
CHAPTER 2.  LITERATURE REVIEW 
 
 
 The literature review is divided into four sections: 
 

Section 2.1 Current methods of evaluating the hydraulic conductivity of cutoff walls. 
Section 2.2 Use of a circumferential cutoff wall and an inward hydraulic gradient for 

contaminant containment. 
Section 2.3 Variability in hydraulic conductivity. 
Section 2.4 Summary. 

 
 
2.1 Current Methods of Evaluating the Hydraulic Conductivity of Cutoff Walls 
 
 Current methods of measuring the hydraulic conductivity of cutoff walls can be 
categorized as either laboratory tests or in situ tests. 
 
1. Laboratory tests are performed on either remolded or undisturbed samples. 
 

A. Remolded samples.  During construction, the field-mixed soil-bentonite is 
regularly sampled, and flexible-wall, consolidometer permeameter, or API filter 
press equipment is used to measure the hydraulic conductivity of the remolded 
samples. 

B. Undisturbed samples.  Boring into the barrier after construction to retrieve 
undisturbed samples for laboratory tests, like flexible-wall tests, is difficult due to 
the soft nature of the soil-bentonite, but it has been done. 

 
A major disadvantage of lab tests is the small sample size.  The sample size is 

only a very small percentage of the overall cutoff wall volume, making the 
representativeness of the samples questionable in light of a possible scale-dependency of 
hydraulic conductivity. 
 
2. Currently used in situ tests may be divided into three categories: 
 

A. Constant and variable head (slug) tests performed inside the cutoff wall 
itself.  These tests may be performed with monitoring wells or piezometers.  In 
these tests, either 1) a slug of water is added or removed inside the instrument, 
and the rate at which the water level in the instrument returns to equilibrium is 
recorded with time or 2) a constant excess head is applied inside the instrument 
and the flow rate is recorded at steady state. 

B. Large scale pumping/injection tests performed from wells outside the cutoff 
wall itself.  Either variable head or constant head tests may be performed by 
pumping or injecting water from wells on one side of a cutoff wall and monitoring 
the response in wells located close to the wall, on each side of the wall. 

C. Piezocone soundings.  The piezocone has recently been used in cutoff walls to 
measure hydraulic conductivity.  A common way to do this is by performing a 
dissipation test, where advancement of the piezocone is stopped and dissipation of 
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the excess pore water pressure generated by pushing the piezocone into the barrier 
is recorded with time.  The shape of the dissipation curve (excess water pressure 
versus time) depends on the value of hydraulic conductivity, among other things.  
Other piezocone techniques are discussed later in this section. 

 
There is uncertainty in the application and interpretation of in situ tests for 

measuring hydraulic conductivity.  Evans et al. (1995) stated that "currently, there is no 
accepted way of testing walls in situ."  The difficulties encountered with in situ hydraulic 
conductivity tests in cutoff walls are discussed below. 
 
 The remainder of this section is divided into the following parts: 
 

2.1.1 Lab tests on remolded samples. 
2.1.2 Lab tests on undisturbed samples. 
2.1.3 Constant and variable head (slug) tests. 
2.1.4 Large scale pumping/injection tests. 
2.1.5 Piezocone soundings. 

 
 
2.1.1 Lab Tests on Remolded Samples 
 
 A common quality control technique is to measure the hydraulic conductivity of 
grab samples obtained during placement of the soil-bentonite into the trench.  Daniel and 
Choi (1999) list three tests for measuring the hydraulic conductivity of the samples: 1) 
flexible-wall tests, 2) consolidometer permeameter tests, and 3) API filter press tests. 
 
 According to Daniel and Choi (1999), flexible-wall tests are performed by 
forming a test specimen in a cylinder "(e.g., by tamping the material with a rod into a 
compaction mold), transferring the test specimen to a flexible-wall permeameter, and 
then measuring the hydraulic conductivity in the flexible-wall cell per ASTM D5084."  
Daniel and Choi describe advantages and disadvantages of the test.  Advantages are: 1) 
highest degree of industry acceptance, 2) full control of stress state, and 3) control of 
degree of saturation.  Disadvantages are: 1) difficulty in forming a test specimen of 
typically soft soil-bentonite and 2) relatively complex and expensive equipment.  Further 
discussion of the flexible-wall test, and a list of references where it has been used for 
slurry walls, is given in Daniel's 1994 state-of-the-art paper on laboratory tests for 
saturated soils. 
 
 In a consolidometer permeameter test, the specimen is prepared by rodding the 
soil-bentonite into the consolidometer permeameter in order to remove air from the 
sample.  After consolidating the specimen under a vertical stress, the specimen may be 
permeated to measure its hydraulic conductivity.  Daniel and Choi (1999) describe 
advantages and disadvantages of the test.  Advantages are: 1) test is compressive stress-
controlled, 2) ease in forming the specimen, and 3) convenience for permeating specimen 
with contaminated liquids.  Disadvantages are: 1) no control over degree of saturation 
and 2) relatively complex and expensive equipment.  The consolidometer permeameter 
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and other rigid-wall tests, as well as references where rigid-wall tests were used for slurry 
walls, are covered in Daniel (1994). 
 
 Before discussing the API test, which is a type of rigid-wall test, the following 
comparison is made between flexible-wall and rigid-wall tests.  It is easier to achieve a 
high degree of saturation in a flexible-wall test, however, it is easier to form the test 
specimen in a rigid-wall test.  Sidewall leakage is an important issue.  In flexible-wall 
tests, the flexible membrane conforms to the outside of the specimen to reduce sidewall 
leakage.  In the consolidometer permeameter, Daniel (1994) states that "sidewall leakage 
is rarely a problem for compressible soils that have been subjected to compressive 
stresses of at least 50 kPa (1,000 psf) or more, but sidewall leakage can be a serious 
problem when testing very stiff or hard soils or when permeating soils at a very low 
compressive stress."  Daniel also reports that when deaired water is used as the permeant, 
there is good agreement between the results of flexible-wall tests and rigid-wall tests 
using a compaction mold permeameter.  Edil and Erickson (1985), through a lab testing 
program with compacted samples of sand-bentonite, found that flexible-wall and rigid-
wall tests produce results of the same order of magnitude if testing is conducted carefully.  
Special care is required when performing compatibility tests with contaminated liquids.  
If a contaminant causes the test specimen to shrink, then 1) a rigid-wall test, like the 
compaction mold permeameter with no confining stress, will overestimate the hydraulic 
conductivity due to sidewall leakage, 2) a flexible-wall test will underestimate the 
hydraulic conductivity, and 3) "the consolidometer permeameter system offers the best 
means for quantitative assessment of chemical interaction induced volume changes and 
for testing clays under confining stresses that are most representative of those in the 
field" (Mitchell and Madsen, 1987).  Finally, although this dissertation is not directed at 
compatibility testing, it is worth noting that the influence of contaminant interactions on 
low effective stress, high water content soil-bentonite cutoff walls may be significant, 
"owing to the greater particle mobility and easier opportunity for fabric changes in the 
high water content system" (Mitchell and Madsen, 1987). 
 
 The API filter press test will be discussed in detail, as this is the test that was used 
in the research in this dissertation to measure the hydraulic conductivity of grab samples.  
The API test is commonly used for quality control during soil-bentonite cutoff wall 
construction (Filz et al., 2001).  The tests are relatively fast, inexpensive, and can provide 
valuable information about the quality of the soil-bentonite mixture, usually in time for a 
contractor to make adjustments if necessary. 
 
