. The 
results suggested a correlation between their influence on flow homogeneity and their 
influence on heavy metals transfer. When the geotextiles homogenized the flow, they 
triggered an increase in heavy metals retention and thus decreased their elution. By 
contrast, when geotextiles triggered a flow heterogenization, heavy metals elution was 
increased and hence their soil retention was reduced. Thus determining their influence on 
heavy metals transfer is equivalent to determining their influence on flow. We assumed 
that one of the main factors was their water content, which appeared to condition their 
hydraulic conductivity and hence their influence on flow. Thus all parameters (injection 
rate, initial water content, resistance to water penetration of the geotextiles) that modified 
their water content could also modify their influence on the flow and on heavy metals 
transfer. 

These assumptions lead to the conclusion that further studies are needed to clarify the 
processes explaining their influence on flow, and at least the way that flow modification 
can modify heavy metals transfer. A better understanding of these processes could help in 
monitoring the use of  geotextiles in geoenvironmental works, as in infiltration basins. 
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Abstract: Pacific Northwest National Laboratory staff made in situ flow measurements 
in groundwater monitoring wells at the U.S. Department of Energy (DOE) Hanford Site 
to determine the flow direction in an aquifer with a flat water table. Given the total errors 
in water level elevations and a gradient of a few centimeters over 500 meters, flow 
directions based on the potentiometric surface are ambiguous across the 200 East Area at 
the Hanford Site. The colloidal borescope was used because it allows direct, real time 
observation of mobile colloidal particles in the open interval of  a water well and, thus, 
avoids the use of water level data. The results characterize a complex groundwater flow 
pattern under several buffed waste storage tank farms. The aquifer, artificially high due 
to the large volume of liquid discharges to the soil column from Hanford's nuclear 
production era, is currently receding to original conditions. The aquifer lies in 
unconsolidated gravel beds overlying an impermeable basalt surface that has a plucked, 
flood-scoured, scabland structure. The current aquifer thickness is similar to the relief on 
the basalt surface. Thus, the groundwater must flow around the impermeable basalt 
structures producing a complicated flow pattern under the waste storage unit. The 
original monitoring network was designed for northwest flow when the water table was 
held artificially high. Proper locations for new wells are dependent on our knowledge of 
the flow direction. The results of  the colloidal borescope investigation agree with the 
southerly direction indicated from hydrographs, contaminant trends, other direct flow 
data and the general concept of  a receding aquifer draining off the southern limb of a 
basalt anticline. Flow in the aquifer is diverted by irregular local structural highs of  very 
tow permeability basalt. 

Keywords: Hydrology, flow direction, colloidal borescope, flat water table, in situ flow 
measurement, DOE Hanford Site, groundwater monitoring 
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Introduction 

In the 200 East Area on the U.S. DOE Hanford Site in eastern Washington, the 
hydraulic gradient is nearly fiat making it difficult to determine upgradient versus down 
gradient groundwater monitoring wells from water level measurements. This paper 
describes the use of a unique in-well flowmeter, the colloidal borescope, to determine the 
direction and rate of  groundwater flow under three single shell tank farms without the use 
of water level measurements. These farms comprise the RCRA Waste Manage Area 
(WMA) B-BX-BY (Figure 1). 

In 1996, the waste management area was placed in a groundwater quality 
assessment program as required based on specific conductance values that were elevated 
above the critical mean in a downgradient well (Caggiano 1996, Narbutovskih 2000). 
The resulting assessment report documents evidence that waste from the area has, most 
likely, affected groundwater quality (Narbutovskih 1998). Because WMA B-BX-BY is 
regulated under RCRA interim status regulation (40 CFR 265.93 (d) paragraph [7]), DOE 
must determine the rate and extent of contaminant migration in groundwater associated 
with waste that has leaked from the WMA. The tanks at these farms contain a mixture of 
hazardous and radioactive waste left from processing to separate weapons-grade 
plutonium from reacted nuclear fuel rods. Consequently, monitoring is required to assess 
the impact of these storage facilities on the groundwater. 

The discussion in this paper focuses on the description, use, and field application of 
the colloidal borescope during an evaluation to determine applicability of the method to 
measure flow directions in the 200 East Area. After a brief description of aquifer 
conditions at WMA B-BX-BY, the tool and ancillary equipment are described along with 
the approach used to guide the field application. Representative records of  the field data 
are presented with an evaluation of the applicability of  the method for further flow 
determination at the Hanford Site. 

