
CHAPTER 5.  MEASURING THE HYDRAULIC CONDUCTIVITY 
OF THE PILOT-SCALE CUTOFF WALLS 

 
 
 In this chapter, the methods of measuring the hydraulic conductivity of the three 
pilot-scale soil-bentonite cutoff walls are described, including the testing procedures, 
equipment, and test interpretation procedures.  The results of the tests are given and 
discussed in Chapter 6. 
 
 The hydraulic conductivity tests are described in the order in which they were 
performed for the pilot-scale walls.  The sections in this chapter are: 
 

5.1 API Tests on Grab Samples 
5.2 Global Measurement of Average Hydraulic Conductivity of Cutoff Walls 
5.3 Piezometer Tests 
5.4 Piezocone Soundings 
5.5 Lab Tests on Undisturbed Samples 
5.6 Summary and Conclusions 

 
 
5.1 API Tests on Grab Samples 
 
 Hydraulic conductivity tests using the API filter press apparatus shown in Figure 
5-1 were performed on each of the grab samples taken during backfilling of the pilot-
scale cutoff walls.  These tests were performed directly after construction of the walls to 
minimize potential changes in the water contents of the samples before testing. 
 
5.1.1 Test Procedure 
 
 The first step was to apply a 0.8-mm-thick layer of bentonite paste to the inside of 
the cell.  The height of the layer of paste was 5.1 cm.  The purpose of the bentonite paste 
was to minimize sidewall leakage between the soil-bentonite specimen and the cell-wall. 
 
 The screen was placed in the base (see the screen and base in Figure 5-1), and the 
cell was inserted and locked into the base.  Dry Light Castle Sand was placed above the 
screen to a height just above the bottom of the bentonite paste.  The sand was flushed 
with water to remove any fines and its surface was leveled.  The purpose of the sand was 
to serve as a filter, restraining the soil-bentonite particles while allowing water to easily 
flow through during the permeation phase.  The distance from the top of the sand to the 
top of the cell (Distance A) was measured. 
 
 Soil-bentonite from a grab sample was placed into the cell above the LCS.  The 
soil-bentonite was placed in small amounts at a time and rodded with a mortar to remove 
air from the specimen and to ensure good contact between the soil-bentonite and the 
bentonite paste on the cell-wall.  Soil-bentonite was placed until it reached the top of the 
bentonite paste on the cell.  The surface of the soil-bentonite was leveled and the distance 
from the top of the soil-bentonite to the top of the cell (Distance B) was measured. 
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Figure 5-1.  API filter press apparatus 



 A water content sample was taken while the grab sample was open.  Also, the 
weight of the cell (with accompanying base, screen, and filter sand) was measured both 
before and after placement of the soil-bentonite to determine the initial weight of the soil-
bentonite specimen.  The initial height of the specimen was calculated as Distance A 
minus Distance B.  This height generally ranged from 4.5 to 5 cm.  Knowing the area of 
the specimen, its volume could be calculated, and then the unit weight of the specimen 
could be calculated.  For the 1% bentonite mixtures (W1 and W2), the unit weights were 
approximately 18 kN/m3.  For the 3% bentonite mixtures (W3), the unit weights were 
approximately 17.5 kN/m3.  Using weight/volume relationships, with a soil-bentonite 
specific gravity of 2.68, the range of degrees of saturation of the specimens was 92% to 
97%. 
 
 Next, a piece of filter paper was placed above the soil-bentonite, a thin layer of 
LCS (approximately 1.6-mm-thick) was placed above the filter paper, and a steel weight 
(see Figure 5-1) was placed above the LCS.  The purpose of the thin layer of LCS was to 
provide drainage between the top of the soil-bentonite and the steel surcharge.  Two 
slightly different steel weights were used in the tests: one that applied an effective 
(submerged) pressure of 1.5 kPa to the soil-bentonite and one that applied an effective 
pressure of 1.6 kPa1.  The distance from the top of the steel weight to the top of the cell 
was measured (Distance C).  Settlement of the soil-bentonite during the test was 
evaluated by measuring the change in this distance. 
 
 PFW was placed in the top of the cell, submerging the steel weight, to a level 
approximately 3 mm below the top of the cell.  The cap was placed on top of the cell, 
with a rubber gasket in-between, and the cell was loaded into the frame.  The T-screw on 
the frame was used to hold the cap tight and sealed against the cell. 
 
 With a graduated cylinder beneath the base to collect outflow, flow was induced 
through the specimen by applying an air pressure to the cap.  Air pressures of 6.9 kPa and 
13.8 kPa were used for the 1% bentonite mixtures.  Air pressures of 6.9 kPa, 13.8 kPa, 
and 27.6 kPa were used for the 3% bentonite mixtures.  The air pressure of 27.6 kPa 
could not be used for the 1% mixtures, because the seepage forces under this pressure 
caused fines in these mixtures to wash from the specimens.  The gross hydraulic 
gradients across the specimens (Eq. 2-5 in Chapter 2) were approximately 18, 33, and 64 
for air pressures of 6.9, 13.8, and 27.6 kPa, respectively.  For one sample from W3 (3% 
bentonite), a smaller than usual effective surcharge pressure was used (0.38 kPa instead 
of 1.5 or 1.6 kPa), and fines were washed from the specimen under the air pressure of 
13.8 kPa. 
 
 For a given air pressure, the flow rate was measured until it became steady.  The 
flow rate was higher at early times due to the collection of consolidation water in the 
graduated cylinder.  The time to reach steady state was up to roughly one day for the 3% 
bentonite mixtures, and was greatest for application of the lowest air pressure, when the 
soil-bentonite was the most compressible.  It was necessary to periodically add PFW to 
the top of the cell.  The height of water in the cell varied during the test, and this had an 
                                                           
1 In one test on a sample from W3, a steel weight applying an effective pressure of 0.38 kPa was used. 
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effect on the gross hydraulic gradient across the specimen, as can be seen in Eq. 2-5.  The 
relatively small variation in this height of water had a small influence on the hydraulic 
gradient at the air pressure of 6.9 kPa, and a negligible influence at the air pressures of 
13.8 and 27.6 kPa. 
 
 After steady state flow was reached, Distance C was measured again.  The 
settlement of the soil-bentonite, for a particular air pressure increment, was taken as the 
change in Distance C from before to after application of the air pressure increment.  After 
application of the first air pressure, vertical strains of generally 3% - 6% were measured 
for both the 1% and 3% bentonite mixtures.  As the air pressure was increased to 13.8 
kPa (and 27.6 kPa for the 3% bentonite mixtures), the additional strains were small 
(generally less than 1%). 
 
 At the end of the test, the soil-bentonite specimen was extruded from the cell and 
its water content was measured. 
 
5.1.2 Test Interpretation 
 
 The test interpretation procedure of Filz et al. (2001), described in Chapter 2, 
Section 2.1.1, was used to reduce the API test data. 
 
 The hydraulic conductivity was measured in the direction of the major principal 
consolidation stress.  In cutoff walls, horizontal hydraulic conductivity is of most 
importance.  The direction of the major principal consolidation stress may be either 
vertical or horizontal in cutoff walls, depending on whether the arching or the lateral 
squeezing consolidation mechanism controls.  If arching controls, then the major 
principal consolidation stress is vertical.  If lateral squeezing controls, then the major 
principal consolidation stress is horizontal, parallel to the important component of 
hydraulic conductivity in the wall. 
 
 Erosion of fines under the conditions of high hydraulic gradient and low effective 
pressure was experienced in these tests.  This point was previously mentioned by Filz et 
al. (2001). 
 
 
5.2 Global Measurement of Average Hydraulic Conductivity of Cutoff Walls 
 
 After a pilot-scale cutoff wall was consolidated with the water levels at the 
bottom of the barrier pit, the average hydraulic conductivity of the wall was measured.  
This was done by setting the water levels in the compacted LCS such that there was a 
head drop across the wall.  As described below, the average hydraulic conductivity of the 
wall was back-calculated from the measured flow rate through the wall under the applied 
hydraulic gradient. 
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5.2.1 Test Procedure 
 
 The water levels on each side of the cutoff wall were controlled using the 
monitoring well chases shown in Figure 5-2.  On each side of the cutoff wall, an inner 
well of diameter 10.2 cm was placed inside one of the outer wells of diameter 15.2 cm.  
This is shown at A for the upgradient side and D for the downgradient side in Figure 5-2. 
 
5.2.1.1 Measurement under Ideal Conditions 
 
 The general procedure for maintaining the water levels and measuring the flow 
rate through a cutoff wall is as follows.  On the upgradient side, water is added to the well 
at B at a volumetric flow rate qB and water is collected in the inner well at A at a rate qA.  
On the downgradient side, water is added to the well at C at a rate qC and collected in the 
inner well at D at a rate qD.  The flow rates into the inner wells were evaluated by 
measuring the change in elevation of the water levels in the wells, ∆WL in Figure 5-2, per 
time, and multiplying by the cross-sectional area of the wells.  The flow rate through the 
cutoff wall, qw, is the difference between qB and qA on the upgradient side, or the 
difference between qD and qC on the downgradient side. 
 
 Calculated from upgradient side: qw = qB – qA (5-1a) 
 
 Calculated from downgradient side: qw = qD – qC (5-1b) 
 
In Eq. 5-1, flows into wells are positive. 
 
 Two assumptions behind Eq. 5-1 and non-ideal conditions in the experiments are 
discussed below. 
 
5.2.1.2 Assumptions and Non-Ideal Conditions 
 
 The first assumption is that the head losses in the soil-bentonite cutoff wall are 
much greater than the losses in the LCS, and therefore the losses in the LCS may be 
appropriately ignored.  This is a reasonable assumption considering the 4 to 5 orders of 
magnitude difference between the hydraulic conductivities of the two materials.  The 
result of this assumption is that the head adjacent to the cutoff wall at any point (for 
example, Point E in Figure 5-2) may be approximated as the head in the monitoring wells 
on the corresponding side of the cutoff wall (wells at A and B in the example).  In other 
words, the small hydraulic gradient required to get water from the cutoff wall to the wells 
(downgradient side), or from the wells to the cutoff wall (upgradient side), may be 
neglected. 
 
 The second assumption has to do with changes in the water levels in the LCS not 
due to flow through the cutoff wall.  The water levels may change due to mechanisms 
internal or external to the barrier pit. 
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 Internal mechanisms include consolidation or swell of the soil-bentonite cutoff 
wall and ice lens formation.  When the water levels in the LCS are raised from the bottom 
of the barrier pit to higher levels for flow rate measurements, the effective stress in the 
soil-bentonite decreases and the soil-bentonite swells, which draws water from the LCS 
and may lower the water levels in the LCS.  If the water levels in the LCS are lowered, 
the effective stress increases and consolidation water may flow into the LCS.  The 
magnitude of swell/consolidation is not expected to be large due to the low value of 
recompression ratio measured for the soil-bentonite used in this research.  Regardless of 
the magnitude, measuring the flow rate through the cutoff wall until it reaches a steady 
state ensures that swelling/consolidating has finished. 
 