 The procedure for conducting API filter press tests is described in Filz et al. 
(2001) and Barvenik and Ayers (1987).  The API filter press is normally used to measure 
the filtrate loss of bentonite-water slurries.  The procedure for measuring the hydraulic 
conductivity of soil-bentonite samples is described in detail in Chapter 5.  In general, the 
soil-bentonite is rodded into the filter press above a layer of filter sand.  There is a thin 
layer of bentonite paste between the soil-bentonite and the filter press cell.  Placed above 
the soil-bentonite is a thin layer of drainage sand and above that, a surcharge pressure.  
Water is placed above the soil-bentonite, submerging the surcharge, to a level such that 
there is still air space above the water when the filter press cap is screwed down.  
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Permeation is induced by applying an air pressure to the top of the cell, and the volume of 
water collected from the bottom of the cell is measured with time until a steady flow rate 
is achieved. 
 
 There are two main disadvantages of the test: 1) variable consolidation pressure 
and void ratio from the top to the bottom of the specimen and 2) no control over degree 
of saturation.  A high degree of saturation is achieved by rodding the high-water-content 
soil-bentonite to remove any entrapped air voids.  The variable consolidation pressure 
problem is solved using an analytical solution that relates the stress, compressibility, and 
hydraulic conductivity in the soil-bentonite, which is consolidated by seepage forces in 
the test (Filz et al., 2001).  Through a lab testing program with soil-bentonite, Filz et al. 
found that the results of API tests, when interpreted using the seepage consolidation 
theory described below, are in good agreement with the results of consolidometer 
permeameter tests. 
 
 The test result interpretation procedure described in Filz et al. (2001) is based on 
the seepage consolidation theory of Fox and Baxter (1996).  See the definition sketch in 
Figure 2-1.  For a normally consolidated soil in this theory, the hydraulic conductivity, k, 
is related to the effective pressure, p, according to: 
 
 k = k0 (p0 / p)A (2-1) 
 
where k0 is a reference hydraulic conductivity, p0 is the reference effective major 
principal stress at which k0 applies, and A is a material parameter.  The slope of the log k 
versus log p plot is –A. 
 
 Fox and Baxter make the following assumptions: 
 

• Darcy's law applies 
• Sidewall leakage is negligible 
• Stresses induced by the self-weight of the soil are negligible compared to other 

stresses acting on the soil 
• Shear stresses between the soil and the sidewalls are negligible 

 
Under these assumptions, Fox and Baxter derived the following equations for the 
effective pressure versus depth in the soil and the discharge velocity, v, through the soil at 
steady state: 
 
 z [1 / (1-A)] 
 p = pb

(1-A) – pt
(1-A) + pt

(1-A) (2-2) 
 L 
 
 B 
 v = pb

(1-A) – pt
(1-A) (2-3) 

 L 
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Figure 2-1.  Definition sketch for applying Fox and Baxter (1996) theory to API 
hydraulic conductivity tests 
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where z = distance from the top of the soil specimen, L = length of the soil specimen, pb = 
effective vertical stress at the bottom of the specimen, pt = effective vertical stress at the 
top of the specimen, B = a material parameter = k0 p0 A / [γw (1-A)], and γw = unit weight 
of water.  Eq. 2-2 shows that the effective pressure changes with depth in the specimen.  
As a result, the void ratio, and therefore hydraulic conductivity, also change with depth. 
 
 The values of the material parameters A and B can be found by performing the 
API test under two or more air pressures, pair.  The value of pair should increase in each 
application so that the specimen remains normally consolidated.  If two values of pair are 
used, the values of A and B are unique.  If three or more values of pair are used, the values 
of A and B are found through a regression analysis. 
 
 For each applied air pressure, the gross hydraulic conductivity of the specimen, 
kg, can be calculated by: 
 
 kg = v / ig (2-4) 
 
where ig is the gross hydraulic gradient applied across the entire specimen: 
 
 pair + γw hw pb - pt 
 ig = = (2-5) 
 γw L γw L 
 
 The gross effective pressure, pg, that corresponds to the gross hydraulic 
conductivity is obtained by substituting Eqs. 2-1 and 2-3 into Eq. 2-4 and solving for: 
 
 (1 / A) 

 (1 – A) (pb – pt) 
 pg = (2-6) 
 pb

(1-A) – pt
(1-A) 

 
 There are three important conclusions made by Filz et al. (2001) regarding API 
tests.  The first is the need for the surcharge pressure on top of the specimen.  Without 
this, hydraulic fracture is possible due to the zero-effective-stress condition at the top of 
the specimen.  Second, at high air pressures (55 kPa and above for the soil-bentonite 
mixes they tested), fines may be eroded from the specimen or clog the specimen, causing 
an increase or decrease in hydraulic conductivity, respectively.  This limits the 
consolidation pressure that may be applied to the soil, so that the hydraulic conductivity 
at higher consolidation pressures has to be extrapolated from API measurements at lower 
pressures.  Finally, the equations presented above for interpreting the results correspond 
to steady state conditions.  In their tests, it took up to 48 hours to reach steady state for 
the first pressure increment applied. 
 
 An important problem for all of the lab tests on remolded samples is the rodding 
of the soil-bentonite that occurs during set-up to de-air the specimen.  This extra mixing 
may distribute the bentonite more evenly in the specimen and result in lower measured 
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values of hydraulic conductivity.  Daniel and Choi (1999) state that rodding "the backfill 
material into a mold may or may not produce a material with similar pore size 
distribution and hydraulic conductivity as the actual in situ backfill material."  The 
influence of rodding was investigated by Barvenik and Ayres (1987) during the soil-
bentonite cutoff wall project at the Gilson Road Hazardous Waste Site (see Section 2.3.4 
below).  Barvenik and Ayres reported the recovery of eleven undisturbed samples from 
the soil-bentonite wall using a stationary-piston tube sampler.  The samples were tested in 
flexible-wall triaxial cells.  After testing the samples undisturbed, the soil-bentonite was 
re-mixed and then tested again at the same consolidation stress.  The result was a lower 
measure of hydraulic conductivity in each case, sometimes by an order of magnitude.  
Their conclusion was that the additional mixing that accompanies tests on remolded 
samples homogenizes the specimens more than they are homogenized after being mixed 
in the field, and that this reduces the hydraulic conductivity. 
 
 Laboratory tests on grab samples are the industry standard for evaluating the 
hydraulic conductivity of cutoff walls in the U.S. (Daniel and Choi, 1999).  In addition to 
the examples referenced in Daniel (1994), the case histories in Section 2.3.4 below 
provide examples of this practice. 
 
 
2.1.2 Lab Tests on Undisturbed Samples 
 
 After a soil-bentonite cutoff wall has been constructed, it may be possible to 
retrieve undisturbed samples from the wall and measure their hydraulic conductivity.  
This is likely to be a very difficult operation, however, for the reasons discussed below.  
There are not many references in the literature that discuss in detail undisturbed sampling 
of soil-bentonite.  Undisturbed samples of soil-bentonite were taken in two of the case 
histories described in Section 2.3.4 below: Barvenik and Ayres (1987) and Zamojski et 
al. (1995).  Yang et al. (1993) reported the recovery of undisturbed samples from a deep-
soil-mixed wall made of a soil/bentonite/cement mixture. 
 
 To obtain undisturbed samples, a hole must be drilled into the cutoff wall.  To 
recover the samples, Barvenik and Ayres (1987) used a stationary-piston tube sampler.  
Yang et al. (1993) reported the use of conventional rock core samplers and thin-walled 
samplers for recovering samples from their hardened deep-soil-mixed wall.  Zamojski et 
al. (1995) did not report their sampling equipment.  After retrieval from the wall, a 
cylindrical specimen is trimmed and its hydraulic conductivity is measured in a flexible-
wall permeameter (Daniel and Choi, 1999). 
 
 Daniel and Choi (1999) describe the following problems with lab tests on 
undisturbed samples: 
 
• The typically soft soil-bentonite may be damaged during the sampling and handling 

processes.  "Because the hydraulic conductivity of barrier materials is dominated by 
the characteristics of the few largest pores or occasional cracks, the material is highly 
sensitive to disturbance" (Daniel and Choi, 1999). 
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• If the cutoff wall is not vertical, or if the hole drilled into the wall is not vertical, the 
sample may be obtained from outside the wall. 