Background 

The WMA B-BX-BY single-shell tank farms are nearly surrounded with effluent 
discharge facilities where large amounts of  radioactive processing waste were discharged 
to the soil column (Figure 2). The chemistry of this waste was similar to the mixtures 
that were stored in the tanks. Consequently, it is difficult to differentiate groundwater 
contamination associated with these past-practice liquid discharge facilities from waste 
that has leaked from the tank farms, especially with the uncertainty associated with the 
direction of groundwater flow. The complexity of  the groundwater contamination and 
the multiple release dates also negate the usefulness of  plumes to clearly determine the 
flow direction. 

Below WMA B-BX-BY are a series of unconsolidated Pleistocene sediments 
deposited during the Missoula Floods. These sediments consist of  an upper unit of 
interbedded gravel and sand facies that are underlain by well-stratified, coarse to fine- 
grained sand that contains laterally discontinuous layers of silt (Figure 2). The 
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Figure 1- Location map for waste management area B-BX-BY, located north of  Richland, 
Washington. 
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aquifer lies primarily in a basal, unconsolidated cobble to boulder gravel bed. This 
sediment package lies on an irregular, flood-scoured basalt surface. Based on results 
fi'om pump tests, the hydraulic conductivity in this area is about 1615 meters per day. 
The estimated Darcy flow rate is calculated at 0.9 meters per day based on 30% porosity 
and a very small gradient of 0.000165 (Hartman et al. 2000). 

The highly permeable sediments are the primary cause of the small gradient on the 
water table. The extremely small differences in water levels between wells make it 
difficult to determine flow direction from water-level measurements at this site. There 
are various sources of  error in estimating water level elevations that compound this 
problem (Schalla et al. 1992). These sources are related to measurement errors, small 
errors in well elevation survey data, pressure effects associated with changing weather 
conditions, and small deviations fi'om vertical of  the borehole. Each of these sources can 
influence the relative position of a well's water elevation with respect to nearby wells 
(Hartman et al. 2000, Narbutovskih 2000, Narbutovskih and Horton 2001). The result 
may be a misinterpretation when multiple hydrographs are plotted together. Unless these 
errors are sufficiently minimized and corrected, or the error is identified and the well 
eliminated from the analysis at the 200 East Area of the Hanford Site, flow directions 
estimated from water elevations alone are uncertain when applied to a region as small as 
WMA B-BX-BY (Narbutovskih 2000). 

Another issue that may cause misconception of the groundwater flow is the 
decreasing water-level elevations. Most of  the region immediately underlying WMA B- 
BX-BY and the BY Cribs had little or no aquifer prior to Hanford operations in the mid- 
1940s. Groundwater in the area of  the BY Cribs was artificially emplaced by releases of 
liquid wastes to the disposal facilities. Based on historic water-level data, the water table 
can be expected to drop at least 2.5 meters if conditions return to pre-Hanford conditions. 
The aquifer in the northern part of  the site is only 1.2 meters thick in some areas. This 
thin aquifer is located on an uneven basalt surface with structural relief that varies from 
1.5 to 3.4 meters. Consequently, local flow paths in this area may meander around these 
basalt features as the water level recedes. 

Theoretically, given the conditions of a low hydraulic gradient and sharply 
contrasting hydraulic properties (e.g. impermeable basalt versus highly permeable gravel 
beds), complex flow patterns can be created (Cushman 1990). Such conditions appear to 
exist in the study area. Some water may even be ponded in local basalt surface 
depressions resulting in partially stagnant, no-flow conditions in the lower portion of the 
aquifer. 

Approach 

Colloidal borescope investigations were conducted in 15 wells by the tool vendor, 
AquaVision, Inc. (Narbutovskih 2000). This tool is an in situ borehole measurement 
device that detects the speed and direction of particulate matter in groundwater moving 
through the well bore. These data were planned to provide a measurement of  the 
groundwater flow direction independent of  water level elevations. In addition, the 
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borescope data provided estimates on the relative rate or magnitude of  groundwater flow 
in preferential flow zones. 