If the temperature in the LCS drops below a certain point, ice lenses may form in 
the unsaturated zone above the water table.  It is possible for water to be drawn from the 
water table to the ice lenses, therefore lowering the water levels in the LCS.  Ice lens 
formation is discussed in Mitchell (1993). 

 
 External mechanisms include evaporation, precipitation, and seepage through the 
concrete.  The water levels will drop if water evaporates from the barrier pit.  If there is 
precipitation over the pit, the water levels will rise.  To minimize these mechanisms, the 
barrier pit was covered with a tarp.  The tarp for W1 and W2 was 20-mil polyethylene 
geomembrane.  For W3, a layer of 6-mil plastic sheeting was placed over the pit, and the 
plastic was tucked in approximately 10 cm between the compacted LCS and the concrete 
barrier pit walls.  The purpose of this plastic was to trap evaporating water and guide the 
resulting condensation back into the LCS in the pit.  A tarp of 18-ounce-per-square-yard, 
reinforced, coated vinyl was placed above the plastic sheeting to keep precipitation out of 
the pit. 
 

The final mechanism is seepage through the concrete walls of the barrier pit.  This 
seepage was minimized by applying a water sealer to the inside of the concrete barrier pit 
prior to the tests. 

 
 For W2, there was also potential for seepage through the CCL bulkheads.  The 
magnitude of this seepage was reduced by the low hydraulic conductivity of the 
compacted Washout material. 
 
 Eq. 5-1 ignores changes in the water levels in the LCS not due to flow through the 
cutoff wall.  Because these "background" fluctuations in water levels may be significant, 
the procedure for measuring average hydraulic conductivity was modified as discussed 
below. 
 
5.2.1.3 Measurement under Non-Ideal Conditions 
 
 To accurately measure the flow rate through a pilot-scale cutoff wall, it was 
necessary to measure the "background" changes in water levels in the LCS caused by 
mechanisms such as those described above.  To measure the background changes, the 
water levels on each side of the cutoff wall were both set to the eventual downgradient 
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level.  Then, the same procedure described above was performed: water was added to the 
wells at B and C at a known rate, and the rate of water collected in the inner wells at A 
and D was measured.  These volumetric flow rates are denoted qA,b.g., qB,b.g., qC,b.g., and 
qD,b.g..  With the water levels on each side of the wall at the same elevation, there was no 
flow through the wall.  The background flow rates for the upgradient (qUG,b.g) and 
downgradient (qDG,b.g) sides were calculated as: 
 
 Calculated from upgradient side: qUG,b.g. = qB,b.g. – qA,b.g. (5-2a) 
 
 Calculated from downgradient side: qDG,b.g. = qC,b.g. – qD,b.g. (5-2b) 
 
Again, flows into wells are positive.  If qUG,b.g. or qDG,b.g. is positive, it indicates a 
background loss rate from the upgradient or downgradient side.  Alternatively, a negative 
value indicates a background gain rate, i.e., there is a background increase in the water 
level on the upgradient or downgradient side. 
 
 After the background rates were measured, the water level on the eventual 
upgradient side was raised to the upgradient level.  Then, as before, water was added to 
the wells at B and C at a known rate, and the rate of water collected in the inner wells at A 
and D was measured.  The flow rate through the wall, adjusted for the background rates, 
is: 
 
 Calculated from upgradient side: qw = qB – qA – qUG,b.g. (5-3a) 
 
 Calculated from downgradient side: qw = qD – qC + qDG,b.g. (5-3b) 
 
 Furthermore, it is possible that the background rates will not be constant with 
time.  This was the case over the long period of time necessary to measure the average 
hydraulic conductivity of W3.  Even though the background rates varied with time for 
W3, it was found that the difference between the background rates for each side of the 
cutoff wall was a constant with time, d1: 
 
 d1 = qUG,b.g. – qDG,b.g. = qB,b.g. – qA,b.g. – (qC,b.g. – qD,b.g.) (5-4) 
 
After raising the water level on the eventual upgradient side to the upgradient level, the 
new difference, d2, between what is added and collected on each side of the wall is: 
 
 qB – qA – (qC – qD) = d2 = d1 + 2 qw (5-5a) 
 
The factor of 2 comes from taking the difference.  Suppose the background rates were 
each zero, so that d1 = 0.  By adding Eqs. 5-1a and 5-1b for this ideal condition, it can be 
seen that qB – qA – (qC – qD) = 2 q, which is what Eq. 5-5a yields when d1 = 0. 
 
 Rearranging Eq. 5-5a for the flow rate through the walls gives: 
 
 qw = (d2 - d1) / 2 (5-5b) 
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 Measurement of the average hydraulic conductivity of W1 was not possible.  The 
hydraulic conductivity of the defect at the bottom of the wall (described in Chapter 4) 
was so high that a suitable working hydraulic gradient could not be maintained across the 
wall.  When the water level was raised on the upgradient side of the wall, the water level 
on the downgradient side rose very quickly in response.  The assumption that head losses 
in the compacted LCS are negligible did not hold under these conditions. 
 
 The defects in W2 were not as severe as the defect in W1, so it was possible to 
apply a hydraulic gradient across W2 and measure its average hydraulic conductivity.  
Because of the relatively high hydraulic conductivity of W2 due to the defects, compared 
to an intact soil-bentonite wall, an appreciable magnitude of flow occurred through the 
wall under a small gradient.  In an attempt to distinguish between horizontal layers of the 
wall controlled by defects, and defect-free layers controlled by intact soil-bentonite, four 
different sets of upgradient and downgradient water level pairs were applied, as shown in 
Table 5-1 and Figure 5-3.  The head drop across the wall for each pair was 15 cm, 
producing a hydraulic gradient across the wall of 0.25.  As discussed below in test 
interpretation, use of the four water level pairs enabled division of W2 into four 
horizontal layers with different measured average hydraulic conductivities. 
 
 Use of the 3% bentonite backfill mixture and bentonite-water slurry for 
excavation support resulted in a lower average hydraulic conductivity for W3 compared 
to W1 and W2.  As a result, more time was needed to measure the average hydraulic 
conductivity of W3.  The average hydraulic conductivity of W3 was only evaluated from 
one pair of water levels across the wall.  The upgradient water level was set at 31-cm-
deep in order to avoid testing soil-bentonite near the ground surface that may have been 
damaged by freeze/thaw cycles.  The downgradient water level was set at 91-cm-deep, 
resulting in a hydraulic gradient across the wall of 1.  This higher gradient, compared to 
that used for W2, was used to increase the flow rate through the lower-hydraulic-
conductivity wall.  Higher flow rates through the wall are easier to measure, especially 
when there are significant background fluctuations in the water levels. 
 
 
Table 5-1.  Water level pairs used for W2 and W3 for average hydraulic 
conductivity measurements 
 Upgradient level(1) 

(cm) 
Downgradient 
level(1) (cm) 

Overall hydraulic 
gradient 

W2    
    Pair 1 168 183 0.25 
    Pair 2 122 137 0.25 
    Pair 3 76 91 0.25 
    Pair 4 15 30 0.25 
W3    
    Pair 1 31 91 1 
Notes: 
(1) Water levels expressed in depth from top of barrier pit. 
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 The flow rates through W2 and W3, measured under the conditions given in Table 
5-1, are presented in Chapter 6. 
 
5.2.2 Test Interpretation 
 
 The average hydraulic conductivity of a pilot-scale wall can be evaluated by 
finding the uniform hydraulic conductivity for a representative cutoff wall in a flow 
model that produces the same flow rate as that measured for the pilot-scale wall.  Three 
flow models were used in this research.  The models are described below.  In each model, 
the hydraulic conductivity of the cutoff wall is isotropic. 
 
5.2.2.1 Flow Model 1 
 
 The simplest flow model is shown in Figure 5-4.  The flow through the wall is 
examined for an incremental length of the wall, ∆Lw,i.  Flow through the soil-bentonite in 
the key is neglected. 
 
 Dupuit's assumption and Darcy's law were used to approximate the flow rate 
through the wall.  By applying the Dupuit assumption, the hydraulic gradient across the 
wall is assumed equal to the slope of the free surface.  The derivation of Eq. 5-6a below 
for the flow rate through an incremental length of wall is outlined in Figure 5-4. 
 
 qw,i = k (2 Hc,i ∆h – ∆h2) / (2 B) (5-6a) 
 
where k is the average hydraulic conductivity of the wall, Hc,i is the upgradient height of 
water above the CCL, ∆h is the head drop across the wall, and B is the width of the wall.  
Note that Eq. 5-6a can also be derived by simply setting the hydraulic gradient equal to 
∆h/B and the area normal to flow (per incremental length of wall) equal to Hc,i – ∆h/2 in 
Darcy's law. 
 
 Equation 5-6a can be expressed as: 
 
 qw,i = si k (5-6b) 
 
where si is a shape factor with units of length: 
 
 si = (2 Hc,i ∆h – ∆h2) / (2 B) (5-6c) 
 
 In Figure 5-5, the shape factor is plotted versus Hc for different combinations of B 
and ∆h used in this research. 
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Figure 5-4.  Flow model 1 of flow rate through pilot-scale cutoff wall 
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Figure 5-5.  Shape factors, s, for Flow models 1 and 2
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 When measuring the total flow rate through a pilot-scale cutoff wall at the facility, 
the value of Hc varies along the length of the wall.  The total flow rate through the entire 
wall (qw) is calculated by integrating the incremental flows (qw,i) over the entire length 
(Lw) of the cutoff wall.  This is done practically by dividing Lw into incremental lengths, 
calculating the flow per length for each incremental length, and summing the products of 
flow per length and incremental length: 
 
 qw = Σ qw,i ∆Lw,i, (i = 1 to N) (5-7a) 
 
 qw = k Σ si ∆Lw,i, (i = 1 to N) (5-7b) 
 
The overall shape factor for a wall, S, is: 
 
 S = Σ si ∆Lw,i, (i = 1 to N) (5-8) 
 
 Eq. 5-7b is rearranged, including the definition of the overall shape factor in Eq. 
5-8, to find the average hydraulic conductivity, k, when the flow rate through the wall, qw, 
is known through measurement: 
 
 k = qw / S  (5-9) 
 
 Note that the units of S are length squared.  The shape factors from Flow model 1, 
for the water level pairs given in Table 5-1, are shown in Table 5-2. 
 