• "Time must be allowed for consolidation of the backfill to occur before the material is 
sampled, which creates highly undesirable delay between construction and hydraulic 
conductivity verification" (Daniel and Choi, 1999). 

 
One variable that is not likely to change much due to disturbance is the bentonite 

distribution in the sample, because the undisturbed sample is not mixed in any way.  In 
contrast, it has been hypothesized that the bentonite distribution becomes more even in 
tests on remolded samples, where rodding occurs.  This was used to explain the 
magnitude of the ratio of the average k from remolded tests to the average k from 
undisturbed tests of approximately 0.2 by Barvenik and Ayres (1987) for the soil-
bentonite wall at their site. 
 
 
2.1.3 Constant and Variable Head (Slug) Tests 
 
 Constant and variable head (slug) tests, also called single-well tests, have been 
used in cutoff walls to measure hydraulic conductivity.  To perform these tests, a 
monitoring well or a piezometer is installed in the center of the wall.  When running a 
constant head test, a constant excess head, positive or negative, is applied to the filter 
element through a standpipe and the induced flow rate is measured.  When running a 
variable head test, a slug of water is either added or removed and the rate of recovery to 
equilibrium is observed.  Discussions of analysis methods for single-well tests can be 
found in Herzog and Morse (1990), Kraemer et al. (1990), Herzog (1994), and Chapuis 
(1998). 
 
 There are three important issues that have to be considered when performing 
single-well tests in cutoff walls: 1) the compressibility of the soil-bentonite, 2) the three-
dimensional flow geometry created by the finite length of the filter element and the close 
proximity of the trench walls, and 3) hydraulic fracturing. 
 
 This section is divided into four parts.  In the first two parts, analysis methods for 
single-well tests are described that assume 1) incompressible soil and 2) compressible 
soil.  No consideration is given to the trench walls in the first two parts.  In the third part, 
the influence of the nearby trench walls is considered.  In the fourth part, hydraulic 
fracture in single-well tests is discussed. 
 
 
2.1.3.1 Analysis Methods that Assume Incompressible Soil 
 

Hvorslev (1951) presented methods for analyzing single-well tests conducted in 
incompressible soils.  The constant head form of the Hvorslev equation is: 
 
 k = Q / (F H) (2-7) 
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where k = hydraulic conductivity, Q = measured flow rate, F = shape factor, and H = 
applied head in excess of equilibrium head.  The shape factor depends on the instrument 
used to perform the test, and accounts for the size and shape of the filter element, 
including whether the top and/or bottom of the element are permeable. 
 
  The variable head form of the Hvorslev equation is: 
 
 A ln(Ht / H0) 
 k = (2-8) 
 F t 
 
where A = cross-sectional area of the standpipe, t = elapsed time from the beginning of 
the test, H0 = head at time zero, and Ht = head at time t.  A plot of ln(Ht / H0) versus time 
is linear for variable head tests in incompressible soils. 
 
 The same value of the shape factor can be used in both constant head and variable 
head tests.  Hvorslev presented shape factors for a variety of filter element 
configurations.  Shape factors for other configurations have been developed, with a good 
summary and discussion presented by Tavenas et al. (1990). 
 
 
2.1.3.2 Analysis Methods that Consider Soil Compressibility 
 
 When the head, or pore pressure, is varying in a single-well test, there is a 
corresponding change in effective stress in the soil (assuming the total stress remains 
constant).  Changes in effective stress are accompanied by volume changes in 
compressible soils.  In a falling head test, the slug of positive excess pore pressure causes 
a reduction in effective stress and a corresponding swelling of the soil.  As the soil swells, 
it draws water from the filter element, which increases the recovery rate to equilibrium 
and causes the hydraulic conductivity to be overestimated.  In a rising head test, the 
induced negative excess pore pressure causes an increase in effective stress and a 
corresponding consolidation of the soil.  As the soil consolidates, some of the 
consolidation water will flow into the filter element, again increasing the recovery rate 
and causing an overestimate of hydraulic conductivity.  When constant head tests are 
continued until the flow rate becomes constant, then the component of flow from 
swelling or consolidation of the soil is exhausted, and a reliable estimate of the hydraulic 
conductivity can be made. 
 
 Chirlin (1989) found that upwards curvature of the ln(Ht / H0) versus time plot 
can be caused by soil compressibility.  Four methods that address compressibility are 
described in the paragraphs that follow: 1) the curve fitting method of Cooper et al. 
(1967) for variable head tests, 2) use of a selected region of the ln(Ht / H0) versus time 
plot for variable head tests, 3) extrapolation of data from constant head tests, and 4) use 
of numerical analyses. 
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 Cooper et al. (1967) developed a series of type curves whose shapes depend on 
the compressibility of the soil formation.  In their method, the data from a variable head 
test is matched to a type curve and the formation transmissivity, which is the hydraulic 
conductivity multiplied by the thickness of the formation, is obtained.  This method was 
developed for fully penetrating filter elements in confined formations.  The method is 
often applied to partially penetrating filter elements in confined and unconfined 
formations by dividing the estimated transmissivity by the filter element length.  This 
approach ignores the vertical component of flow to a partially penetrating filter element, 
and therefore overestimates the hydraulic conductivity of the formation.  Hyder et al. 
(1994) developed a correction factor for the Cooper et al. method that accounts for the 
vertical flow component associated with partially penetrating filter elements. 
 
 Butler (1996) indicates that formation compressibility can be addressed in 
variable head tests analyzed with the Hvorslev (1951) method simply by evaluating the 
slope of the ln(Ht / H0) versus time data over the Ht / H0 range of 0.25 to 0.15. 
 
 When constant head tests are performed in low permeability, compressible soils, 
Tavenas et al. (1990) note that flow rates may not reach steady values in practical times.  
For such cases, Tavenas et al. recommend that the flow rate, Q, be plotted against the 
inverse of the square root of time, and that the extrapolated value of Q at 1 / square root 
of t = 0 should be taken as the steady state flow rate. 
 
 Daniel and Choi (1999) developed a three-dimensional, finite difference 
numerical model, including soil compressibility, to analyze the results of slug tests in 
cutoff walls.  According to Daniel and Choi, "failure to account for compressibility of the 
barrier material leads to calculation of k that is too high by a factor of two or more." 
 
 
2.1.3.3 Analysis Methods for Cutoff Walls 
 
 The close proximity of the trench walls influences the results of single-well tests 
performed inside cutoff walls.  As a simplifying approximation, the trench wall can be 
thought of as a constant head boundary between the aquifer (high k) and the cutoff wall 
material (low k).  In contrast to a test in an aquifer of infinite extent, where the head loss 
in the aquifer occurs over a greater distance, the nearby, constant head trench wall 
boundary causes the head drop to occur over a shorter distance in a test performed in a 
cutoff wall.  This can be thought of as an increase in the hydraulic gradient or shape 
factor for a test in a cutoff wall compared to a test in a formation of infinite extent. 
 
 Teeter and Clemence (1986) developed an approach that uses flow nets to account 
for the finite width of cutoff walls.  In their approach, a 2D flow net is drawn in plan 
view of a cutoff wall.  This flow net, which shows the groundwater flow regime between 
the well and the native ground located outside the cutoff wall, is compared with a radial 
flow net that would apply to a well in a homogeneous, isotropic formation.  Comparison 
of the ratios of the shape factors (i.e., number of flow channels divided by number of 
equipotential drops) for these two flow nets produces a correction factor to account for 
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the limited extent of the cutoff wall.  This correction factor, which is a reduction factor, is 
the shape factor for the well in the infinite soil divided by the shape factor for the well in 
the cutoff wall.  Multiplying the hydraulic conductivity found from a Hvorslev-type 
analysis (Teeter and Clemence used the Bower and Rice (1976) method) by the reduction 
factor produces the hydraulic conductivity of the cutoff wall material.  The basic idea of 
the Teeter and Clemence approach is that the Hvorslev-type method takes care of the 
filter element length-to-diameter ratio and the resulting horizontal and vertical flow 
components, while the flow net correction takes care of the limited extent of the cutoff 
wall.  Teeter and Clemence state that their approach produced hydraulic conductivity 
values that are generally within about one order of magnitude of those obtained from 
laboratory tests. 
 
