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ABSTRACT 

The determination of interface shear strength involving clayey soils under drained conditions can 
be expensive and time consuming.   New approaches to interface testing practices have been 
established to reduce the testing time needed to perform drained (e.g. zero excess pore water 
pressure generation) testing of these interface combinations.  Current practice under ASTM 
D5321, Standard Test Method for Determining the Shear Strength of Soil-Geosynthetic and 
Geosynthetic-Geosynthetic Interfaces by Direct Shear allows for two different methodologies; 
the undrained case or the default rate of 1.0 mm/min, or the fully drained condition as 
determined through measured consolidation data.  The authors have established two new 
practices that yield similar results to the fully drained condition that result in significant cost and 
time savings for the end user.  These practices are shearing at the fully drained rate to the peak 
shear strength and then increasing the shearing rate from peak to test termination.  The second 
practice is the use of a thinner soil specimen to decrease the drainage path within the soil 
specimen during shearing which allows the specimen to be sheared at a faster rate than the 
traditional 25 mm thick specimens used in these types of interface tests.    

INTRODUCTION 
 
Although guidance has existed within ASTM D5321 Standard Test Method for Determining the 
Shear Strength of Soil-Geosynthetic and Geosynthetic-Geosynthetic Interfaces by Direct Shear 
since its acceptance as a standard, drained (e.g. zero pore water pressure generation) interface 
friction tests between clay soils and geomembrane are not commonly practiced due to the time 
required and cost in the modern era.  This body of work presents two alternative methods to 
reduce the testing time for drained clay to geomembrane interface friction testing, which 
provides similar results to a drained test.  The concept of these testing methods was first 
presented by Gilbert et al. (2016). This work looks to expand and demonstrate equivalency of the 
new methods with the drained methodology described in the standard.  
 There exists a great degree of variability between specifications, executed testing 
programs, and engineering design in regards to the shear strength testing of compacted clay and 
geomembrane interfaces. In order that the imparted normal stress and measured shear stresses 
from interface shear testing are effective stresses, the rate of shear displacement must be adjusted 
to achieve drained conditions.    This variably in project documentation and testing execution can 
lead to increased probabilities of committing TYPE I and TYPE II errors  and contradict the QA-
QC Plan’s ability to reduce the chance of making these errors to a tolerably small chance (Gilbert 
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et al. 2016).  Obermeyer et al. (2003) first presented the need for testing interface friction tests 
between clayey materials and a geomembrane in the drained condition to arrive at the true 
strength of the material. However, the cost, time and limited testing assets for performing fully 
drained testing has remained a roadblock to drained strength testing.     
 
STATE OF PRACTICE 
 
In an effort to prescribe interface shear testing that satisfies the requirements of ASTM D5321, 
many specifications prescribe soil remolding parameters, normal stresses, consolidation times, 
and a rate of shear displacement rate (R). For the interface between a compacted clay liner and a 
geomembrane, the prescribed consolidation time and R are often agnostic to the specific site soil. 
Universally, very little information is provided with regards to the consolidation procedures and 
determination of R. Common practice for a consolidation schedule is to prescribe a constant 
stress loading time that is on the order of 16 to 24 hours in addition to an R of 1.0 mm/min (0.04 
inches/min). This practice known as the undrained test is a result of economic constraints, permit 
conditions and the historical misconception that “just because you’ve done it for twenty years 
does not make it correct” approach to testing prescription. In order, for the undrained test to 
produce drained shear strength data the time to fifty percent of consolidation at the stress of 
interest would have to be on the order of 30 seconds with a distance to failure as large as a 
standard shear box displacement limit of 76.2 mm (3 inches), which results in neither reasonable 
or physically possible conditions. 
 In the author’s experience, the majority of specifications or testing programs are often 
written for clayey soil-geomembrane lining systems without fully understanding fundamental 
soil mechanics involved in the testing.  When tests are prescribed with the default shearing rate 
(i.e. 1.0 mm/min) called out in ASTM D5321 they’re prescribing what is called an undrained test 
(i.e. not allowing for pore water pressure equilibration).  The interface friction test, like a direct 
shear test of soil, does not have the ability to measure pore water pressure; thus, excess pore 
water pressure (u) term in Terzaghi’s effective stress equation is unknown (Terzaghi, 1936).  
Often this case is misconstrued as a conservative test, which is also not true for several reasons.  
First, because the positive pore water pressure generated during shearing is unknown, Terzahgi’s 
equation cannot be satisfied.   Second, failure can often occur within the clay layer leading to 
erroneous results.  Lastly, in the case presented herein, undrained strength results lead to the 
possible incorrect rejection or acceptance of one or more of the materials (i.e. Type I or II error).  
 