 
Table 5-2.  Shape factors used in evaluating the average hydraulic conductivity of W2 
and W3 

Shape factor, S (m2) Water level pairs 
shown in Table 5-1 Flow model 1 Flow model 2 Flow model 3 
W2    

Pair 1 0.41 0.54 0.51 
Pair 2 0.87 1.0 0.99 
Pair 3 1.4 1.6 1.5 
Pair 4 2.2 2.3 2.3 

W3    
Pair 1 12.5 14.1 - 

 
 
5.2.2.2 Flow Model 2 
 
 Flow model 2 is similar to Model 1, except a more sophisticated approach was 
taken to evaluate the shape factors.  As with Model 1, the flow through the wall is 
examined for an incremental length of the wall, ∆Lw,i.  In Model 2, the finite element 
method was used to evaluate the shape factor, s.  The shape factor depends on the width 
of the cutoff wall, B, the upgradient height of water above the CCL, Hc, the head drop 
across the wall, ∆h, and the thickness of the CCL. 
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 The computer program SEEP2D in GMS 3.1 (Brigham Young University, 1994) 
was used for the finite element analyses.  The finite element mesh used to generate the 
shape factors is shown in Figure 5-6a.  The mesh has 1,280 elements and 1,377 nodes.  
Only the soil-bentonite cutoff wall was modeled; flow through the CCL itself was 
assumed to be negligible2.  The diamonds indicate constant head boundary conditions and 
the squares indicate exit face boundary conditions (where the free surface may exit).  All 
other nodes on the boundary are no-flow.  The "Saturated with deforming mesh" option 
was used for the unconfined problem in SEEP2D. 
 
 The SEEP2D flow net for the conditions shown in Figure 5-6a is shown in Figure 
5-6b.  For given values of B, Hc, ∆h, and CCL thickness, the shape factor is calculated as: 
 
 si = qw,i / k  (5-10) 
 
where qw,i is the flow rate per ∆Lw,i determined from SEEP2D and k is the hydraulic 
conductivity of the soil-bentonite used in SEEP2D.  Values of shape factor for the testing 
conditions in W2 and W3 are shown in Figure 5-5. 
 
 As with Flow model 1, the overall shape factor is found using Eq. 5-8.  The 
overall shape factors for the water level pairs given in Table 5-1 are listed in Table 5-2. 
 
 It can be seen in Figure 5-5 and Table 5-2 that the shape factors (both s and S) 
from Model 2 are higher than those from Model 1.  This is because Model 1 does not 
account for flow through the soil-bentonite in the key.  The difference between the shape 
factors from the two models is greater when the water levels are closer to the key because 
the component of flow through the soil-bentonite in the key accounts for a larger 
percentage of the total flow in these cases, and Model 1 ignores this component of flow. 
 
 For W2, note that both Models 1 and 2 do not account for flow through the soil-
bentonite keyed into the vertical CCL bulkhead.  Accounting for this component of flow 
should increase the shape factor and therefore decrease the estimated average hydraulic 
conductivity of the cutoff wall. 

                                                           
2 The accuracy of this assumption is investigated in Section 5.2.2.2.1. 
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Figure 5-6a.  SEEP2D finite element mesh used for Flow model 2 
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Figure 5-6b.  SEEP2D flow net for mesh shown in 5-6a 
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5.2.2.2.1 Influence of CCL Hydraulic Conductivity 
 
 Flow model 2 was used to investigate the influence of the CCL hydraulic 
conductivity on the flow rate through a cutoff wall.  To do this, the CCL was modeled in 
the finite element program SEEP2D as shown in Figure 5-7a.  The flow rate through the 
wall from SEEP2D, q2D, was computed for different values of Hc = height of water on the 
upgradient side above the CCL and KR = kCCL/ksb.  In general, at very low values of KR, 
the CCL is relatively impermeable and flow through the CCL can be neglected.  At very 
high values of KR, the approximate hydrostatic conditions in the compacted LCS 
essentially extend into the CCL, and the increase in flow rate through the cutoff wall is 
attributed to an increase in area—the area of the soil-bentonite in the key—through which 
1D flow occurs under the hydraulic gradient that acts across the rest of the wall. 
 
 Flow through the CCL was only an issue for W3, where there was not a large 
difference between ksb and kCCL.  The value of KR for W3 is in the range 0.2 to 0.4.  
Using KR = 0.3, the value of q2D was computed for different values of Hc in SEEP2D.  
The value of Hc varied along the length of W3, from zero at the ends to a maximum value 
in the middle.  At the top of Figure 5-7b, the ratio of q2D for KR = 0.3 (q2D,KR=0.3) over q2D 
assuming no flow through the CCL (q2D,no flow through CCL) is plotted versus position along 
the length of the wall, where zero represents the middle of the wall.  The influence of 
flow through the CCL is much greater at the ends of the wall, where Hc is very small and 
the relative importance of flow through the CCL is greater. 
 
 In the application of Flow model 2, W3 was divided into incremental lengths, 
∆Lw, and the incremental flow rate through each incremental length, ∆qw, was computed 
assuming no flow through the CCL.  In the chart at the bottom of Figure 5-7b, values of 
∆qw are normalized by the total flow rate through the cutoff wall, qw, and plotted as black 
diamonds.  Summing the values of all of the plotted points equals 1.0.  To account for 
flow through the CCL, each incremental normalized flow rate is multiplied by the ratio 
(q2D,KR=0.3) / (q2D,no flow through CCL) for the corresponding position along the length of the 
wall.  These products are the incremental flow rates for KR = 0.3 (∆qw,KR=0.3) normalized 
by the total flow rate through the wall assuming no flow through the CCL, and are shown 
as open squares in the figure.  The large influence of flow through the CCL at the ends of 
the wall is not significant because the flow through the wall at the ends is only a very 
small percentage of the total flow through the wall.  Summing the values of all of the 
(∆qw,KR=0.3) / (qw,no flow through CCL) points equals 1.08.  This means that for KR = 0.3, the 
flow rate through the cutoff wall is 1.08 times higher than the value computed assuming 
no flow through the CCL.  In Chapter 6, when the hydraulic conductivity of W3 is 
evaluated from the measured flow rate through the wall, the shape factor used in this 
calculation needs to be multiplied by 1.08 to account for flow through the CCL. 
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5.2.2.3 Flow Model 3 
 
 Flow model 3 was only used for W2.  The primary purpose of using Flow model 
3 was to check the accuracy of Models 1 and 2.  Flow model 3 was also used to evaluate 
the average hydraulic conductivities of four different horizontal layers in W2, as 
described at the end of this section. 
 
 The three-dimensional finite difference computer program MODFLOW in GMS 
3.1 (Brigham Young University, 1994) was used for Model 3.  The model, shown in 
Figures 5-8 and 5-9, was a block-centered grid.  In a block-centered grid, nodes exist at 
the center of each cell, and heads are calculated at the nodes.  The grid had 19 layers, 6 
rows, and 48 columns.  Each cell was 15.2 cm by 15.2 cm by 15.2 cm in size.  Only two 
materials were modeled: soil-bentonite and LCS.  To evaluate the overall shape factors, 
the ratio of LCS k to soil-bentonite k was 1 × 106. 
 
 Figure 5-8 is for Water level pair 4 in Table 5-1.  Figure 5-8a is an orthogonal 
view of the model.  The diamonds indicate a constant head boundary condition; all other 
nodes on the boundary are no-flow.  Constant head boundary conditions are only applied 
to LCS cells in the model.  The orientation of the layers, rows, and columns are shown in 
this figure.  Figure 5-8b is a view of the upgradient side of the model in the y-direction.  
The types of layers used in the model are shown in this figure.  Figures 5-8c and 5-8d are 
views of Column 16 in the x-direction.  In the solution plot (Figure 5-8d), the triangles 
indicate dry cells above the free surface.  Figure 5-8e is a view in the z-direction of Layer 
10. 
 
 Figure 5-9 shows the same orthogonal view as in Figure 5-8a, but with constant 
head boundary conditions corresponding to Water level pair 1 in Table 5-1. 
 
 The appropriateness of modeling the constant head boundary conditions in a row 
of LCS next to the soil-bentonite is demonstrated in Figure 5-10.  The important thing to 
get right is the effective width of the cutoff wall in the model across which the head drop 
is applied.  The four soil-bentonite cells across the width of the model have a total length 
of 4 times 15.2 cm (cell width) = 61 cm, which is the correct width of W2.  Figure 5-10 
shows that the flow rate is the same across the soil-bentonite/LCS boundary for: 1) 
applying a constant head in a very high hydraulic conductivity cell adjacent to the soil-
bentonite (Constant head boundary condition method I) and 2) applying a constant head 
at a point on the edge of the soil-bentonite cell (Constant head boundary condition 
method II).  The result of the high ratio of LCS k to soil-bentonite k in Method I (1 × 106 
was used in the MODFLOW models) is that the total head loss across the cutoff wall 
occurs over a distance of 61 cm, which is the correct distance.  The appropriateness of 
Method I was confirmed in a six-cell analysis of a 1D flow regime for which the flow 
rate can be calculated by hand. 
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Figure 5-8a.  Orthogonal view of MODFLOW grid used for Flow model 3, W2, Water level pair 4
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Figure 5-8b.  View of MODFLOW grid for W2, Water level pair
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Figure 5-8c.  View of Column 16 of MODFLOW grid in x-direction 
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Figure 5-8d.  View of Column 16 MODFLOW solution 
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Figure 5-8e.  View of Layer 10 of MODFLOW grid in z-direction 
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grid and the grid in Figure 5-8a is in 
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Figure 5-9.  Orthogonal view of MODFLOW grid used for Flow model 3, W2, Water level pair 1 
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Figure 5-10.  Modeling the constant head trench-wall boundary
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 The flow rate through the wall, qw, was computed for a given set of boundary 
conditions and soil-bentonite hydraulic conductivity, k.  The overall shape factor, S, for 
the wall under these conditions was calculated as: 
 
 S = qw / k  (5-11) 
 
The values of S for W2 are shown in Table 5-2. 
 
 As mentioned earlier, the fact that Flow model 3 accounts for flow through the 
soil-bentonite in the vertical CCL bulkhead of W2, while Flow model 2 does not, should 
tend to increase the shape factor from Model 3 above that from Model 2.  This is not seen 
in the values of shape factor computed and shown in Table 5-2.  The largest difference 
between Model 3 and Model 2 shape factors is –6%.  It is possible that the component of 
flow through the soil-bentonite in the vertical CCL is comparatively small, and the 
difference in the shape factors is due to the coarser grid used in MODFLOW (15.2 cm 
between nodes) compared to the finer mesh used in SEEP2D (3.8 cm between nodes).  
Regardless of the subtle mechanism accounting for this small difference in shape factors, 
the important thing is that the shape factors from Models 2 and 3 are very similar (in 
terms of hydraulic conductivity, which is generally quite variable, the difference in the 
shape factors is really insignificant).  It was concluded that Flow model 2, which is easier 
to apply than Model 3, could be used to accurately evaluate the shape factors for the 
pilot-scale cutoff walls. 
 
 Flow model 3 was also used to evaluate the average hydraulic conductivities of 
the four horizontal layers in W2 shown in Figure 5-3.  The following is an outline of the 
procedure used to do this.  First, the average hydraulic conductivity of Layer A was 
evaluated using Water level pair 1 and S = 0.51 from Table 5-2.  Then, with the hydraulic 
conductivity of Layer A set to its average value, the hydraulic conductivity of Layer B 
was varied until the model flow rate equaled the measured flow rate under Water level 
pair 2 (the constant head boundary conditions in the model were set to match Water level 
pair 2).  The same procedure was applied for Water level pairs 3 and 4, using the 
corresponding constant head boundary conditions in the model and the previously 
evaluated hydraulic conductivities for the lower layers.  The results of these computations 
are presented in Chapter 6. 
 