 A key component of the Teeter and Clemence approach is definition of the 
"equivalent radius" for use in constructing the radial flow net that would apply to a well 
in a homogeneous, isotropic formation.  The equivalent radius, Re, is provided as part of 
the Bower and Rice (1976) method.  The equivalent radius is used to define a radial flow 
cylinder that, in an infinite medium, is equivalent to the real flow geometry, which 
consists of both radial and vertical components of flow.  When applying the Teeter and 
Clemence approach to other Hvorslev-type methods, it is important to recognize that the 
equivalent radius and the shape factor are related by: 
 
 Re = rw exp(2 π L / F) (2-9) 
 
where rw = radius of the filter element and L = length of the filter element. 
 
 Yang et al. (1993) take the flow netting technique one step further by drawing two 
flow nets: 1) a plan view, two-dimensional flow net similar to the Teeter and Clemence 
(1986) flow net and 2) a vertical, two-dimensional flow net that accounts for flow 
between the bottom of the well and the trench walls.  This is still only an approximation 
of the true three-dimensional flow pattern between the well and the trench walls. 
 
 Daniel and Choi (1999) indicate that application of steady state flow nets, as 
proposed by Teeter and Clemence (1986) and Yang et al. (1993), is not strictly correct for 
transient tests in compressible soils.  The same criticism would apply to use of a single 
value of shape factor for variable head tests in compressible materials.  As mentioned 
above in Section 2.1.3.2, Butler (1996) contends that the influence of compressibility on 
single-well tests can be accounted for by interpreting the slope of the ln(Ht / H0) versus 
time data over a selected range of Ht / H0 values. 
 
 Using their numerical model, Daniel and Choi (1999) analyzed the results of an 
actual slug test performed in a 0.6-meter-wide cutoff wall at a depth of 5.2 meters with a 
72-mm-diameter well screen.  Instead of being 264 mm from each of the trench walls, 
slope indicator measurements performed inside the well casing indicated that the well 
was 170 mm off-center, so that the nearest trench wall was only 94 mm from the edge of 
the well screen.  Their analyses showed that this magnitude of offset has very little 
influence on the performance of the slug test.  Despite this result, Daniel and Choi state 
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that "perhaps this problem of unknown separation between the wall of the barrier and the 
screen is the most fundamental difficulty in the interpretation of slug test data."  The 
difficulty is not only knowing the inclination of the well with depth, but also the 
inclination of the cutoff wall with depth.  These potential inclinations make it possible, in 
performing a slug test, for the well to be actually outside of the cutoff wall.  Daniel and 
Choi say that one of the most important needs is to develop a technique "that will enable 
precise determination of the location of a borehole relative to the vertical walls of a 
barrier." 
 
 
2.1.3.4 Hydraulic Fracture in Single-Well Tests 
 
 When the head in a single-well test is raised above the equilibrium value in the 
soil, the occurrence of hydraulic fracture is a concern.  This is particularly true in cutoff 
walls, where vertical stresses are less than geostatic due to arching.  This point was raised 
by Evans et al. (1995) in their paper on the state-of-stress in soil-bentonite cutoff walls1.  
Spooner et al. (1985) do not recommend slug or constant head well tests because they 
may provide erroneous values of hydraulic conductivity for compressible materials (see 
Section 2.1.3.2 above) and there is a potential for hydraulic fracturing of the wall 
material. 
 
 The analysis of hydraulic fracturing is complicated and is not a focus of this 
dissertation.  Several authors have discussed hydraulic fracturing: Bjerrum et al. (1972), 
Massarsch (1978), Lo and Kaniaru (1990), Lefebvre et al. (1991), and Andersen et al. 
(1994).  In this dissertation, it was desired to avoid hydraulic fracture in well tests 
performed in the pilot-scale soil-bentonite cutoff walls.  This was achieved by measuring 
hydraulic fracturing pressures at different depths in the walls, and then keeping pressures 
below these critical values in the well tests.  To supplement this procedure, hydraulic 
fracturing pressures were estimated using the method presented by Bjerrum et al. (1972), 
which is described below. 
 
 Bjerrum et al. (1972) describe the stress change induced in an isotropic, 
homogeneous, fully saturated soil formation by installing a piezometer.  It is stated that 
"the installation of the piezometer displaces and remoulds the soil in the vicinity of the tip 
and this changes primarily the horizontal stresses either by increasing or decreasing 
them."  After the piezometer is installed and excess pore pressures have dissipated, the 
vertical effective stress and equilibrium pore water pressure remain unchanged, the radial 
effective stress is increased, and the circumferential effective stress is usually reduced.  
The magnitudes of the changes in radial and circumferential horizontal effective stress 
depend primarily on the relative compressibility of the soil. 
 
 There are three critical values of excess pore pressure that should not be exceeded 
in a slug test in order to avoid hydraulic fracturing (Bjerrum et al., 1972).  A condition 
called "blow-off" occurs when the excess pore pressure equals the initial radial effective 
                                                           
1 For a discussion of consolidation stresses in cutoff walls, including both the arching and lateral squeezing 
mechanisms, see Filz (1996). 
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stress (the initial state is after piezometer installation, but before application of excess 
head).  After the radial effective stress has been reduced to zero, "any further increase of 
head will have the effect of moving the soil skeleton away from the filter and of creating 
a water-filled cavity around the piezometer tip."  At another critical excess pore pressure, 
a vertical crack will form that extends radially away from the piezometer.  "If the tensile 
strength of this soil is negligible this would happen when the effective circumferential 
stress in the soil adjacent to the piezometer changes from compression to tension."  If the 
soil has tensile strength, then the value of this critical excess pore pressure is greater.  The 
third case is when the excess pore pressure equals the initial vertical effective stress.  To 
perform a slug test without hydraulic fracturing, "it will be necessary in any particular 
case to determine which mode [of the three] is the most critical." 
 
 
2.1.4 Large Scale Pumping/Injection Tests 
 
 Large scale pumping/injection tests are performed by removing or adding water 
from wells on one side of a cutoff wall and measuring the response in wells located close 
to the wall, on each side of the wall.  The combination and locations of the wells depends 
on the particular project and the information desired from the test. 
 
 One form of test is called a global pumping test in Filz and Mitchell (1995).  In a 
global pumping test, water is pumped from within a circumferential cutoff wall and the 
hydraulic gradient induced across the wall is measured.  The average hydraulic 
conductivity of the wall is back-calculated using Darcy's law with the pumping rate, the 
hydraulic gradient induced across the wall, and the area of the wall through which flow 
occurs.  Filz and Mitchell state that "while conceptually simple, there are significant 
difficulties involved in the geohydrologic interpretation of data from pumping tests that 
influence the vast regions of the subsurface that can be enclosed by cutoff walls."  This 
issue hinders the usefulness of all large scale pumping/injection tests; by locating wells 
outside the cutoff wall itself, on either side of the wall, the results of the test are affected 
by the natural subsurface properties, which may be significantly heterogeneous and may 
cause difficulty in identifying the influence of the cutoff wall on the results.  For 
example, if a cutoff wall contains a large area, then the area of the aquitard underlying the 
site may be significant compared to the area of the wall.  Lowering the water table inside 
the enclosure also induces a hydraulic gradient across the aquitard, and there may be a 
significant flow rate into the enclosure through the aquitard.  Quantifying this flow rate 
may be difficult, and not quantifying it accurately could lead to large error in estimating 
the hydraulic conductivity of the cutoff wall.  On the subject of pumping tests, Evans 
(1994) states that "in situ heterogeneity often precludes definitive conclusions regarding 
the integrity of the completed barrier." 
 