TEST SPECIFICATIONS FOR MEASURING SHEAR STRENGTH  

Although often not practiced ASTM D5321 does prescribe a methodology for determining the 
drained shearing rate.  However, there are short comings to this methodology.  The undrained 
test condition is also compounded by a single-sided drainage condition that exists when testing a 
clay soil in contact with a geomembrane.   Equation 1 in ASTM D5321 allows the prescriber and 
operator to measure the time rate of consolidation of the clay layer and determine the time to 50 
percent of primary consolidation or t50.   However, few commercially available shear boxes 
allow for measurement of settlement or swelling due to the normal stress application method 
over a large area.  Second, soils used in compacted clay liners are often overconsolidated which 
means that t50 can’t be determined during the consolidation phase of the interface friction test to 
determine the shearing rate if the normal stress for the test is below the preconsolidation pressure 
(typically <475 kPa).  ASTM D5321 currently does not provide any methodology for handling 
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over consolidated specimens where there is no settlement curve similar to what is described in 
ASTM D3080 for the direct shear of soil. 
 
DRAINED CONDITIONS 

In accordance with section 11.6 of ASTM D5321-17 for a geosynthetic to soil interface one is to 
“apply the shear force using a constant rate of displacement that is slow enough to dissipate 
excess pore pressure in the soil.” One hundred percent dissipation would correspond to truly 
drained conditions but based on this would require an infinitely slow shear rate in accordance 
with theory. This issue was investigated in Gibson and Henkel’s 1954 “Relation between the 
duration for shear-box tests and the measured strength,” which presents the results of direct shear 
testing of a fat clay under variable shear displacement rates. The shear strength of soil in their 
study was found to increase with decreasing rate of shear displacement up to an R associated 
with 95 percent consolidation at failure and then found to decrease. The increases with slower 
shear displacement rates were attributed to pore pressure dissipation and the later decreases to 
viscosity. 
 In accordance with Terzaghi’s principle and as presented by Olson (1989), 95 percent 
consolidation corresponds to 50•t50. The andate to shear “slow enough to dissipate express pore 
pressure” is presented within the body of ASTM D5321 but is contradicted by the time to failure 
that is presented within the standard in a non-mandatory form of a note as 50•t50. Accordingly, 
while pore pressure dissipation is mandated, the shear displacement rate for drained testing does 
not have a mandatory calculation within ASTM D5321, resulting in a short coming of the 
standard and bad testing practices. 
 

SHEARING RATE DETERMINATION FOR DRAINED EFFECTIVE STRESS 
TESTING 

Prior to calculating the rate of shear displacement (R) the time to 50% consolidation (t50) must be 
determined for the load increment of interest. The t50 can be generated easily using either 1-D 
consolidation test via ASTM D2435 or using the consolidation data generated during a direct 
shear test on the soil via ASTM D3080.   The authors preferred method is to use ASTM D3080, 
which has the additional benefit of providing the soil shear strength that is helpful in analysis and 
verification of the materials.  For thin layer testing the coefficient of consolidation (cv) must also 
be calculated to determine a t50 that is applicable to thinner layers, which would be used in the 
interface friction test.  