Methods that rely on the borehole flow velocity to determine linear flow velocity in 
the aquifer have been questioned because the flow rate through the borehole may not be 
representative of  the flow rate in the porous medium. However, it has been shown, both 
theoretically and experimentally in simulated aquifers, that the flow rate measured in the 
borehole can be related quantitatively to the flow velocity within the surrounding aquifer 
(Carslaw and Jaeger 1959, Wheatcraft and Winterberg 1985, Drost et al. 1968). An 
additional criticism is that there may also be some degree of distortion of the flow 
direction within the borehole. Numerous field experiments have also demonstrated the 
practicality of in situ borehole flow measurements (Kearl et al. 1992, Kearl et al. 1994, 
Kearl 1997, Kearl and Roemer 1998, Molz et al. 1994). The in-weU flow meter was 
especially useful at WMA B-BX-BY because the uncertainty in the flow direction was as 
much as 180 ~ in the present-day flow, varying from northerly to southerly. Thus, even an 
error of  35 ~ in flow direction may be tolerated to significantly improve upon results of 
previous techniques. 

There are several reasons why the colloidal borescope is especially useful at the 
DOE Hanford Site. First, the method has been verified in extensive laboratory testing 
and has a history of numerous successful field tests. Second, the method does not use 
water level data and therefore, avoids the many sources of  error and ambiguity as 
discussed above. Third, the method is simple in concept and deployment, economic to 
operate and gives timely results with no lengthy data collection or processing. Finally, 
because no water is removed from the well, there are no liquid waste issues to hinder 
field operations. 

Instrument Description and Operation 

The colloidal borescope consists of a CCD (charge-coupled device) camera, a flux- 
gate compass, an optical magnification lens, an illumination source, and stainless steel 
housing. The device is approximately 89 cm long and has a diameter of  4.4 cm. This 
small size allows the use of  the tool in small diameter monitoring wells. The tool is 
connected via electrical cables to a power source, a small video monitor, and laptop 
computer located at the surface. 

The tool is lowered into the well over a pulley by hand. After the tool is placed at 
the desired depth in the well (discussed later), an electronic image magnified 140 times is 
transmitted to the camera and detector at the surface. This enlarged image allows the 
colloidal particles (typically 0.1 to 10 ~tm) to be viewed and the particle motion analyzed. 
The orientation of the tool in the borehole is found with the flux-gate compass. 

As particles in the groundwater move past the camera lens, they are illuminated 
from behind with a cold lighting source similar to a conventional microscope with a 
lighted stage. At periodic intervals, a view is captured and digitized with a video frame 
grabber and stored in a computer. A comparison is made between two consecutive, 
digitized video frames with proprietary software developed by Oak Ridge National 
Laboratory (Kearl 1997). The particles from the two images are matched, and pixel 
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addresses are assigned to the particles. These addresses are used to compute and record 
the average particle size, number o f  particles, speed, and direction. 

Particle motion for a few to dozens o f  particles is analyzed every four seconds 
resulting in a large database after only a few minutes o f  observations. Kearl (1997) 
discusses the accuracy of  the method stating that by collecting 30 frames per second, a 
particle moving 1 mm across the field o f  view is captured in subsequent frames 1/30 of  a 
second apart. Thus, the upper range on velocity measurements is three cm/s. To operate 
in areas with very low flow rates, the delay between frames was set for a larger time 
interval. This allows the tool to collect data in near stagnant flow conditions. 

Verification of  the method was demonstrated at the Desert Research Institute in 
Boulder City, Nevada (Kearl 1997). Velocities determined with the colloidal borescope 
were verified using a laminar flow chamber. A flow rate of0.11 cm/s was found with the 
colloidal borescope when the flow chamber was operated at 0.20 crn/s. This rate was 
verified by a tracer test. The borescope identified flow at �89 o f  the actual flow; this is not 
unusual even under field conditions. Estimating that the velocity in the well bore as half 
or less can provide a fairly good estimate o f  average linear flow velocity in the aquifer 
near the well. 