 
5.3 Piezometer Tests 
 
 After the average hydraulic conductivity tests described above were finished, the 
water levels in the LCS and cutoff wall were raised to the top of the barrier pit.  The 
piezometer tests were performed after sufficient time had passed for the wall to come to 
equilibrium under the new stress state.  Sections 5.3.1, 5.3.2, and 5.3.3 below cover the 
piezometer test procedure, test interpretation, and hydraulic fracture study in this 
research. 
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5.3.1 Test Procedure 
 
 A Geonor M206 push-in, open-standpipe piezometer was used for the tests.  A 
photograph of the piezometer is shown in Figure 5-11.  The M206 piezometer was 
developed for use in soft, sensitive clays (Dunnicliffe, 1988).  The filter element of the 
piezometer is sintered bronze with a maximum pore size of 0.03 mm and is designed to 
prevent clogging by fine soil particles.  The use of push-in piezometers is discussed by 
several authors, including Jezequel and Mieussens (1975), Tavenas et al. (1986), 
Tremblay and Eriksson (1987), Lerouiel et al. (1988), Lerouiel et al. (1992), and 
Lutenegger and DeGroot (1992). 
 
 Before installing the piezometer into a cutoff wall, 6.4-mm-inside-diameter 
flexible tubing was attached and sealed to the piezometer tip (in contact with the filter 
element).  The tubing was threaded through EX drill rods, which were used to advance 
the piezometer into the cutoff wall.  Before installation, the tubing and piezometer were 
saturated using de-aired PFW. 
 
 The piezometer was pushed into the center of the cutoff walls by manual force 
using a frame and level to maintain verticality.  During pushing, the saturated tubing was 
capped to prevent soil particles from entering the piezometer filter pores, as 
recommended by Dunnicliffe (1988).  The tubing was left capped for at least 12 hours to 
allow pore pressures generated during pushing to dissipate. 
 
 The tubing was connected to devices at the ground surface for measuring and 
controlling the head in the hydraulic conductivity tests.  The variable head tests were 
performed using a burette with an inside diameter of 6.6 mm.  A Marriotte's bottle was 
used to maintain the head and to measure flow quantities during the constant head tests.  
A good description of a Marriotte's bottle is given by Olson and Daniel (1981). 
 
 The typical test sequence for each piezometer filter location consisted of four 
variable head tests followed by one constant head test.  The flow direction was reversed 
between variable head tests, as recommended by Butler (1997).  Care was taken to avoid 
hydraulic fracture in falling head and constant head tests.  Applied excess heads were 
kept below values necessary for hydraulic fracture, as determined from the hydraulic 
fracture tests and predictions described in Section 5.3.3. 
 
5.3.2 Test Interpretation 
 
 The Hvorslev (1951) method was used to reduce both the variable head and 
constant head piezometer test results.  The variable head tests were also reduced using the 
Cooper et al. (1967) method.  This section is divided into three main parts: 5.3.2.1 – 
Hvorslev analysis of variable head tests, 5.3.2.2 – Hvorslev analysis of constant head 
tests, and 5.3.2.3 – Cooper et al. analysis of variable head tests.  Three shape factors were 
used for the Hvorslev analyses of both the variable and constant head tests.  These shape 
factors are discussed in detail in Subsection 5.3.2.1. 
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Figure 5-11.  Geonor M206 piezometer 
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5.3.2.1 Hvorslev Analysis of Variable Head Tests 
 
 For variable head test data using the Hvorslev method, ln(Ht / H0) was plotted 
versus t, where Ht is the head at time t and H0 is the head at time zero.  To account for 
compressibility of the soil-bentonite, the slope of this plot was evaluated over a limited 
range of Ht / H0 values as recommended by Butler (1996).  A range of 0.1 to 0.3 was 
generally used to include enough data points to provide a good representation of the 
slope.  With this slope, three shape factors were used in Eq. 2-8 in Chapter 2 to evaluate 
the hydraulic conductivity.  The three shape factors are discussed below in Subsections 
5.3.2.1.1, 5.3.2.1.2, and 5.3.2.1.3. 
 
5.3.2.1.1 Shape Factor for Piezometer in an Infinite Medium 
 
 Tavenas et al. (1990) provide 3D shape factors for single-well tests in an infinite 
medium.  For the dimensions of the Geonor M206 piezometer, the value of the shape 
factor from Tavenas et al. is 69.5 cm. 
 
5.3.2.1.2 Shape Factor Including Teeter and Clemence (1986) Correction Factor 
 
 The Teeter and Clemence (1986) approach was used to adjust the shape factor 
from Tavenas et al. for the close proximity of the trench walls.  To construct the 2D flow 
nets required for the Teeter and Clemence approach, the equivalent radius for the 
piezometer was calculated using Eq. 2-9 in Chapter 2 with rw = 1.6 cm, L = 29 cm, and F 
= 69.5 cm.  The value of the equivalent radius, Re, is 22.0 cm.  Figure 5-12 shows two 
flow nets constructed using SEEP2D.  The one on the left is ¼ of the total flow net for 
the piezometer in a homogeneous formation of radius Re.  The value of nf/nd for the total 
flow net is 2.48, where nf is the number of flow channels and nd is the number of head 
drops.  The flow net on the right is ¼ of the total flow net for a piezometer in a cutoff 
wall of width 30.5 cm.  The location of the top boundary of the flow net is controlled by 
the trench width and the location of the right boundary is controlled by Re.  The value of 
nf/nd for the total flow net is 2.64.  The Teeter and Clemence correction factor for the 
shape factor is nf/nd for the flow net with the trench walls over nf/nd for the flow net 
without the trench walls.  For a wall of width 30.5 cm, the shape factor adjusted for the 
close proximity of the trench walls is 69.5 cm (2.64/2.48) = 74.0 cm. 
 
 The correction factor for a cutoff wall of width 61 cm is 1 because the equivalent 
radius (22.0 cm) is less than half the width of the wall (30.5 cm). 
 
5.3.2.1.3 Shape Factors Developed in this Research for Piezometer Tests in Cutoff 
Walls 
 
 Because the Teeter and Clemence approach uses 2D flow nets, it is only an 
approximate correction for the actual 3D flow pattern between the piezometer and the 
trench walls.  This subsection describes the development of 3D shape factors specifically 
for piezometer tests in cutoff walls. 
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 The 3D finite difference program MODFLOW was used to develop shape factors 
for piezometer tests in cutoff walls.  The shape factors account for the geometry of the 
piezometer and the close proximity of the trench walls, but do not consider the existence 
of filter cakes on the trench walls. 
 
 The 3D block-centered grid for an example case of B/D = 43.4 and L/D = 15.7 is 
shown in Figure 5-13.  B is the width of the cutoff wall, L is the length of the filter, and D 
is the diameter of the piezometer.  Due to the symmetry of the problem, only ¼ of the 
true geometry was modeled.  The size of the cells (node spacing) is smaller near the filter, 
where hydraulic gradients are greatest. 
 
 Figure 5-13a shows a global orthogonal view of the MODFLOW grid.  The 
simulated piezometer filter is shown from different perspectives in Figures 5-13b, c, d, 
and e.  A constant head boundary condition exists at a distance D/2 from the center of the 
filter.  Inactive cells exist between these constant head cells and the center of the filter.  
Directly above the filter are inactive cells extending to the top of the model, simulating 
the impermeable push rods above the filter.  Directly below the filter are inactive cells 
extending to a depth of T = 1.1 D below the bottom of the filter, simulating the 
impermeable conical pushing point of the piezometer. 
 
 The trench wall was modeled as a constant head boundary condition as shown by 
the diamonds in Figures 5-13a, c, and d.  There was a head drop between the constant 
head at the filter and the constant head at the trench wall.  All other boundaries in the 
model were no-flow.  The no-flow condition is appropriate for the two planes of 
symmetry in the model because there are flow lines parallel to these planes in the true 
geometry. 
 
 For each combination of L/D and B/D modeled, the flow rate between the filter 
and the trench wall was computed by MODFLOW3.  This flow rate, for ¼ of the true 
geometry, was then multiplied by four to get the flow rate for the full, true geometry.  
The shape factor, F, was calculated as the flow rate for the true geometry divided by the 
head drop between the filter and the trench wall and the hydraulic conductivity of the 
soil-bentonite cells used in the model.  These shape factors, normalized by the piezometer 
diameter, are shown in Figure 5-14. 
 
 The influence of the node spacing in the grids was investigated using the model 
grid for L/D = 15.7 and B/D = 43.4 shown in Figure 5-13.  Doubling the node spacing for 
this grid reduced the shape factor by 2.1%, and halving the node spacing increased the 
shape factor by 0.7%.  This small degree of variation was considered acceptable. 

                                                           
3 Equipotential surfaces from the MODFLOW computations are shown in Figures 5-13f and 5-13g. 
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Figure 5-13a.  Orthogonal view of the 3D finite difference MODFLOW grid used to 
evaluate shape factors for a piezometer in a cutoff wall (B/D = 43.4 and L/D = 15.7) 
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Figure 5-13b.  Close up view of the simulated piezometer 
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Figure 5-13c.  Top view of the 3D finite difference MODFLOW grid (B/D = 43.4, L/D = 

15.7) at a layer in the middle of the piezometer filter 
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Figure 5-13d.  Side view of the 3D finite difference MODFLOW grid (B/D = 43.4, 

L/D = 15.7) 
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Figure 5-13e.  Close up of the piezometer filter circled in Fig. 5-13d 
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Figure 5-13f.  Equipotential surfaces for the model shown in Fig. 5-13a 
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Same top view as in Fig. 5-13c. 

 
 

Figure 5-13g.  Side view and top view of equipotential lines 
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Figure 5-14.  Shape factors for piezometer tests in cutoff wall from 3-D MODFLOW model
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 To check the reasonableness of the 3D MODFLOW shape factors, comparisons 
were made with shape factors from three different sources.  First, comparisons were 
made with the 3D shape factors from Tavenas et al. (1990), which were determined from 
finite element analyses of a well in an infinite medium.  As B/D gets very large, the 
MODFLOW shape factors should approximately4 approach the Tavenas et al. shape 
factors.  This is seen to be the case in Figure 5-14. 
 
 The second comparison involves a 2D shape factor (F2D) computed using 
SEEP2D as discussed below in Subsection 5.3.2.1.3.1.  The plan view, 2D shape factor 
relates volumetric flow rate per unit length of filter to hydraulic conductivity and applied 
head for a flow geometry consisting of radial flow only.  The value of F2D for B/D = 5 
(and no filter cakes) was multiplied by L/D and plotted in Figure 5-14.  As seen in Figure 
5-14, the slope of this plot is the same as the slope of the MODFLOW curve for B/D = 5 
for values of L/D greater than about 3.  The MODFLOW curve is above the F2D ⋅ L/D 
line due to vertical flow near the ends of the piezometer in the MODFLOW model.  The 
slopes of these two lines should be equal at high values of L/D; as L/D increases, one can 
imagine adding incremental lengths of filter at the center of the filter where the flow 
regime is entirely radial, far away from the vertical flow near the ends. 
 