 Filz and Mitchell (1995) also discuss pumping tests performed in small box-out 
enclosures in a cutoff wall.  By isolating a smaller region, the interpretation of the test is 
improved. 
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 Another application of large scale pumping/injection tests is provided by Eiben et 
al. (1994).  This was a purely theoretical study using a three-dimensional finite difference 
computer program.  A 3D model was constructed with entirely homogeneous soil 
properties and a steady seepage velocity through the modeled region.  A plan view sketch 
of the important features of the model is shown in Figure 2-2.  A waste pit of small 
volume was included in the model.  Then a geometrically linear, low-permeability barrier 
of limited length and depth, i.e., not extending across the entire width of the region and 
not extending to the very bottom of the region, was added to the simulation on the 
upgradient side of the waste pit.  The barrier reduced the seepage velocity in the waste 
pit.  Then a single injection well was located upgradient of the barrier and three 
monitoring wells were located downgradient of the barrier (between the barrier and the 
waste pit), one in the center (directly opposing the injection well on the upgradient side of 
the barrier) and one near each end of the barrier. 
 

In the first set of analyses, the barrier hydraulic conductivity was assumed 
homogeneous and the pressure response in the three downgradient monitoring wells was 
calculated with time after water was injected in the upgradient well at a certain rate for a 
specified length of time.  As the barrier hydraulic conductivity decreases, the pressure 
build-up in the downgradient monitoring wells decreases.  In addition, for a given barrier 
hydraulic conductivity, the pressure build up is greater in the center well compared to the 
two wells near the ends of the barrier. 

 
In the second set of analyses, a single defect was added to the barrier, in two 

different locations, and its influence on the pressure build-up in the monitoring wells was 
calculated.  The pressure build-up in the wells depended on the location of the defect.  
Eiben et al. hypothesized that this approach could be used for real cutoff walls.  In this 
approach, the hydraulic conductivity of the barrier would be changed spatially in the 
computer model until the calculated response in the monitoring wells matched the 
measured response in the real monitoring wells. 

 
In the analyses performed in their paper, the model aquifer was homogeneous.  To 

account for inevitable heterogeneity in the field, Eiben et al. suggest evaluating the 
heterogeneity of the aquifer by performing an injection test before the barrier is 
constructed.  This heterogeneity can then be accounted for when the same test is 
performed with the barrier in place. 

 
 For examples of applications of large scale pumping/injection tests in referenced 
projects, see Snyder et al. (1997).  Snyder et al. discuss the tests performed at their site, 
and list other sites where similar testing was performed. 
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Figure 2-2.  Plan view sketch of 3D model used by Eiben et al. (1994) 
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2.1.5 Piezocone Soundings 
 
 The piezocone has been used in cutoff walls to evaluate hydraulic conductivity, 
barrier material uniformity, and the existence of defects.  Information from dissipation 
tests when the piezocone is stationary2 and from continuous pushing at approximately 2 
cm/s have been used in these evaluations.  The mechanical information obtained from the 
piezocone—tip resistance and sleeve friction—help to characterize the wall's composition 
and properties. 
 

The following references discuss piezocone sounding in cutoff walls. 
 

 Barvenik and Ayres (1987) described piezocone probing at the Gilson Road 
Hazardous Waste Site.  They attempted to construct a small-scale soil-bentonite test wall 
with various types of defects at known locations.  The goal was to probe the test wall 
with the piezocone and correlate measurements of tip resistance, sleeve friction, pore 
water pressure, and a parameter called relative hydraulic conductivity index with defect 
type or intact soil-bentonite.  The relative hydraulic conductivity index is based on the 
flow rate measured from a constant applied head, similar in nature to a constant head well 
test, and is not something that a standard piezocone can measure.  While they were not 
successful in constructing defects of known geometry in their test section, which ruled 
out definitive conclusions, they did find, based on anticipated piezocone responses to the 
various defect types, that the defects produced "repeatable and identifiable signatures in 
the piezocone indices."  After experimenting in the test section, the piezocone was used 
to probe the actual soil-bentonite cutoff wall at the site in several locations.  The 
soundings did encounter a few windows that were verified by sampling, however, "side 
wall penetration," i.e., penetration of the piezocone into the trench sidewall, made 
interpretations difficult.  Barvenik and Ayres concluded that the "piezocone could 
provide a useful, routine post-construction verification capability," and they suggested 
further studies. 
 
 Piezocone probing was performed at the Raytheon Company Ellis Street 
Semiconductor Facility described in Section 2.3.4 as the Hayward Baker (1988) case 
history, although it was not Hayward Baker who performed the piezocone soundings.  
Dissipation tests were performed in this study, and a lesson from this experience is the 
importance of saturating the porous element prior to insertion of the piezocone in the 
cutoff wall.  The pore pressure measured in the dissipation tests at this site initially 
increased before decreasing to equilibrium.  The engineer assumed that this was due to 
insufficient saturation of the porous element. 
 
 Manassero (1994) used the piezocone to probe a cement-bentonite cutoff wall in 
Italy.  In addition to performing lab tests on the wall material, in situ falling head 
infiltration tests using pipes inserted before cement-bentonite hardening, and dissipation 
tests with the piezocone, Manassero developed a new procedure for evaluating hydraulic 

                                                           
2 Estimating hydraulic conductivity from dissipation tests has been described by many (e.g., Lunne, 
Robertson, and Powell, 1997), and will not be discussed in detail in this literature review.  There are no 
established guidelines in the literature for performing and interpreting dissipation tests in cutoff walls. 

 20



conductivity from measurements made during continuous pushing of the piezocone.  The 
general idea is to correlate hydraulic conductivity to the three piezocone measurements: 
tip resistance, sleeve friction, and pore water pressure.  As a first, qualitative assessment 
of gross differences in hydraulic conductivity, as might exist between intact barrier 
material and a defect, Manassero suggests looking at only the excess pore water pressure 
measurements.  "A localized reduction of [excess pore pressure] (disappearance or very 
low value) can be considered as an indication of possible defects."  Based on excess pore 
pressure measurements alone, Manassero promoted the use of the piezocone to identify 
defects in cutoff walls. 
 
 The more detailed approach outlined by Manassero is to correlate hydraulic 
conductivity to a parameter called Bk, which is a parameter that "maximizes the influence 
of hydraulic conductivity and minimizes the influences of the other parameters related to 
the mechanical behavior." 
 
 Bk = qt

2 / (100 fs ∆u) (2-10) 
 
where qt = total point resistance, fs = sleeve friction, and ∆u = excess pore pressure.  The 
next step is to use other in situ hydraulic conductivity measurements, such as those from 
dissipation tests or slug tests, to calibrate the correlation between hydraulic conductivity 
and Bk.  If other hydraulic conductivity measurements are not available, then Bk can be 
related to soil type, which can be related to typical values of hydraulic conductivity.  
Manassero used dissipation tests, slug tests, and soil type to calibrate the Bk/hydraulic 
conductivity relationship for his cement-bentonite wall. 
 
 Manassero encouraged further calibration studies and research, especially with 
respect to the influence of boundary conditions, penetration rate, the possible addition of 
more pore water pressure filter locations on the cone, and a technique to avoid sidewall 
penetration. 
 
 Tedd (1997) also used the piezocone in a cement-bentonite wall, but did not have 
success.  Dissipation tests with a 15 cm2 piezocone estimated hydraulic conductivity 
values several orders of magnitude too high.  A possible cause of this was cracking in the 
wall induced during penetration of the piezocone. 
 