Data Acquisition 

The following general approach was used to interrogate each well with the 
borescope to determine flow direction and velocity. The tool was initially lowered to the 
middle of  the aquifer (i.e., approximately the middle of  the saturated interval of  the well 
screen), where it was left for approximately 20 to 30 minutes to let the inertial 
disturbance caused by insertion of  the tool to dissipate. The vendor has found this time 
interval to be adequate for initial screening in most aquifers, and ours was similar. I f  a 
recognizable direction was not obtained in this time period or if  the data degraded into an 
incoherent scatter, the tool was moved either up or down by several feet. I f a  tight, well 
defined pattern o f  swirls was located, the tool was moved up and then down from that 
depth and monitored at increasingly smaller intervals, and always allowing at least a half 
hour to let the aquifer return to ambient conditions. Once a zone was found where the 
pattern defined a linear, consistent trend, indicative o f  an open flow zone, data was 
collected for at least 2 hours to assure that the observed flow direction was consistent 
over time and did not degrade into a random flow pattern. 

Finding the preferential flow zone(s) within a well screen is necessary to allow 
successful use of  this technology at the Hanford Site. As directed by the vendor, only 
flow directions that displayed relatively consistent flow over a substantial time, usually 
close to two hours, were deemed reliable directions. The locations o f  swirling flow zones 
usually are related to lower permeability zones adjacent to the more permeable laminar 
flow zone. Although these zones were recorded for usually less than an hour during the 
search for more permeable flow zones, they are not useful in determining steady flow 
directions. 

Several factors such as aquifer heterogeneity, design of  well screen and filter 
packs, effectiveness o f  well development and negative skin effects can influence both 
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flow direction and rate through the open interval (Earlougher 1977, Gibs et al. 1993, 
Kearl 1997, Kerfoot and Massard 1985, Kerfoot 1988, Molz et al. 1994, Moss 1990, 
Nielsen 1991, SchaUa and Waiters 1990). Therefore, well construction and local 
stratigraphy were considered in evaluating the flow directions and rates estimated from 
the colloidal borescope measurements. Because only one aquifer was screened in each 
well and the saturated thickness was typically a few meters or less, significant differences 
in hydraulic head that might result in vertical flow were not expected or observed 
(Church and Granato 1996, Reilly et al. 1989). 

The primary goal of  the borescope investigation was to obtain an estimate of the 
general flow direction. Consequently, measurements were made in numerous wells. By 
making measurements in many wells, compensation can be made for local spatial 
variations in flow direction and for perturbations in flow direction due to borehole 
effects. 

Results and Conclusions 

Several general conclusions can be made about the aquifer based on the results of 
this study. The groundwater flow rate is considerably greater in the southern part of  the 
WMA B-BX-BY with respect to the BY Crib area and the northeast corner of  WMA Low 
Level Burial Grounds (LLBG) 1. The very low flow rate in the north appears to be 
related to slow drainage of the aquifer along the basalt surface. Second, the flow direction 
in the south of WMA B-BX-BY appears to be more consistent with time than in the north 
where the direction appears to vary slightly with time. 

Plots of  the data for two representative records are shown in Figures 3 and 4 for 
two different depths in the same well, 299-E33-334. Data collected at a depth of 82.9 
meters, forms a well-defined linear pattern (Figure 3). The initial turbulent flow caused 
by insertion of the tool through the water in the well can be observed in the first 25 
minutes of  the record. Because the borescope tool imparts a momentum during insertion 
to the fluid in the well, the particles initially swirl. In addition, large particles are 
dislodged from the well that would not normally be carried by the flow. In this 
preferential flow zone, the ambient flow gradually dominated, and a steady flow of 
smaller particles (primarily 0.1 to 10 ~tm) were observed flowing in real-time through the 
well. Data were collected continuously for about two hours displaying an azimuth of 
about 125 o for the flow direction. A record of similar quality was collected in a well 
nearby also displaying a well-defined southerly flow direction. 

The data shown in Figure 4, however, display some variability in the flow direction 
in well 299-E33-334 at a depth of 82.3 meters. Although a southerly direction was 
defined in the first 10 minutes of  data collection, the record decayed to display swirling 
flow swinging around through north aRer 11 minutes. Finally, the data decay to a 
scattered pattern indicating that this was not a preferential flow zone. No direction could 
be determined from these data. This record is included for comparison with a record for 
which a direction could be determined because it emphasizes one of the primary 
advantages of  the colloidal borescope over other in situ devices, that is, the real-time 
determination of the validity of the measurement taken. 
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Although the relationship of the borehole flow velocity to the flow velocity outside 
the well is not easily calculated with great precision, useful information was obtained on 
relative flow rates in preferential flow zones in each well screen and between such zones 
in other wells. The flow rate observed in wells from the northern part of  the site was 
noticeably slower with respect to the wells in the southern half of  WMA B-BX-BY. 
However, even in the northern part of the site, steady horizontal movement was observed 
as a particle was tracked across the viewing area. The difference in flow rates is probably 
associated with draining the artificially elevated portion of the aquifer in the north versus 
the deeper, natural aquifer in the south where the natural driving forces are still 
controlling aquifer movement. 