 The third comparison is to work presented by Brand and Premchitt (1980) on 
shape factors for piezometers in laboratory specimens.  Brand and Premchitt used both an 
electric analogue model and a finite difference model to evaluate shape factors for 
cylindrical piezometers in cylindrical soil specimens with different combinations of no-
flow and constant head boundary conditions at the ends and on the circumferential 
surface of the specimens.  One shape factor from their work is shown in Figure 5-14.  
The model corresponding to this shape factor had a piezometer filter that was 
impermeable at the top and bottom, with soil modeled both above and below the filter 
(i.e., there were no impermeable zones above and below the filter simulating, for 
example, a push rod or tip).  The piezometer was located far enough away from the top 
and bottom of the soil specimen that the "shape factor values ... were almost the same" 
when the top and bottom boundaries were modeled as no-flow and as constant head.  The 
circumferential surface of the specimen was a constant head boundary.  The ratio of L/D 
was 2 and the ratio of specimen diameter/D was 5.  The shape factor from this model 
should be larger than that from the MODFLOW model with L/D = 2 and B/D = 5 for the 
following two reasons: 1) the Brand and Premchitt model does not include the 
impermeable zones above and below the filter simulating the push rod and tip and 2) the 
circumferential constant head surface in the Brand and Premchitt model imposes the 
constant head condition all around the piezometer, while the MODFLOW model only 
imposes the constant head condition along the trench walls.  As seen in Figure 5-14, the 
Brand and Premchitt shape factor is larger than the MODFLOW shape factor for 
specimen diameter/D = B/D = 5. 
 

                                                           
4 The MODFLOW and Tavenas et al. models are slightly different.  The distance T in the Tavenas et al. 
model extended all the way to the bottom of the model, simulating "impervious steel tubing of equal 
diameter" to the porous filter. 
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 The shape factors from the three sources described above bound the MODFLOW 
shape factors within a reasonable range.  The Tavenas et al. (1990) shape factors bound 
the MODFLOW shape factors for high values of B/D.  The Brand and Premchitt (1980) 
shape factor bounds the MODFLOW shape factors for B/D = 5 at a low value of L/D.  
The MODFLOW shape factors for B/D = 5 are within bounds at high values of L/D due 
to the accuracy of the rate of increase in shape factor with L/D as checked by the shape 
factors F2D ⋅ L/D from the SEEP2D analysis. 
 
 While the MODFLOW shape factors described above were developed for use 
with the Geonor M206 piezometer (specifically by setting T = 1.1 D), they may also be 
useful for piezometers and monitoring wells of similar geometry. 
 
 The above MODFLOW analysis did not account for filter cakes, deviation in the 
position of the piezometer from the centerline of the wall, or the influence of the 
formation soil hydraulic conductivity on the boundary conditions at the trench walls.  
These items are investigated in Subsections 5.3.2.1.3.1, 5.3.2.1.3.2, and 5.3.2.1.3.3 using 
the 2D finite element program SEEP2D.  The influence of these items on the real 3D 
flow regime around a single-well test compared to the influence predicted in the 2D 
analyses are discussed in Subsection 5.3.2.1.3.4. 
 
5.3.2.1.3.1 Filter Cakes 
 
 The influence of filter cakes on the shape factor was investigated using SEEP2D.  
Finite element meshes were created for various values of B/D and ϕsb/ϕfc, where ϕsb is the 
permittivity of the soil-bentonite (ksb/B) and ϕfc is the permittivity of the filter cakes.  The 
permittivity of the filter cakes, which was treated as a single variable, is the hydraulic 
conductivity of the filter cakes (kfc) divided by the combined thickness of the filter cakes 
on each trench wall (2 Lfc). 
 
 The mesh for B/D = 12 and ϕsb/ϕfc = 1.67 is shown in Figure 5-15.  As with the 
MODFLOW model, only ¼ of the true geometry was modeled.  A thin layer of elements 
of thickness Lfc /D = 0.15 at the trench wall was assigned the hydraulic conductivity of 
the filter cake.  The permittivity of the filter cakes was varied by changing kfc.  All other 
elements in the cutoff wall had the soil-bentonite hydraulic conductivity.  Constant head 
boundary conditions (shown by diamonds in Figure 5-15a) were applied at the 
piezometer filter and along the trench wall such that there was a head drop, ∆h, in-
between.  All other boundaries were no flow. 
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 For each combination of B/D and ϕsb/ϕfc, the flow rate per length of piezometer 
filter was computed using SEEP2D5.  The flow rate for the full, true geometry (q2D, in 
terms of cm3/s/cm) is the flow rate for ¼ of the geometry times four.  The two-
dimensional shape factor, F2D, was defined as: 
 
 F2D = q2D / (ksb ∆h)  (5-12) 
 
The 2D shape factors are shown in Figure 5-16a.  For the case of no filter cakes, ϕsb/ϕfc = 
0.  As the influence of the filter cakes increases (increasing values of ϕsb/ϕfc), the shape 
factor decreases.  To see why this is, consider a constant head test performed in a cutoff 
wall with a given value of ksb.  The existence of filter cakes lowers the flow rate from the 
piezometer for a given ∆h, which must be compensated for by a proportional decrease in 
shape factor, since ksb is constant. 
 
 The influence of the node spacing on the accuracy of the results was investigated 
using the mesh for B/D = 4.7 and ϕsb/ϕfc = 0.43.  Halving the node spacing of this mesh 
decreased the computed shape factor by 0.5%.  This small degree of variation was 
considered acceptable.  In addition, since the low-hydraulic-conductivity filter cakes tend 
to force more head loss to occur in the soil-bentonite in the direction of Boundary A 
(shown in Figure 5-15b), the effect of changing this boundary from no flow to constant 
head was investigated.  Making this change altered the computed values of shape factor 
by 1.7% or less. 
 
 The hydraulic conductivity that controls the horizontal flow rate through a cutoff 
wall is the equivalent hydraulic conductivity.  In the remainder of this subsection, the 
development of a chart for evaluating keq from the hydraulic conductivity measured in a 
piezometer test and an estimate of the filter cake permittivity will be described.  The chart 
is shown in Figure 5-16b. 
 
 If the hydraulic conductivity from a piezometer test is evaluated using a shape 
factor that does not account for filter cakes, and low-conductivity filter cakes do in fact 
exist, then the hydraulic conductivity of the soil-bentonite will be underestimated.  
Consider a constant head test in a wall with filter cakes.  For a given measured ratio of 
q/∆h in the test, the following equality is true: 
 
 ksb,assuming no cakes × Fassuming no cakes = ksb × Faccounting for cakes (5-13a) 
 
where ksb,assuming no cakes is the soil-bentonite hydraulic conductivity evaluated using a 
shape factor that does not account for filter cakes, Fassuming no cakes.  Using the 2D shape 
factors in Figure 5-16a, Eq. 5-13a can be rearranged and written as: 
 
 ksb / ksb,assuming no cakes = F2D,assuming no cakes / F2D,accounting for cakes (5-13b) 

                                                           
5 A flow net from the SEEP2D computations is shown in Figure 5-15b. 
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Figure 5-16a.  Single-well test shape factors that account for filter cakes
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Figure 5-16b.  Chart for evaluating keq from single-well test ksb (evaluated assuming no filter cakes) and 
estimate of filter cake permittivity
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 The data in Figure 5-16a was re-evaluated in terms of a new dependent variable: 
ksb / ksb,assuming no cakes.  For a given value of B/D on a given contour of ϕsb/ϕfc, ksb / 
ksb,assuming no cakes equals the corresponding value of F2D divided into F2D,assuming no cakes, 
which is the value of F2D for the same value of B/D but on the contour for no filter cakes: 
ϕsb/ϕfc = 0.  This new dependent variable is always greater than or equal to one. 
 
 A modified value of keq, shown in Eq. 5-14, was used in the development of the 
chart.  In the true definition of keq, there is a 2 Lfc term added to the numerator of Eq. 5-
14.  This term has to be neglected because the length of the filter cakes is not by itself an 
independent variable in the analysis; the permittivity of the filter cakes, which combines 
the filter cake hydraulic conductivity and length, is the variable that is used.  Because B is 
much greater than Lfc, neglecting this term has a very small impact on the value of keq. 
 
 B 
 keq = 1 1 (5-14) 
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this factor converts ksb
 
 Finally, the ind
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5.3.2.1.3.2 Position of Piezometer in Wall 
 
 The above analyses have been for a piezometer or well located in the center of a 
cutoff wall.  What is the effect on the estimated hydraulic conductivity if a piezometer is 
located off-center in a wall?  The closer the piezometer is to the trench wall, the greater 
the shape factor for the geometry will be, because of the increased hydraulic gradient 
between the piezometer and the trench wall (the head drop between the piezometer and 
the trench wall is the same, but the distance between the two decreases). 
 
 SEEP2D was used to investigate the influence of the position of a piezometer or 
well in a wall on the shape factor.  The position of the center of the piezometer is denoted 
by the variable x.  The normalized position, x/(B/2), ranges from 0 at the center of the 
cutoff wall to 1 at the trench wall.  The SEEP2D model for B/D = 20 and x/(B/2) = 0.5 is 
shown in the bottom of Figure 5-17.  Due to symmetry, only ½ of the cutoff wall was 
modeled.  The diamonds at the trench walls and along the circumference of the 
piezometer indicate constant head boundary conditions; there was a head drop between 
the piezometer and the trench walls.  All elements in the model were assigned the 
hydraulic conductivity of the soil-bentonite, ksb.  The two-dimensional shape factor, F2D, 
was evaluated using the computed flow rate from SEEP2D, q2D, according to Eq. 5-12. 
 
 The results from the SEEP2D analysis are shown in the top of Figure 5-17.  The 
figure plots the shape factor, normalized by the shape factor for a piezometer located in 
the center of the wall, versus the normalized position of the center of the piezometer in 
the wall.  As shown, the shape factor increases as the center of the piezometer gets closer 
to the trench wall.  Also, the shape factor increases more rapidly as the ratio of B/D 
decreases.  To see why, imagine a wall with a given width, B.  For a given x/(B/2) (which 
is the position of the center of the piezometer), the edge of the piezometer filter is closer 
to the trench wall for larger piezometer diameters (smaller values of B/D), which 
increases the shape factor. 
 
 When the node spacing was halved for the model shown in Figure 5-17, the shape 
factor decreased by 2.6%.  For the most critical case (B/D = 10, x/(B/2) = 0.75), halving 
the node spacing decreased the shape factor by 4.8%. 
 
 For B/D = 10, the normalized shape factor is 1.17 at x/(B/2) = 0.5.  If a slug test 
was performed under these conditions, and the results were analyzed assuming the 
piezometer to be in the center of the wall, the hydraulic conductivity would be 
overestimated by 17%.  For x/(B/2) = 0.25, the degree of overestimation would be only 
3%.  These percentages decrease as B/D increases.  The practical conclusion is that the 
results of piezometer tests are not significantly different for piezometer positions 
anywhere in the middle half of the cutoff wall. 