 Daniel and Choi (1999) state that "the piezocone provides interesting 
opportunities for evaluating hydraulic conductivity," but recognize that experience with 
this technique is fairly limited.  They also suggest that pushing the piezocone into a cutoff 
wall may cause enough disturbance to alter the hydraulic conductivity. 
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2.2 Circumferential Cutoff Walls with Inward Hydraulic Gradients 
 
 A common remediation scheme is to completely surround a contaminated site 
with a circumferential cutoff wall, and then pump out contaminated fluid from within the 
enclosure, inducing an inward hydraulic gradient through the wall.  When cutoff walls 
are used to supplement pump and treat remediation in this way, they act to limit the 
amount of clean water that flows into the site, which becomes contaminated and must be 
treated (Rumer and Ryan, 1995).  Evans (1991) stated that this is the most common use 
of circumferential cutoff walls.  For examples, see Snyder et al. (1997), Hayward Baker 
(1988), and Barvenik and Ayres (1987). 
 
 Snyder et al. (1997) describe a circumferential soil-bentonite cutoff wall used at 
the Baltimore Works Site where the soil and groundwater was contaminated with 
chromium.  The barrier system at the site was designed to "limit inflow and groundwater 
withdrawal."  During assessment of post-construction performance, a number of 
extraction wells were installed along the inside perimeter of the wall, at a distance of 
approximately ten feet from the wall.  In addition, monitoring wells were installed along 
the outside perimeter of the wall (approximately ten feet from the wall), directly across 
from the inside extraction wells.  This system allowed the desired inward gradient to be 
applied by optimizing the pumping rates from each extraction well and monitoring the 
gradient across the wall using the water levels in the inside extraction wells and outside 
monitoring wells.  The information from this post-construction assessment was used in 
the final design of the long-term groundwater extraction system.  Snyder et al. also list 
other references where similar tests were performed on circumferential cutoff walls. 
 
 As discussed in Chapter 1, a circumferential cutoff wall with an inward hydraulic 
gradient will have an outward contaminant concentration gradient.  If there is variability 
in hydraulic conductivity, then it may be physically possible for a contaminant to break 
through the cutoff wall due to a dominant concentration gradient in an area where the 
inward advective flux is ineffective due to low hydraulic conductivity.  While this 
conclusion seems trivial from a theoretical standpoint, no experiment was found in the 
literature that confirms it.  As a result, this situation was modeled in a lab test in this 
dissertation (see Chapter 7) and verified experimentally so there is no doubt that this is a 
real concern for the case of a circumferential cutoff wall with an inward hydraulic 
gradient and an outward concentration gradient. 
 
 
2.3 Variability in Hydraulic Conductivity 
 
 This section is divided into the following five parts: 
 

2.3.1 Sources of variability in the hydraulic conductivity of soil-bentonite cutoff walls. 
2.3.2 The distribution of hydraulic conductivity. 
2.3.3 Measuring the variability of cutoff walls in the field. 
2.3.4 Presentation of four case histories with hydraulic conductivity measurements on soil-
bentonite samples.  This data is used in the statistical analysis in Chapter 7. 
2.3.5 Another application where variability is important – permeable reactive barriers. 
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2.3.1 Sources of Variability in Hydraulic Conductivity 
 
 There are many sources of variability in cutoff walls.  Evans (1993) described the 
following four.  First, there is always some degree of natural variability in the base soil's 
composition, especially if the base soil is the excavation spoils from the trench and not an 
off-site soil from a more homogeneous source.  For example, Bergstom et al. (1987) 
measured a mean and standard deviation in fines content of field-mixed soil-bentonite—
which strongly influences hydraulic conductivity—of 43.5% and 7.4%, respectively.  
Second, there may be a significant accumulation of soil particles at the bottom of the 
trench or on the sloping backfill due to settlement through the support slurry or spalling 
from the trench walls.  Third, there may be time-dependent changes in the hydraulic 
conductivity of cutoff walls from point to point due to chemical interactions and 
wetting/drying and freezing/thawing cycles of the wall material.  Fourth, slurry may get 
trapped between the already placed backfill and the backfill sliding into the trench, 
creating a window. 
 

Barvenik and Ayres (1987) mentioned the existence of inadequate keys, which 
they suggested is particularly likely when keying to the top of bedrock.  They also 
discussed variability in the amount of bentonite added to the base soil and the degree of 
mixing of the backfill.  Ryan (1987) found, using field sample test data from 
approximately thirty soil-bentonite cutoff wall projects, that "both the average 
permeability and the deviation from the average are reduced at increased dry bentonite 
contents," indicating that higher bentonite contents may reduce the variability from 
mixing. 

 
Manassero (1994) added to the list by mentioning cracks caused by large 

deformations of the surrounding ground, which may be more likely for the brittle cement-
bentonite walls he was discussing than for more flexible soil-bentonite walls. 
 
 It is useful to group the sources of variability into three categories: 
 

Type 1.  The soil-bentonite itself.  This category is greatly dependent on the mixing 
procedure (which can be very sloppy) and intensity and includes: 

 
• Variations in the composition of the base soil used in the soil-bentonite mix. 
• Variations in the bentonite content from place to place in the soil-bentonite. 

 
Type 2.  Construction defects.  This category includes various types of windows, or 
defects, in the cutoff wall, such as: 

 
• Coarse-grained windows in the cutoff wall due to spalling from the trench 

walls or settlement of coarse-grained particles through the support slurry. 
• "Slurry windows" in the wall, due to slurry getting trapped between the 

already placed backfill and the backfill sliding into the trench. 
• An inadequate key at the bottom of the wall. 
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Type 3.  Variability induced by the environment.  This kind of variability may not 
develop until well after construction of the cutoff wall, and may be difficult to detect 
and/or anticipate. 

 
• Variations in hydraulic conductivity with depth due to variations in effective 

stress with depth. 
• Variations due to chemical interactions with the soil-bentonite. 
• Variations due to wetting/drying and freezing/thawing cycles. 
• High hydraulic conductivity defects due to cracking or large deformations of 

the cutoff wall. 
 
 Hydraulic defects are sources of variability that have been identified as having a 
major impact on the performance of cutoff walls.  Tachavises and Benson (1997) 
investigated the influence of defects on the flow rate through cutoff walls.  They used a 
three-dimensional numerical groundwater model to show that even relatively small, fully 
penetrating, high permeability defects can render a wall ineffective at reducing the flow 
rate, while partially penetrating defects or defects of moderate permeability are not nearly 
as significant. 
 
 
2.3.2 The Distribution of Hydraulic Conductivity 
 
 For the discussion of variability in Chapter 7, it will be necessary to describe the 
distribution of hydraulic conductivity using a probability density function.  There are 
numerous references in the literature suggesting that the log-Normal distribution is a 
good fit for hydraulic conductivity.  Most of the literature pertains to aquifers, which are 
primarily composed of coarse-grained soils.  There is less literature on the distribution of 
hydraulic conductivity in fine-grained soils.  One reference, Manassero (1994), describes 
the distribution of hydraulic conductivity in a cement-bentonite cutoff wall. 
 
 In Freeze's 1975 paper on stochastic modeling of groundwater flow, a wealth of 
evidence is provided for the log-Normal distribution as a good fit for hydraulic 
conductivity.  Freeze briefly describes seven cases from the literature where hydraulic 
conductivity measurements were made on soils from the field.  In each case, the log-
Normal distribution gave a good fit to the data. 
 
 In the work presented by Freeze (1975), values of the logarithm of hydraulic 
conductivity, log k, are distributed Normally.  This is equivalent to distributing the values 
of hydraulic conductivity, k, log-Normally.  For four of the references where k was 
measured on samples from the field, Freeze summarized the average and standard 
deviation of the log k values, with k expressed in cm/s.  The data from Freeze's paper is 
shown in Table 2-1.  Freeze states that the values of standard deviation lie between 0.2 
and 2.0, and furthermore, the evidence suggests that the standard deviation is not clearly 
dependent on the average value. 
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Freeze (1975) also discusses indirect evidence supporting the log-Normal 
distribution.  Two types of indirect evidence are discussed below: 
 
1. Davis (1969) reviewed information from several authors who noted that "specific 

capacities of water wells (which are directly related to formation transmissibilities) 
are usually log normally distributed." 