Determination of Shearing Rate in Accordance with ASTM D5321 

The rate of shear displacement is determined based on an estimated shear displacement at the 
peak shear stress, the time required for the sample to reach fifty percent consolidation, and the 
drainage condition on the failure plane and is calculated using Equation 1. The determined rate 
should not be considered the appropriate rate of shear but rather the maximum shearing rate. 

𝑅𝑅 = 𝑑𝑑𝑓𝑓
(50×𝑡𝑡50×𝑓𝑓)         Equation 1 

Where:  
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 R  =   rate of shear displacement, mm/min, 
 df  =   estimated shear displacement at peak shear stress,  

t50 =  time required for the specimen to reach 50% consolidation under the current  
normal stress increment as determined by the Root Time or Log Time 
methods, 

f  =   factor to account for drainage conditions, for the purposes of this work a   
factor of 4 was used because the drainage boundary condition was 
geomembrane 

Time to Reach 50% Consolidation 

The maximum shearing rate is set proportional to the time required to reach fifty percent 
consolidation multiplied by a factor of 50. Analysis is to be performed in accordance with ASTM 
D2435, one-dimensional incremental consolidation testing.  

Drainage Condition on the Failure Plane 

In addition to taking the time-dependent consolidation of the sample into account, the drainage 
condition on the failure plane is also considered. ASTM D5321 presents two potential values for 
this factor: (i) 0.002 for an interface and soil that have higher hydraulic conductivities and (ii) 4 
for a material that has a lower hydraulic conductivity. These factors are specified in terms of how 
pervious these materials are but do not specify hydraulic conductivity or transmissivity values 
for the materials being tested yet vary by a factor of 2000.  

Distance and Time to Failure 

In accordance with ASTM D5321 an estimate of the distance to failure is to be used but there are 
no caveats presented as to the validity of a test result if the initial approximation is incorrect. If 
this distance to failure is underestimated, then an unconservatively high shear rate could 
potentially be utilized in testing that would lead to a partially drained test in which case the 
imposed normal stress would not reflect the effective stress at the tested interface.  The authors 
have found that 12.5 mm and 25 mm are reasonable assumptions for smooth and textured HDPE 
geomembranes, respectively. A distance to failure of 25mm was assumed and used in the 
calculations for work presented herein. 

For interface shear testing in accordance with ASTM D5321-18, the minimum time to 
failure should be fifty times the time to fifty percent of primary consolidation (50•t50) as 
determined from one dimensional incremental consolidation testing in accordance with ASTM 
D2435. This time to failure requirement is in line with the older ASTM D3080. However, an 
adjustment is made in ASTM D5321 based on the drainage distance, which for the same 
thickness samples is twice that for interface shear strength testing of a clay versus a membrane 
than for consolidation or direct shear testing of a clay with double-sided drainage. Accordingly, 
the time to failure is scaled by a factor of four in proportion to the square of the increase in 
drainage distance in accordance with Terzaghi’s principle. 
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Drained to Peak, Post-Peak Acceleration of Shearing Rate 

Design engineers often note that drained testing takes “too long” to complete in the modern 
construction schedule and is “too expensive”. Two additional conditions were evaluated in effort 
to reduce the testing time and associated cost.  Leroueil and Soares (1996) summarized the work 
of Kenny (1967), Lemos (1986), Lupini (1980) and Petley (1966) which indicates that the 
displacement or shearing rate has little effect on the residual shear strength of a soil.  That is 
once soil is sheared to a large enough displacement particle reorientation has occurred and the 
residual strength condition exists (Skempton 1985). The third condition, or drained to peak 
condition, explored shearing the specimen at the same displacement rate used in the drained 
condition and then advancing the shearing rate post peak to the end of the test based on the idea 
that the displacement rate has little effect on the residual shear strength.   