 135



1

1.2

1.4

1.6

1.8

2

0 0.2 0.4 0.6 0.8 1

x / (B/2)

F 2
D
 / 

F 2
D

,x
 =

 0

x is the location of the center of the well. 
x = 0 at the center of the cutoff wall.

B / D

10

20

30

 
 

 
 
 
 
 
 
 

D

Soil-bentonite 

No flow boundary

Model 
extends 
to ≥ 3 B

B

Diamonds 
indicate 
constant 
head 
boundary 

Well or piezometer  
 

Figure 5-17.  Effect of position of well in wall on shape factor 

 136



5.3.2.1.3.3 Formation Hydraulic Conductivity 
 
 SEEP2D was used to evaluate the effect of the formation soil (the soil in which 
the cutoff wall was constructed) hydraulic conductivity, kformation, on the boundary 
condition at the trench wall.  In previous MODFLOW and SEEP2D models, the head at 
the trench wall was assumed constant, which is an appropriate assumption when the 
hydraulic conductivity of the formation is much greater than that of the soil-bentonite.  
When the hydraulic conductivity of the formation gets closer to that of the soil-bentonite, 
the significance of head losses in the formation increases, and the assumption of constant 
head at the trench wall becomes less accurate. 
 
 The two-dimensional finite element model shown in Figure 5-18 was used for this 
study.  As with previous models, only ¼ of the true geometry was modeled.  The filter, 
which is difficult to see in the figure, was modeled similarly to the filter in Figure 5-15.  
The top boundary of the model, Boundary B, was constant head, such that there was a 
head drop, ∆h, between the filter and this boundary.  Boundary B was placed away from 
the trench wall a distance equal to the width of the cutoff wall.  Other boundaries were no 
flow. 
 
 The elements in the bottom third of the model were assigned the hydraulic 
conductivity of the soil-bentonite and the elements in the top two-thirds were assigned 
the hydraulic conductivity of the formation.  The value of B/D for the model was 32. 
 
 The ratio kformation/ksb was varied by varying kformation while keeping ksb constant, 
and the flow rate, q2D, and head at Node A (see Figure 5-18) were computed by SEEP2D.  
Two values are plotted in Figure 5-18: 1) [head at Node A – head at Boundary B] / ∆h 
and 2) q2D normalized by q2D for kformation = infinity. 
 
 At high values of kformation/ksb, the head at the trench wall (Node A) is the same as 
the head at Boundary B in the formation, so the plotted ratio of heads is zero.  Under 
these conditions, the assumption used in previous models that the head is constant at the 
trench walls is justified.  At kformation/ksb = 1, the head is about 30% of the total head drop, 
so the assumption used in previous models is not very good.  For the conditions of this 
analysis, the assumption of constant head at the trench walls starts to lead to significant 
loss of accuracy when kformation/ksb is less than 100. 
 
 It should be noted that the position of Boundary B becomes more important as 
kformation/ksb gets smaller.  As kformation approaches ksb, hydrostatic conditions exist farther 
away from the trench walls due to increased head losses in the formation.  At kformation/ksb 
= 1, the SEEP2D analysis reduces to a 2D analysis of a well in an infinite medium.  In 
this case, moving Boundary B farther away from the well, which was not done in this 
analysis, will change the results of the analysis.  However, at relatively high values of 
kformation/ksb, the position of Boundary B is less important because head losses in the 
formation are so small.  Under these conditions, the results of the analyses will not 
change significantly as Boundary B is moved farther away from the well. 
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 By generalizing the results of the 2D analysis above with a typical value of B/D = 
32, it may be concluded that the assumption of a constant head at the trench walls is 
appropriate when the hydraulic conductivity of the formation is at least two orders of 
magnitude greater than that of the soil-bentonite. 
 
5.3.2.1.3.4   3D Versus 2D Trench Wall Boundary Effects 
 
 The influence of the trench walls is overestimated by using a 2D analysis to 
approximate the true 3D flow regime in a single-well test in a cutoff wall.  This is 
because the vertical flow in the 3D case is less influenced by the trench walls than the 
horizontal flow from/to the well. 
 
 Consider a constant head well test in a cutoff wall without filter cakes and with 
B/D = 40 and L/D = 10.  From Figure 5-14, the normalized 3D shape factor, F/D, is 25.  
From Figure 5-16a, the 2D shape factor, F2D, is 1.7.  Now suppose the trench walls were 
moved closer to the well so that B/D = 10.  In this case, F/D = 31 and F2D = 2.6.  For a 
given soil-bentonite hydraulic conductivity and applied excess head in the test, the flow 
rate is proportional to the shape factor.  Moving the trench walls closer to the well causes 
the flow rate to increase by a factor of 31/25 = 1.2 in the 3D case and 2.6/1.7 = 1.5 in the 
2D case.  The influence is greater for the 2D case.  Also, it is noted that as L/D increases, 
the difference between the 2D and 3D analyses decreases, because the proportion of 
vertical to horizontal flow decreases. 
 
 The above example did not include the influences of filter cakes, the position of 
the well in the wall, or the hydraulic conductivity of the formation soil.  All of these 
items influence the horizontal flow in a well test more than the vertical flow, and so the 
same trend shown in the above example is expected to apply.  The 2D analyses described 
in the subsections above are believed to overestimate the influences of these items on the 
results of well tests in cutoff walls, where the flow regime is actually 3D. 
 
 This is the end of the discussion of shape factors for single-well tests in cutoff 
walls. 
 
5.3.2.2 Hvorslev Analysis of Constant Head Tests 
 
 The Hvorslev method was used to reduce the data from the constant head tests.  
All of the constant head tests performed in this research, in all three pilot-scale walls, 
were run until a steady state flow rate was reached.  The same three shape factors as 
described above for the variable head tests were used with Eq. 2-7 in Chapter 2 to 
evaluate the hydraulic conductivity. 
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5.3.2.3 Cooper et al. Analysis of Variable Head Tests 
 
 The method of Cooper et al. (1967) was also used to reduce the variable head test 
data.  This method accounts for the compressibility of the soil, but not the close 
proximity of the trench walls.  The Hyder et al. (1994) correction factor was used to 
account for the vertical component of flow to/from the piezometer. 
 
5.3.3 Hydraulic Fracture Tests 
 
 Hydraulic fracture tests were performed at two locations in W1 (tests HF1 and 
HF2) and two locations in W2 (tests HF3 and HF4).  These tests were performed using 
the piezometer to ensure that the excess heads applied in the piezometer tests did not 
cause hydraulic fracture in the cutoff walls.  The hydraulic fracture tests consisted of a 
series of constant head tests performed after the variable head tests were completed at 
these locations.  In each hydraulic fracture test, the volumetric flow rate, qCH, was 
measured for increasing values of applied excess head, he (the excess heads were 
positive, above the hydrostatic head). 
 
 Figure 5-19 shows the results of the tests: (qCH/he) versus he.  Hydraulic fracture 
occurred in the soil-bentonite next to the piezometer when the ratio (qCH/he) increased 
significantly.  For W1, the initiation of hydraulic fracture occurred quite abruptly, while 
for W2, the transition to hydraulic fracture appears more gradual.  This difference in 
behavior may have occurred because the hydraulic fracture tests in W2 were performed 
in a higher hydraulic conductivity material (before hydraulic fracture) than the tests in 
W1.  Note the higher ratios of (qCH/he) for the tests in W2.  HF1 and HF2 were performed 
in defect-free soil-bentonite at locations L3D2 and L3D3 in W1 (see Figure 6-2 in 
Chapter 6 for these locations).  HF3 and HF4 were performed at locations L1D3 and 
L3D2 in W2 (see Figure 6-10 in Chapter 6).  The higher hydraulic conductivities at these 
locations may have been due to a reduced bentonite content due to flushing by the 
bioslurry during backfilling as hypothesized in Chapter 4.  In addition, HF3 at L1D3 was 
close to the defect at the bottom of the wall.  As the excess head was increased in the 
hydraulic fracture tests, there would have been an increased tendency for erosion of 
bentonite in the soil-bentonite from the increasing seepage forces.  In the higher k 
material in W2, perhaps a progressive erosion of bentonite was allowed through the 
larger pores in the soil, resulting in a gradual increase in hydraulic conductivity until 
hydraulic fracture occured.  In the lower k material in W1, the smaller pores in the soil-
bentonite restrained the bentonite, preventing it from migrating under the increased 
seepage forces.  In this case, the stable soil matrix would have maintained a constant 
hydraulic conductivity until hydraulic fracture6. 
 
 The excess heads at which hydraulic fracture was expected to occur were 
estimated using the Bjerrum et al. (1972) approach.  The hydraulic fracture test HF1 in 
W1 will be used to explain the methodology. 

                                                           
6 An increase in k might be expected due to swelling as the pore pressure is increased, however, this was 
not apparent in HF1 and HF2. 
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Figure 5-19.  Results of piezometer hydraulic fracture tests and predictions for W1 and W2
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 The first step was to estimate the stresses in the wall after consolidation with the 
water levels at the bottom of the barrier pit.  The vertical effective stresses in the wall, 
calculated from arching theory, are shown in Figure 4-13.  These stresses were calculated 
using an effective friction angle (φ') of 32°, horizontal earth pressure coefficient (Kh) of 
0.42, cohesion of 0, and unit weight (γ) of 18.1 kN/m3.  With the trench walls assumed 
rigid, the horizontal earth pressure coefficient in the cutoff wall was estimated as the at-
rest earth pressure coefficient (K0) from the Brooker and Ireland (1965) relationship for 
normally consolidated soils: 
 
 K0 = 0.95 – sin(φ')  (5-15) 
 
For HF1, the top of the piezometer filter was at a depth of 124 cm, where the vertical 
effective stress (σv') with the water levels at the bottom of the barrier pit was 9.2 kPa and 
the horizontal effective stress (σh') was (0.42) (9.2) = 3.9 kPa. 
 
 Before installing the piezometer, the water levels were raised to the top of the 
barrier pit, causing a new stress state in the cutoff walls.  If arching theory is again used 
to predict the new stress state, it seems likely that some of the horizontal stress from the 
lower water level remains "locked in," so a higher value of Kh is expected in the wall.  
The new value of Kh was estimated as the at-rest earth pressure coefficient using the 
relationship from Schmidt (1966) that includes the influence of the overconsolidation 
ratio (OCR): 
 
 K0 = [0.95 – sin(φ')] OCRsin(φ') (5-16) 

 
The overconsolidation ratio is the ratio of preconsolidation stress to current 

vertical effective stress.   Under geostatic conditions, raising the water level from the 
bottom of the barrier pit to the top would lead to a reduction in the vertical effective 
stress by a factor of approximately 2, resulting in an OCR of 2 (the buoyant unit weight 
of soil is approximately ½ the total unit weight).  With arching, however, the expected 
increase in Kh when the water level rises to the top further reduces the vertical effective 
stress, so a higher value of OCR is expected.  An iterative procedure was used to evaluate 
the OCR for W1 and W2.  First, a single value of OCR for all depths in the wall was 
assumed and Kh was calculated using Eq. 5-16.  The values of σv' were calculated versus 
depth using arching theory, and the OCR at each depth was calculated by dividing the 
preconsolidation stresses (9.2 kPa at a depth of 124 cm for HF1) by these values of σv'.  
These steps were repeated until the assumed OCR for the entire wall was considered 
representative of the calculated OCR values versus depth in the wall.  Final OCR values 
of 4 and 3 were used for W1 and W2, respectively.  The higher OCR for W1 is due to the 
greater influence of shear stresses along the trench walls for the narrower W1.  For HF1, 
the stress state parameters with the water levels at the top of the wall were Kh = 0.88, σv' 
= 2.3 kPa, and σh' = 2.0 kPa. 
 