 
2. Freeze (1975) states that 1) "in most empirical formulae, hydraulic conductivity is 

calculated as an exponential function of porosity" and 2) "porosity is usually reported 
to be normally distributed."  As a result, it may be inferred that hydraulic conductivity 
is log-Normally distributed: 

 
1) k ∝ en k = hydraulic conductivity, n = porosity 

ln k ∝ n 
2) If n is Normally distributed, then ln k is Normally distributed. 

If ln k is Normally distributed, then k is log-Normally distributed (the 
natural log and log base 10 can be related). 

 
Table 2-1.  Statistical parameters for log-Normal frequency distributions of hydraulic 
conductivity (after Table 1 in Freeze, 1975) 
Source Rock or Soil 

Type 
Number of 
Samples, N 

Average Value 
of (log k) 1, k in 

cm/s 

Standard 
Deviation 
of (log k) 

Bennion and Griffiths Conglomerate 3,018 -4.59 0.94 
(1966) Sandstone 56,991 -5.38 0.61 
 Marly limestone 7,060 -5.38 0.46 
 Vuggy limestone 17,162 -5.60 0.53 
Law (1944) Sandstone N.E.2 -3.36 0.20 
 Sandstone N.E. -3.82 0.40 
 Sandstone N.E. -4.60 0.40 
McMillan (1966) Sandstone N.E. -5.46 1.00 
 Sandstone N.E. -5.52 0.65 
 Sandstone N.E. -4.60 0.32 
 Sand and gravel N.E. N.E.2 0.44 
 Sand and gravel 42 N.E. 0.72 
 Sand and gravel 16 N.E. 0.54 
Willardson and Hurst Clay loam 33 -5.41 0.45 
(1965) N.E.2 330 -4.00 0.85 
 N.E. 287 -4.60 0.93 
 Silty clay 339 -4.96 0.78 
 N.E. 36 -4.46 1.56 
 N.E. 352 -3.00 0.93 
 Loamy sand 121 -2.68 0.86 
Notes: 
1) The values of (log k) are distributed Normally. 
2) N.E. = no entry given in Freeze's Table 1. 
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 In addition to the excellent summary presented by Freeze (1975), the following 
three references are of interest.  Hoeksema and Kitanidis (1985) studied data from 31 
aquifers, and concluded that "with only a few exceptions, the properties of ..., hydraulic 
conductivity, ... can be considered to be lognormally distributed."  Sudicky (1986) 
studied the sand aquifer at the Borden tracer test site.  Based on 1279 hydraulic 
conductivity tests on samples from the aquifer, it was found that the log-Normal 
distribution fit the data better than the Normal distribution.  Finally, Russo and Bouton 
(1992) took 417 samples from the wall of a trench that was dug in Hamra Red 
Mediterranean soil in Israel.  They concluded that the hydraulic conductivity varied 
approximately log-Normally based on the results of a Kolmogorov-Smirnov test (this test 
is used and described in Chapter 7) with a level of significance of 10%.  In terms of the 
logarithm of the hydraulic conductivity values (in cm/min) of the 417 samples, the mean 
was –3.56 and the standard deviation was 0.952. 
 
 Finally, unlike the majority of findings for hydraulic conductivity, Manassero 
(1994) found that the Normal distribution fit better than the log-Normal distribution for 
the hydraulic conductivity of a cement-bentonite cutoff wall.  When the cumulative 
frequency distributions of hydraulic conductivity measured from 1) the piezocone (using 
the method described in Section 2.2) and 2) laboratory tests on 172 samples are plotted, it 
is clear from visual inspection (Figure 11 in Manassero, 1994) that the Normal 
distribution is a better fit than the log-Normal distribution.  The average values of 
hydraulic conductivity are significantly different, which is "probably due to the very 
different curing time: 28 days for laboratory samples and from 100 to 150 days" for the 
piezocone tests, according to Manassero.  The standard deviations for the Normal 
distribution are quite similar, however, with a value of 8.6 × 10-8 cm/s for the piezocone 
and 1.3 × 10-7 cm/s for the laboratory tests.  This information suggests that, for this case, 
the piezocone and laboratory tests provide similar measures of variability, and in 
addition, the degree of variability is independent of the average value of hydraulic 
conductivity.  Another important observation by Manassero is that the especially high 
values of hydraulic conductivity "related to zones where some defects of the mixture 
have been detected" do not fit the Normal distribution.  Finally, it is noted that the 
standard deviation for the log-Normal distribution is 0.33 from the piezocone and 0.12 
from the laboratory tests. 
 
 
2.3.3 Measuring the Variability of Cutoff Walls in the Field 
 
 This is an area that has not been investigated much in the past. 
 
 The piezocone has been proposed to evaluate variability in cutoff walls.  Both 
Barvenik and Ayres (1987) and Manassero (1994) found defects in their soil-bentonite 
and cement-bentonite cutoff walls, respectively, with the piezocone.  Manassero also 
looked at the variability in hydraulic conductivity from his continuous evaluation of k 
with depth using the method described in Section 2.1.5.  See Section 2.3.2 above for a 
discussion of the findings related to variability in this reference. 
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Pumping tests have also been proposed to evaluate variability.  Eiben et al. (1994) 
claimed that "high permeability zones" could be found in field tests by stressing the 
groundwater level on one side of a wall and measuring the response on the other side.  In 
their procedure, the hydraulic conductivity of the wall is changed spatially in a computer 
model until the computer-predicted response matches the measured response in 
monitoring wells in the field test. 
 
 
2.3.4 Case Histories with Hydraulic Conductivity Measurements on Samples of Soil-
Bentonite 
 
 Four case histories have been collected where laboratory hydraulic conductivity 
measurements were made on samples of soil-bentonite, usually grab samples obtained 
during cutoff wall construction.  A brief description of each project is provided below, 
along with histograms of the hydraulic conductivity data.  Each histogram also shows the 
Normal probability density function for the calculated average and standard deviation of 
the data set.  The histograms will be referred to in Chapter 7. 
 
Barvenik and Ayres, 1987.  A circumferential soil-bentonite cutoff wall was constructed 
at the Gilson Road Hazardous Waste Site in New Hampshire to contain toxic volatile 
organic compounds.  The cutoff wall, 4,000 feet in length and up to 110 feet deep, is 
acted upon by an inward hydraulic gradient.  The cutoff wall was excavated in glacial 
soils, consisting mainly of sands and gravels, with layers and lenses of silts and silty fine 
sands.  The bentonite content was measured from 75 grab samples; the average value was 
3.5% and the standard deviation was 1.4%.  Sixty-eight hydraulic conductivity tests were 
performed on grab samples using the API test.  Figure 2-3 shows the histogram of these 
measurements, as well as the histogram for the negative logarithm of these values. 
 
Hayward Baker, 1988.  A circumferential soil-bentonite cutoff wall was constructed at 
the Raytheon Company Ellis Street Semiconductor Facility in California to contain 
hazardous chemicals.  An inward hydraulic gradient was also induced across this 3,400 
feet long, 100 feet deep cutoff wall.  The subsurface soil at the site consists of 
interbedded layers of silt, clay, and fine to coarse sand and sandy gravel.  During 
construction, grab samples of the soil-bentonite were obtained and both flexible-wall (55 
samples) and rigid-wall (33 samples) hydraulic conductivity tests were performed.  
Histograms of the k values and negative logarithm of k values, for both types of k tests, 
are shown in Figure 2-4. 
 