Thin Soil Layer Testing 

The forth condition also known as the drained 12.7 mm lift condition investigated remolding a 
thinner layer of soil or reducing the height of the soil layer from 25.4 mm to 12.7 mm to shorten 
the drainage path. This in agreement with ASTM D3080 which specifies a minimum initial 
specimen thickness of 13 mm [0.5 inches]. Shorting of the drainage path allows for increasing 
the rate of shear displacement, thus reducing the testing time.  The displacement rate can be 
determined using cv and Taylor’s equation (Taylor 1948) to compute a new t50 to be substituted 
into Equation 1 of ASTM D5321. 

With regards to maximum particle size, ASTM D3080 specifies a minimum thickness 
that is six times the maximum particle size of the material. Accordingly, particles greater than 
2.1 mm in diameter would not be appropriate for 12.7 mm lift testing with a practical application 
of the #10 sieve for screening. This would be in contrast to a 25.4 mm thick specimen where 
particles greater than 4.2 mm would not be appropriate and which corresponds to a practical 
application of the No. 5 sieve for screening.   

The displacement rates for each of the four testing conditions presented are listed in 
Table 1. The undrained condition was completed in less than a day in contrast to the drained 
condition which took approximately six days to complete.  Drained testing time can be nearly 
halved by using the drained to peak method and then advancing the shearing rate from 0.011 
mm/min to 0.1 mm post peak. Similarly the testing time can reduced further to roughly 2 days by 
shortening the drainage path by reducing the specimen thickness.  However, the latter is not 
without extra effort due to the difficulty in preparing a thin (12.7 mm) sample over a large area 
(304.8 x 304.8 mm).  Further development of specimen preparation to generate a homogenous 
sample is needed before introduction to common practice.  
 

MATERIALS TESTED 

Clay Soil Properties 

Two different clays were used in this study.  Both clay soils were evaluated for their 
geotechnical properties in accordance with the applicable standards (Table 2).  Case I utilized a 
lean clay with sand (CL) while Case II utilized a fat clay (CH).  For both cases the soil for the 
interface friction and direct shear testing was remolded to the target dry density and moisture 
content using a tolerance of ± 16 kg/m3 and ± 0.5% of the target moisture content.  
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 Consolidated drained direct shear strength of both clay soils was conducted in general 
accordance with ASTM D3080 to measure the strength of the soil. An additional benefit of using 
the direct shear method is that the target initial specimen thickness, density and moisture content 
are identical to initial target interface friction soil specimen properties. The consolidation phase 
of the direct shear test also provides t50 and cv, which were determined from the consolidation 
data developed under the highest load assigned to the interface friction program and can be 
calculated using the methods described in ASTM D2435.  Both t50 and cv are critical parameters 
used in the determination of drained interface friction shearing rates for this testing program.   
 

Geomembrane Properties 

Two different 1.5 mm HDPE geomembrane samples were used in the testing program.  Case I 
used structured double-sided textured geomembrane produced in the United States.  The 
structured geomembrane has two unique sides, commonly referred to as the shiny and dull sides.  
The typical deployment for this product in the field is to place the shiny side down to the earth 
against the compacted clay liner.  For the purposes of this testing program the shiny side of the 
geomembrane was placed facing the clay soils for each specimen tested.   Case II used a blown-
film double sided textured geomembrane manufactured in Canada.  The textured surface for the 
geomembrane used in Case II is largely considered to be uniform on both sides.  The only 
geomembrane property that was measure in this study was the asperity height prior to mounting 
of the specimen in the shear box.   The average asperity height for the geomembrane surfaces 
placed against the clay soils was 0.95 mm and 0.68 mm for Cases I and II, respectively.  