 Next, the stresses induced in the soil-bentonite adjacent to the piezometer due to 
installation of the piezometer were estimated using the Bjerrum et al. (1972) approach.  
Bjerrum et al. assume that the vertical effective stress remains unchanged, and the radial 
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(σr') and circumferential (σc') effective stresses, after dissipation of excess pore pressures 
generated during pushing, are: 
 
 σr' = (1 + β) σh0'  (5-17) 
 
 σc' = (1 - α) σh0'  (5-18) 
 
where σh0' is the horizontal effective stress prior to installation of the piezometer (2.0 kPa 
for HF1) and α and β are defined below. 
 
 The values of α and β depend on the effective friction angle, horizontal effective 
stress prior to installation, Young's modulus of the soil-bentonite skeleton (E'), and 
Poisson's ratio of the soil-bentonite skeleton (ν'). 
 
 2 E' (N + 1) (N – 1)/(2 N) 
 α = 1 – (5-19) 
 N + 1 2 σh0' (1 + ν') (N – 1) 
 
 
 2 N E' (N + 1) (N – 1)/(2 N) 
 β = – 1 (5-20) 
 N + 1 2 σh0' (1 + ν') (N – 1) 
 
where 
 
 N = (1 + sin φ') / (1 – sin φ') (5-21) 
 
 Young's modulus and Poisson's ratio were estimated from the results of the one-
dimensional consolidation tests described in Chapter 4 and assuming the soil-bentonite to 
be a linear elastic, isotropic material.  The virgin compression curve was used for these 
estimates.  For a 1D consolidation test, Poisson's ratio can be calculated as: 
 
 ν' = Kh / (1 + Kh) (5-22) 
 
For Kh = 0.42 on the virgin compression curve, ν' = 0.3. 
 
 Young's modulus was evaluated using the coefficient of volume compressibility, 
mv, of the soil-bentonite measured in the consolidation tests according to the following 
relationship for linear elastic, isotropic materials: 
 
 (1 / mv) (1 + ν') (1 – 2 ν') 
 E' = (5-23) 
 (1 – ν') 
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 The value of mv used in this evaluation was calculated using the virgin 
compression ratio and the horizontal effective stress in the wall prior to installation of the 
piezometer: mv = compression ratio/2.3/σh0'.  It was decided to use the initial horizontal 
effective stress because use of this low stress results in a higher compressibility and lower 
Young's modulus.  This is a conservative approach because it leads to lower estimates of 
the radial and circumferential effective stresses near the piezometer, and as discussed 
below, this results in lower estimates of hydraulic fracture pressures.  Using this approach 
for HF1, E' = 119 kPa.  From Eqs. 5-19, 20, 17, and 18, α = -0.7, β = 4.6, σr' = 11.3 kPa, 
and σc' = 3.5 kPa. 
 
 Bjerrum et al. (1972) give three cases to check for hydraulic fracture in 
piezometer tests.  The first case is called "blow-off," and occurs when the applied excess 
pore pressure (above hydrostatic), ue, equals the initial radial effective stress (after 
installation but before hydraulic conductivity testing): 
 
 ue = σr' = (1 + β) σh0' (5-24) 
 
The second case is called "hydraulic fracture," which results in "the formation of a 
vertical crack extending radially away from the piezometer."  Assuming the soil-
bentonite to have no tensile strength, this occurs at the excess pore pressure: 
 
 ue = [(1/ν') – 1] (1 – α) σ h0' (5-25) 
 
The third case is when the excess pore pressure equals the vertical effective stress: 
 
 ue = σv' (5-26) 
 
 If "blow-off" occurs before "hydraulic fracture," then the excess pore pressure 
required to cause "hydraulic fracture" is different (i.e., Eq. 5-25 does not apply).  This is 
discussed in Bjerrum et al. (1972), but was not incorporated into this research because the 
occurrence of "blow-off" alone is undesirable, and therefore the excess pore pressure at 
which "hydraulic fracture" occurs after "blow-off" is irrelevant. 
 
 For hydraulic fracture test HF1, the values of ue from Eqs. 5-24, 5-25, and 5-26 
were 11.3 kPa, 8.1 kPa, and 2.3 kPa, respectively.  In terms of excess head (he = ue / γw), 
these values are 115 cm, 82 cm, and 23 cm.  It turns out that the low vertical effective 
stress in the cutoff wall governs the magnitude of excess head that can be applied in the 
piezometer test.  Even with the conservative approach used to estimate the radial and 
circumferential effective stresses, the "blow-off" and "hydraulic fracture" mechanisms do 
not control. 
 
 The results of the hydraulic fracture prediction analyses for all four hydraulic 
fracture test locations are shown in Table 5-3.  The table shows the stress states at the 
testing locations with the water level at both the bottom then the top of the barrier pit.  
With the water level at the top, note that the calculated values of OCR are close to the 
assumed values for each wall (4 for W1 and 3 for W2). 
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 Table 5-3 then shows the conditions at the testing locations after installation of 
the piezometer.  Note that the values of α and β are the same for each test.  With constant 
values of effective friction angle and Poisson's ratio for each test, it can be seen in Eqs. 5-
19 and 5-20 that α and β depend on the ratio E'/σ h0'.  Because E' is proportional to 1/mv 
(see Eq. 5-23), and mv was assumed proportional to 1/σ h0', the ratio E'/σ h0' is a constant.  
As a result, α and β do not change from test to test.  Also, note that the circumferential 
effective stresses are higher than the initial horizontal effective stresses.  This is because 
of the low relative compressibility of the soil-bentonite.  The compressibility ratio for 
each test, E' / [σ h0' (1 + ν')], was 46 (same for each test for same reason α and β are 
same), which indicates a soil of low relative compressibility according to the values given 
by Bjerrum et al. (1972) at the bottom of Table 5-3.  Even though the values of Young's 
modulus are very small, indicating higher compressibility, the values of σ h0' are also very 
small, such that the relative compressibility is still low.  For comparison, the 
circumferential effective stress decreases for soils of high relative compressibility. 
 
 At the bottom of Table 5-3 are the excess heads from Eqs. 5-24, 5-25, and 5-26.  
The critical excess head for each test corresponds to the vertical effective stress in the 
wall, which is low due to arching.  The critical excess head for each test is plotted on 
Figure 5-19.  It can be seen that the predicted heads are very close to the heads at which 
the ratio (qCH/he) begins to increase significantly. 
 
 In the falling head and constant head piezometer tests, the magnitude of applied 
excess head was kept below the value that would cause hydraulic fracture, as determined 
from the hydraulic fracture tests and estimation of hydraulic fracture pressures described 
above. 
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Table 5-3.  Prediction of critical heads in hydraulic fracture tests 
 W1, HF1 W1, HF2 W2, HF3 W2, HF4 
Depth to top of filter (cm) 124 168 184 108 
Water level at bottom of pit 
(σv' from arching): 

    

Kh 0.42 0.42 0.42 0.42 
σv' (kPa) 9.2 9.9 16.7 12.7 
σh' (kPa) 3.9 4.2 7.0 5.3 
Water level at top of pit 
(σv' from arching): 

    

Kh 0.88 0.88 0.75 0.75 
σv' (kPa) 2.3 2.3 5.0 4.3 
σh' = σh0' (kPa) 2.0 2.0 3.8 3.3 
Calculated OCR 4.0 4.3 3.3 2.9 
After installation of 
piezometer: 

    

α -0.7 -0.7 -0.7 -0.7 
β 4.6 4.6 4.6 4.6 
E' (kPa) 119 121 227 196 
σr' (kPa) 11.3 11.4 21.4 18.4 
σc' (kPa) 3.5 3.5 6.6 5.7 
E' / [σh0' (1 + ν')](1) 46 46 46 46 
Excess head (cm) from:     
Eq. 5-24 115 116 219 188 
Eq. 5-25 82 83 157 135 
Eq. 5-26 23 23 52 44 
Critical excess head (cm): 23 23 52 44 
Notes: 
(1) Bjerrum et al. (1972) give typical ranges for this compressibility ratio: 
 
 Highly compressible soil 1 to 3 
 Medium compressibility soil 3 to 10 
 Low compressibility soil 10 to 70 
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5.4 Piezocone Soundings 
 
 A piezocone was used to probe W1 and W2.  Due to time limitations, W3 was not 
probed with the piezocone.  Piezocone sounding was performed after the piezometer 
tests, with the water level at the top of the barrier pit. 
 
5.4.1 Test Procedure 
 
 The piezocone used in this study was a Hogentogler 10 Ton electronic subtraction 
cone with a pore pressure filter in the number 2 position (right behind the tip).  The cone 
tip area is 10 cm2.  The piezocone measured tip resistance, sleeve friction, pore pressure, 
and inclination.  The maximum measurement limits for tip resistance, sleeve friction, and 
pore pressure were 100 MPa, 1 MPa, and 3.4 MPa, respectively. 
 
 The piezocone was pushed into the center of the cutoff walls using the drill rig 
shown in Figure 5-20.  Prior to pushing, the piezocone was saturated with a de-aired 
glycerin/water solution using the procedure for glycerin described by Lunne et al. (1997) 
on page 19 of their book.  The pushing rate was approximately 2 cm/s.  During pushing, 
tip resistance, sleeve friction, pore pressure, and inclination were measured.  Pushing was 
stopped at various depths to 1) add more rod and 2) perform pore pressure dissipation 
tests. 
 
5.4.2 Test Interpretation 
 
 It was intended to calculate Manassero's (1994) parameter Bk (Eq. 2-10) from the 
data obtained during continuous pushing, and try to correlate hydraulic conductivity to 
this parameter.  However, the measured sleeve friction in the cutoff walls was essentially 
zero, so this approach was not feasible. 
 