Koelling et al., 1997.  A soil-bentonite cutoff wall was constructed at the Queen City 
Farms Superfund Site in Washington State to contain industrial waste liquids including 
paint, petroleum products, oils, and organic solvents.  The wall was 2,200 feet long and 
40 to 70 feet deep.  The subsurface soil at the site consists of glacial deposits of "open 
works gravel, dense ablation till, dense lodgement till, and outwash."  In addition to these 
excavation spoils, imported silt was added to the soil-bentonite mix.  Flexible-wall 
hydraulic conductivity tests were performed on 15 grab samples of the soil-bentonite.  
Histograms of the k values and negative logarithm of k values are shown in Figure 2-5. 
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Zamojski et al., 1995.  A circumferential cutoff wall was constructed at the FLR Landfill 
Superfund Site in New Jersey to contain wastes within the existing landfill.  The cutoff 
wall was a hybrid slurry wall, with the majority of the wall (5,240 feet in length) 
consisting of soil-bentonite and two small sections (300 feet in length) consisting of soil-
cement-bentonite.  The depth of the soil-bentonite portion of the wall varied from 20 to 
43 feet.  The cutoff wall was excavated in silty clay to clayey sand fill and, beneath that, 
alluvial deposits of sandy silty clay to clayey sand.  Instead of measuring the hydraulic 
conductivity of grab samples, quality control was done by closely monitoring the 
bentonite content in the pugmill mixing of the soil-bentonite.  The bentonite content of 
the soil-bentonite varied from approximately 3.7% to 4.9%, with an average of 4.3%.  
Not less than seven days after construction, but before placement of a clay cap, 54 
undisturbed samples were taken by drilling to locations all over the soil-bentonite portion 
of the cutoff wall, and flexible-wall hydraulic conductivity tests were performed on the 
samples.  Histograms of the k values and negative logarithm of k values are shown in 
Figure 2-6. 
 
 
2.3.5 Permeable Reactive Barriers 
 
 Although they are not the focus of the research in this dissertation, variability in 
hydraulic conductivity is equally important in permeable reactive barriers.  In permeable 
reactive barriers, contamination is removed from groundwater as it flows through the 
barrier due to mechanisms such as sorption, precipitation, dehalogenation, oxidation-
reduction, fixation, and physical transformation (Shoemaker et al., 1995).  If a permeable 
reactive barrier is designed based on its average hydraulic conductivity alone, it may not 
perform satisfactorily.  Shoemaker et al. stated that as one of three main requirements, 
"the time required for the desired reactions to occur [in the barrier] must be less than the 
time required for the contaminated groundwater to pass through the reactor [i.e., the 
barrier]."  In areas where the hydraulic conductivity is greater than the average value, 
upon which a permeable reactive barrier may have been designed, the groundwater may 
pass through the barrier too quickly and therefore not get fully treated.  Consider another 
case, where the barrier material is designed to adsorb the contaminant in the groundwater.  
Again, where the hydraulic conductivity is higher than average, the available adsorption 
sites will fill up fast and the contaminant will break through the barrier faster than 
predicted using the average hydraulic conductivity.  At the other end of the scale, where 
hydraulic conductivity is lower than the average, the capacity of the reactive barrier to 
treat the contaminant is under-utilized, as the flow rate through the barrier is small.  As 
can be seen, permeable reactive barriers are another barrier technology where variability 
in hydraulic conductivity is important. 
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2.4 Summary 
 
 The methods of measuring the hydraulic conductivity of cutoff walls can be 
divided into lab tests and in situ tests.  In general, lab tests are straight-forward to 
perform, but there are major concerns with the size and representativeness of the samples.  
In situ tests, on the other hand, test a larger and more representative sample of the cutoff 
wall, but there are no established guidelines for performing and interpreting the tests. 
 
 Lab tests on remolded grab samples are the industry standard for evaluating 
hydraulic conductivity.  One problem is the extra mixing, or rodding, that goes into the 
samples during test preparation; this mixing has been found to significantly lower the 
hydraulic conductivity of the samples.  Lab tests on undisturbed samples may get around 
this problem, but undisturbed samples are very difficult to obtain. 
 
 When performing single-well tests in cutoff walls, the following three issues need 
to be addressed: 1) the compressibility of the soil-bentonite, 2) the close proximity of the 
trench walls, and 3) hydraulic fracturing.  Soil compressibility has been addressed in the 
literature, efforts have been made to account for the nearby trench walls, and techniques 
exist to predict hydraulic fracturing pressures.  There is still a need, however, to refine 
these areas and establish guidelines for performing and interpreting the tests.  In addition, 
a major problem with single-well tests has not been solved: how to know or control the 
location of the well in relation to the centerline of the wall.  Unfortunately, the effect of a 
grossly misplaced well can render results useless, regardless of the care taken in 
addressing the foregoing three issues. 
 
 Large scale pumping/injection tests may be used to evaluate a large portion of a 
cutoff wall, or even the entire cutoff wall as in the common global pumping test.  The 
basic idea is to stress a part of the wall, or the entire wall, with a hydraulic gradient, and 
try to draw conclusions about the hydraulic conductivity of the area of the wall being 
stressed from the flow rate induced by the gradient.  A difficulty in performing these tests 
is accounting for the natural heterogeneity in the subsurface in which the cutoff wall has 
been constructed.  In addition, there may be a significant flow rate through the underlying 
aquitard.  These issues create uncertainty in evaluating the hydraulic conductivity of the 
cutoff wall.  It may still be possible in some cases, however, to locate high-hydraulic-
conductivity defects in cutoff walls, which is an advantage of these tests. 
 
 The piezocone has shown potential for evaluating the uniformity of cutoff walls.  
In addition to the pore pressure measurements, which may alone indicate high-hydraulic-
conductivity defects in a wall, the tip resistance and sleeve friction measurements are 
helpful in characterizing the wall's composition and properties.  Manassero (1994) has 
put forth the most detailed procedure for correlating hydraulic conductivity with the three 
typical piezocone measurements (pore pressure, tip resistance, and sleeve friction).  As 
with single-well tests, the location of the piezocone in a cutoff wall is important.  
Sidewall penetration has been noted as a problem in piezocone sounding of cutoff walls. 
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 Use of a circumferential cutoff wall with an inward hydraulic gradient is common 
in remediating contaminated sites.  In this scheme, the outward diffusive flux of 
contaminant is reduced by the inward advective flux caused by the inward hydraulic 
gradient.  In Chapter 7, it will be shown how variability in the hydraulic conductivity of 
the cutoff wall influences this common remediation scheme. 
 
 The sources of variability in the hydraulic conductivity of cutoff walls may be 
distributed into three categories: 1) variations in the soil-bentonite itself, 2) construction 
defects, and 3) variability induced by the environment.  Reference will be made to these 
categories in Chapter 7.  In general, the majority of evidence suggests that the property of 
hydraulic conductivity is distributed log-Normally.  The range of standard deviations of 
log k has been estimated to be 0.2 to 2.0 (Freeze, 1975), based on analysis of a large 
number of measurements from natural soil deposits, most of which consist of primarily 
coarse-grained soils.  In addition, there is no clear evidence that the standard deviation is 
dependent on the average value of log k.  The range of standard deviation to apply to an 
engineered, low-permeability soil such as soil-bentonite, however, is uncertain.  It is 
reasonable to expect that the 0.2 to 2.0 range may apply to the base soil in a soil-
bentonite mix, and the addition of bentonite may reduce this range (see Ryan's (1987) 
comment in Section 2.3.1).  Variability of this type (Type 1: variability in the soil-
bentonite itself) may be measured by analyzing the k data from the four case histories 
presented in Section 2.3.4.  The distribution and statistical parameters of the k data for 
these cases will be investigated in Chapter 7.  Finally, the technique of measuring the in 
situ variability of cutoff walls, which includes variability of Types 2 and 3, is currently 
not well developed. 
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	Barvenik and Ayres, 1987.  A circumferential soil-bentonite cutoff wall was constructed at the Gilson Road Hazardous Waste Site in New Hampshire to contain toxic volatile organic compounds.  The cutoff wall, 4,000 feet in length and up to 110 feet deep,
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