Table 1 Summary of Test Duration for Cases I and II Excluding Consolidation Time1 

 
Case I Case II 

Interface Test 
Condition 

Displacement 
Rate (mm/min) 

Duration of 
Test (Days) 

Displacement 
Rate (mm/min) 

Duration of Test 
(Days) 

Undrained1 1.000 <1.01 1.0     <1.02 

Drained 0.011 5.6    0.002 26 

Drained to Peak2 0.011 3.1    0.002   10.7 

Drained – Thin Layer 0.510 1.7    0.008    6.5 

1Undrainded was consolidated for 16 hours all others for a minimum of 48 hours 
2Displacement rate advanced post peak to 0.1 mm/min 
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Table 2 Soil Properties for Case I & II 

   
Case I Case II 

ASTM D2487 Unified Soil 
Classification System Lean Clay with Sand (CL) Fat Clay (CH) 

ASTM D4318 

Liquid Limit   33   52 

Plastic Limit   19   26 

Plastic Index   14   26 

ASTM D422 

% Passing 2.0 mm      90.0     98.7 

% Passing 0.074 mm      82.1     92.0 

% Passing 0.002 mm      29.2    45.8 

Target1 Remolding Dry Density (kg/m3) 1585.8 1581.0 

Target1 Remolding Moisture Content (%)     22.0     22.7 

ASTM 
D24352 

cv (m2/year)     45.7       2.91 

t50 (min)        5.95 32 

ASTM D3080 
φ´ (°)    31.6   22.1 

c´ (kPa)      5.5   22.8 

1Target remolding parameters, specific density and initial moisture content cannot be determined 
without specimen disturbance. 

2Determined using Root Time Method: Case I 413.7 kPa; Case II 957.6 kPa 

TESTING METHODOLOGY 

Four interface friction conditions were explored to investigate the validity of the drained strength 
results for each soil-geomembrane combination.  All conditions were tested in general 
accordance with ASTM D5321, using a modified large scale interface friction direct shear drive 
unit.  The shear box drive was modified to decrease the shearing rate from 0.025 mm/min (0.001 
inches/min) to 0.0025 mm/min (0.0001 inches/min) and use a motor that can maintain a constant 
displacement rate over the duration of the test.  When shear rates slower than 0.025 mm/min are 
required specialized large shear equipment is required. This equipment is both more expensive 
and less common and as such methods that would reduce the required testing time are worth 
investigating. 

The loaded area of the upper box measured 305 x 305 mm.  The lower shear box moves 
relative to the upper shear box and is 200 mm longer in length, which allows virgin 
geomembrane to be pulled under the clay layer during shearing.  The textured geomembranes 
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investigated in both cases were gripped using a pyramid gripping system described in Allen and 
Fox (2007).   

The soils used in both cases were processed through a 4.76 mm screen to reduce the clod 
size and then moisture conditioned to the target moisture content ±0.5%.  The soils were allowed 
to equilibrate for a minimum of 36 hours prior to remolding in the upper shear box.  To create a 
remolded specimen to a higher level of homogeneity under this technique the unmolded soil was 
split into four equal amounts by weight and placed into quadrants on the smooth geomembrane 
slip sheet for remolding (Figure 1). The slip sheet is used for remolding purposes only and leaves 
a smooth surface on the remolded clay that is then pressed against the textured geomembrane 
once the normal stress is applied, replicating field construction. The specimens were remolded 
using an impact compaction technique to a target thickness in the upper shear box.  For all 
conditions the target thickness was 25.4 mm with the exception of the Drained – Thin Layer 
condition where the target thickness was 12.7 mm.   

 

Fig.  1 Placement of preconditioned soil for remolding in the upper shear box over a 
smooth geomembrane slip sheet 

After remolding the upper shear box was transferred to the direct shear device. The gap between 
the upper and lower shear boxes was set to 1 mm. A pyramid gripping plate was placed on top of 
the clay layer to provide a free drainage layer boundary condition. Normal stresses below 725 
kPa were provided using a pneumatic 300 x 100 x 300 mm billowed bladder manufactured by 
ATC Laboratories, Inc. To achieve the 957.6 kPa normal stress presented in Case II a hydraulic 
loading system was used and the loaded area was reduced to 203 mm x 203 mm.  In each case 
the target normal stress was applied instantly.  The shear box was filled with water immediately 
following the application of the normal stress.  

The variables in the testing program for each of the cases were the consolidation time and 
the displacement rate at which the specimen was sheared at (Table 1).   The four conditions that 
were explored in the testing program are: 
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Undrained – The undrained condition was allowed to sit under the applied normal stress 
for 16 hours and was sheared at 1.0 mm per minute. 