 Two methods were used to interpret the pore pressure dissipation test data.  The 
first, simpler method was the method of Parez and Fauriel (1988).  They developed the 
relationship in Eq. 5-27 for soils ranging from gravel to clay.  The relationship was 
developed from dissipation tests with filters in the number 2 position. 
 
 k = (251 t50)-1.25  (5-27) 
 
where k is in cm/s and t50 is in seconds.  The value of t50 is the time required for 50% of 
the excess pore pressure to dissipate.  Use of Eq. 5-27 provides a quick estimate of 
hydraulic conductivity by simply determining t50 from the dissipation data, but does not 
depend on the compressibility of the soil-bentonite. 
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Figure 5-20.  Pushing the piezocone into W1 
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 The second method consisted of interpreting the coefficient of consolidation in 
the horizontal direction, ch, using the Houlsby and Teh (1988) solution, and evaluating 
the hydraulic conductivity using an expression recommended by Baligh and Levadoux 
(1980).  In the Houlsby and Teh (1988) piezocone model, the time factor, T*, is defined 
as: 
 
 T* = ch t / (r2 Ir

0.5)  (5-28) 
 
where t = time, r = radius of piezocone, Ir = rigidity index = G/Su, G = shear modulus, 
and Su = undrained shear strength.  The time factor for a degree of consolidation of 50% 
and pore pressure measurement at the number 2 position is 0.245.  The rigidity index of 
the soil-bentonite was estimated at 3007.  Using t = t50 determined from the dissipation 
data, Eq. 5-28 was solved for ch. 
 
 Next, the following expression, recommended by Baligh and Levadoux (1980), 
was used to calculate hydraulic conductivity: 
 
 k = γw RR ch / (2.3 σv0')  (5-29) 
 
where γw = unit weight of water, RR = recompression ratio, and σv0' = initial vertical 
effective stress (evaluated from arching theory).  A recompression ratio of 0.0022 was 
used based on the consolidation tests described in Chapter 4.  Eq. 5-29 is a form of the 
familiar equation for coefficient of consolidation: ch = k / (mv γw), where mv is the 
coefficient of volume compressibility, expressed as RR / (2.3 σv0'). 
 
 The parameter estimated with the least confidence is the rigidity index.  In the 
series of equations above, hydraulic conductivity is proportional to the square root of 
rigidity index (ch ∝ Ir

0.5 in Eq. 5-28, and k ∝ ch in Eq. 5-29).  If the rigidity index 
typically varies between 50 and 5008, then hydraulic conductivity could be under- or 
overestimated by a maximum factor of approximately 3. 
 
 Neither of the above methods account for the close proximity of the trench walls 
in the cutoff wall.  There is currently no established approach for taking this into account 
when reducing dissipation test data. 
 
 
5.5 Lab Tests on Undisturbed Samples 
 
 Undisturbed samples were obtained during destructive evaluation of the pilot-
scale cutoff walls.  The samples were obtained in a way that requires destructive 
evaluation, therefore, the method described below is not applicable to real cutoff walls 
where destructive evaluation is not possible. 
                                                           
7 This is a very rough estimation based on graphical relationships between E/Su, OCR, and plasticity index 
presented in Lunne et al. (1997), and the following relationship for a linear elastic, isotropic material 
between G and Young's modulus (E): G = E / [2 (1 + ν)], with ν = 0.5 for undrained loading. 
8 This is the range of values used in the charts in Lunne et al. (1997) for evaluating ch from t50. 
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5.5.1 Test Procedure 
 
 Undisturbed samples were taken from the exposed soil-bentonite cutoff walls 
during destructive evaluation.  The sampling device used to obtain the samples also 
served as the permeameter to measure the hydraulic conductivity of the samples.  The 
permeameter was similar to a consolidometer permeameter in principle. 
 
 The sampling device was a section of 7.6-cm-diameter Shelby tube without a 
cutting edge of smaller diameter.  Before sampling, a thin layer of silicone was placed on 
the inside of the tube.  At the location of the sample, the surface of the exposed soil-
bentonite was scraped into a plane and the tube was inserted a small distance into the 
soil-bentonite, as shown in Stage 1 in Figure 5-21.  At this point, a steel weight was 
placed above the soil-bentonite inside the tube.  The tube was then slowly pushed into the 
soil-bentonite a distance of roughly 3 cm.  During pushing of the tube, light finger 
pressure was kept on the steel weight to prevent bulging of the soil-bentonite inside the 
tube. 
 
 After the tube was inserted, the soil-bentonite was dug away from one side of the 
outside of the tube, as shown in Stage 2 in Figure 5-21.  A thin piece of sheet-metal was 
slid beneath the tube, and the sheet-metal, with the soil-bentonite sample inside the tube 
above it, was removed from the cutoff wall.  Before leaving the sampling location, a 
water content sample was taken from the wall. 
 
 Figure 5-21 shows the procedure for obtaining samples for measurement of the 
vertical hydraulic conductivity of the soil-bentonite.  For obtaining samples for 
measurement of horizontal hydraulic conductivity, a vertical plane of soil-bentonite was 
exposed and the tube was pushed horizontally into this plane.  Though it was more 
difficult to do so, the steel weight was still used during pushing to prevent bulging of the 
soil-bentonite inside the tube. 
 
 Next, while holding the steel weight in the same position relative to the tube, the 
tube was carefully turned upside down.  A piece of filter paper was placed on the bottom 
of the sample, and several layers of monofilament geotextile were placed on top of the 
filter paper.  A rubber gasket was placed along the perimeter of the tube, and a plastic 
base was placed above the geotextile and gasket.  The tube was then turned right-side-up 
again, as shown in Stage 3 in Figure 5-21.  The steel weight was temporarily removed 
from above the soil-bentonite.  A piece of filter paper was placed on top of the sample, 
and a thin layer of LCS was placed above that.  The weight was then reapplied above the 
LCS.  Finally, two C-clamps were used to hold the tube down against the plastic base. 
 
 Two lines of flexible tubing were threaded through the base so that they were in 
contact with the geotextile below the specimen, as shown in Figure 5-21.  The layers of 
geotextile allowed the water in the lines to be in contact with the entire base of the 
sample.  The rubber gasket prevented leakage between the tube and the base.  Above the 
sample, the thin layer of LCS provided drainage between the soil-bentonite and the steel 
weight. 
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Figure 5-21.  Obtaining and testing undisturbed samples from the cutoff walls 
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 PFW was added inside the tube above the sample.  The layers of geotextile below 
the specimen were saturated by permeating PFW through the flexible tubes under a very 
small gradient.  With PFW above the specimen and in the burette connected to the bottom 
of the specimen, the soil-bentonite was allowed to consolidate (or swell if the effective 
weight of the steel surcharge, which was either 1.5 or 1.6 kPa, was less than the effective 
stress on the soil-bentonite in situ) for approximately one day. 
 
 The hydraulic conductivity of each specimen was measured by performing a 
falling headwater/constant tailwater test.  The direction of permeation was upward, with 
the rate of falling headwater measured in the burette connected to the bottom of the 
specimen.  The tailwater head above the specimen was kept constant.  The potential for 
sidewall leakage in the tests was minimized by the silicone applied to the inside of the 
tube prior to sampling and the application of the weight above the specimen during 
permeation.  Care was taken to maintain positive effective stress in the specimens by not 
applying too large of an initial headwater head. 
 
 After the permeation phase, the length and water content of each specimen was 
measured. 
 
5.5.2 Test Interpretation 
 
 The hydraulic conductivity of each specimen was calculated as: 
 
 k = [ (a Ls) / (As ∆t) ] ln (hl,1/hl,2)  (5-30) 
 
where a = cross-sectional area of headwater burette, Ls = length of specimen, As = cross-
sectional area of specimen, ∆t = time interval between time t1 and time t2, hl,1 = head loss 
across specimen at t1, and hl,2 = head loss across specimen at t2.  Hydraulic conductivity 
was measured with time until four or more consecutively measured values were within ± 
25% of the mean value and the measured values showed no significant upward or 
downward trend. 
 
 
5.6 Summary and Conclusions 
 
 In this chapter, five methods used to measure the hydraulic conductivity of the 
pilot-scale cutoff walls were described: 1) API tests on grab samples, 2) global 
measurement of average hydraulic conductivity, 3) piezometer tests, 4) piezocone 
soundings, and 5) lab tests on undisturbed samples.  The API tests and piezocone 
soundings were performed and interpreted according to established procedures.  
Important points from the new work done in this research on the other three test methods 
are discussed below. 
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5.6.1 Global Measurement of Average k 
 
 Three models were used to evaluate the shape factors relating flow rate to average 
hydraulic conductivity in the pilot-scale walls.  The models ranged from simple (Flow 
model 1) to complex (Flow model 3).  There is good agreement between the shape factors 
evaluated from each model, as shown in Table 5-2. 
 
 For W1 and W2, flow through the CCL is not significant due to the relatively high 
soil-bentonite hydraulic conductivity.  For W3, with a soil-bentonite hydraulic 
conductivity closer to the CCL hydraulic conductivity, flow through the CCL causes an 
approximately 8% increase in flow rate compared to the computed value assuming no 
flow through the CCL. 
 
5.6.2 Piezometer Tests 
 
 Three shape factors were used in the Hvorslev analyses of the variable and 
constant head tests.  The first shape factor is for well tests in a 3D infinite medium 
(Tavenas et al., 1990).  The second shape factor was obtained by applying the Teeter and 
Clemence (1986) correction factor, which accounts for the close proximity of the trench 
walls using a 2D flow net analysis, to the first shape factor.  The third shape factor was 
developed in this research by modeling a piezometer in a cutoff wall in a 3D 
MODFLOW finite-difference analysis.  A chart for this shape factor is shown in Figure 
5-14. 
 
 A series of 2D SEEP2D finite element analyses were performed to investigate the 
influences of filter cakes, deviation in the position of the piezometer from the centerline 
of the wall, and the formation soil hydraulic conductivity on the shape factors.  The 
following conclusions were made from these studies: 
 

1.  The hydraulic conductivity evaluated using a shape factor that does not account 
for filter cakes is always less than or equal to the actual soil-bentonite hydraulic 
conductivity and greater than or equal to the equivalent hydraulic conductivity of the 
wall (for the range of B/D values plotted in Figure 5-16b).  Figure 5-16b can be used 
to evaluate keq for a given estimate of filter cake permittivity. 
 
2.  The results of piezometer tests are not significantly different for piezometer 
positions anywhere within the middle half of the cutoff wall. 
 
3.  The assumption of constant head at the trench walls is appropriate when the 
formation soil hydraulic conductivity is at least 100 times greater than the soil-
bentonite hydraulic conductivity. 

 
 Finally, hydraulic fracture in well tests was studied.  Hydraulic fracture pressures 
were determined both experimentally and theoretically using the Bjerrum et al. (1972) 
approach.  There was good agreement between the experimental and theoretical hydraulic 
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fracture pressures.  The low vertical effective stresses in the pilot-scale cutoff walls 
controlled the critical hydraulic fracture pressures. 
 
5.6.3 Lab Tests on Undisturbed Samples 
 
 A procedure was developed for obtaining undisturbed samples from the pilot-
scale walls and using the sampling device as a consolidometer permeameter for 
measurement of hydraulic conductivity.  This procedure reduced the amount of handling 
of the soil-bentonite between sampling and testing.  The procedure directly addressed the 
two common problems with testing material in sampling tubes: sidewall leakage and 
damage to the tube (Daniel, 1994).  Because the procedure involves sampling from an 
exposed soil-bentonite surface, it is not applicable to real cutoff walls. 
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