Flow directions resulting from this study are shown in Figure 5. This figure also 
shows the local relief on the basalt surface and the approximate regional extent of the 
aquifer in pre-Hanford times when the alluvium in the northern portion of WMA B-BX- 
BY was dry. The estimated pre-Hanford groundwater table is shown in Figure 5. Only 
zones within the groundwater that displayed consistent horizontal laminar flow in a 
steady direction for about two hours are considered reliable flow zones. Data sets in 
which flow zones displayed a consistent flow direction for less than two hours are 
considered only qualitative indications of flow directions. Only the directions from 
reliable flow zones are shown at the associated well locations. Also provided are the 
results from the KV flowmeter study conducted in 1994 when the water table was about 
0.6 meters higher than it is presently (Kasza 1995). The KV flowmeter discerns 
temperature variations across a flow zone delineating advective flow (Kerfoot, 1988). 
Although it may be expected that better-defined flow zones existed in the past when the 
aquifer was thicker, results between the two studies closely agree in most cases. Both 
methods indicate that the flow direction is primarily to the south, which is to be expected 
as the artificial groundwater mound that was centered at a location to the east-southeast 
dissipates. Local deviations from this general southerly flow are probably caused by 
structural highs in the basalt surface creating contorted flow paths. 

There are limitations and advantages using the colloidal borescope to determine 
flow direction. The most significant limitation of the colloidal borescope technology the 
authors have found to date, relates primarily to the conditions within the borehole. 
Success in using the tool for a given well requires the well be properly screened and 
constructed to minimize disturbance of the ambient flow regime. For example, a well that 
is double screened, double sand packed, and incompletely developed is likely to have 
flow directions different, perhaps significantly, than the ambient flow direction in the 
adjacent aquifer sediments. Also, the well must be properly maintained including 
cleaning and, if necessary, redevelopment before using the borescope. Of  course, the 
borescope is not used for at least 24 hours after redevelopment of the well to allow 
ambient flow patterns to return, and any pressure waves created by the development to 
diminish to negligible levels. If  either of these requirements to assure open flow through 
the borehole cannot be met, there will be limited success in using the borescope to 
estimate flow direction or rate. The other dominant limitation to conducting a borescope 
investigation is the natural heterogeneity and anisotropy in the aquifer. Measurements 
with the borescope represent a relatively small area within the well screen interval. 
Consequently, data from numerous wells must be collected to recognize the effective 
flow direction from the local flow direction discerned in one well. 
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Figure 5- Results o f  several in situ f low meter studies are shown for the area around 
tVMA B-BX-BY. Dovetailed arrows depict the f low direction determined in a well 
using the colloidal borescope data. Shorter blocked arrows indicate the flow 
direction in 1994 using the KV flowmeter when the water table was about a meter 
higher. Note the correlation between results from the KV flowmeter and the colloidal 
borescope in the northern part of  the study area. Contorted flow paths around 
structural basalt highs may cause local deviations from this general southern flow. 

One of the most important advantages of this technology over other in situ 
technologies even though the same fundamental physics apply, is that, it is possible to 
determine the reliability of the measurements by monitoring real-time changes in a 
continuous stream of particles flowing through the well. Because stagnant zones are 
easily identified by inconsistent flow direction, there is also a cost savings by reducing 
additional time that would be wasted collecting data from stagnant zones where ambient 
particles continue to swirl randomly. Finally, based on our experience, the colloidal 
borescope adds a useful technique to a toolbox of data collection methods. When 
combined with existing chemistry and potentiometric data, these point measurements will 
enable us to have a more comprehensive and accurate understanding of the groundwater 
flow system in areas subject to accuracy limitations of more conventional methods where 
extremely small gradients and complex flow patterns exist. 
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