Drained – The drained condition was allowed to sit under the applied normal stress for a 
minimum of 48 hours and the shearing rate was determined using Equation 
1 in ASTM D5321.   

Drained to Peak – The drained to peak condition was allowed to sit under the applied 
normal stress for a minimum of 48 hours and the shearing rate was 
determined using Equation 1 in ASTM D5321 until the peak strength was 
clearly developed at which point the shearing rate was advanced two orders 
of magnitude to finish shearing to 75 mm of displacement. 

Drained – Thin Layer – The drained thin layer specimen was allowed to sit under the 
applied normal stress for a minimum of 48 hours and was sheared to 75 mm 
of displacement using rate for a 12.7 mm thick specimen.  

Shear stress with displacement curves are presented in Figure 2 for three normal stresses 
evaluated in Case I & II.  The drained and drained to peak conditions produce nearly similar 
curves over 75 mm of displacement while the undrained condition developed approximately half 
the strength under the two upper normal stresses loads (Figure 2b & 2c and 2e & 2f).  The 
drained 12.7 mm lift condition produced slightly lower and clipped peak strength data compared 
with the drained and drained to peak conditions for both cases.  This lower strength is most likely 
a result of difficulties in remolding a homogenous uniform sample.   
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(a) (d) 

  

(b) (e) 

  

(c) (f) 

Fig.  2 Shear strength displacement plots for Case I (a through c) and Case II (d through f) 
for the four different conditions 
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(a) 

 

(b) 

Fig.  3 Strength envelopes for Case I (a) peak and (b) large displacement at 75 mm 
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(a) 

 
(b) 

Fig.  4 Strength envelopes for Case II (a) peak and (b) large displacement at 75 mm 
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DRAINED VERSUS PARTIALLY-DRAINED FAILURE ENVELOPE COMPARISONS  

Failure envelopes for the four interface shear conditions are presented for peak and large 
displacement shear strength at 75 mm in Figures 3 and 4, respectively.  The failure envelope for 
the soil shear strength determined form a direct shear test is also plotted in Figure 3a & 4a.  From 
these plots, there is good agreement in terms of the failure envelope for both the drained and 
drained-to-peak conditions.   In both cases the peak strength for the interface friction test is 
plotting just below the peak strength of the soil.  This close comparison indicates that little to no 
strength is being lost at the interface.  In contrast, the undrained condition plots well below the 
three drained conditions and soil strength envelops, which indicates that pore water pressure 
generation during the undrained test plays a significant role in reducing shear strength that is 
available and present misleading results for the decision making process. 

CONCLUSIONS 

Interface shear strength testing of clay versus geomembrane interfaces is quite often performed 
under a shear displacement rate that is not adequately slow enough to allow for pore pressure 
dissipation during shear. Shearing the specimens too quickly in the laboratory produces 
misleading results that can lead to TYPE I or II errors on material rejection or acceptance. 
Whatever cost savings might be realized in conducting faster tests will likely be lost many times 
over if a material is rejected that would have worked well or if a material is accepted that will be 
weaker than expected in the field.  

• The Drained, Drained to Peak, and Drained Thin-Layer tests produced similar 
results and can be considered equivalent methods.  

• Drained Thin-Layer Testing is recommended with reservations for experienced 
laboratory technicians due to difficulty in constructing a thin specimen of 
homogenous density.  It is highly recommended that specimens not be scalped to 
remove oversized particles that could contribute to the strength of the soil.  

• If a remolded soil specimen is placed in the upper shear box over the 
geomembrane it is recommended that the soil specimen be remolded outside the 
shear box on a sacrificial slip sheet.  The use the test normal stress to press the 
soil specimen and geomembrane specimen together replicates field conditions.  

• Performing ASTM D3080 and characterizing the soil prior to performing any 
interface friction testing is highly recommended.  The direct shear test on soil not 
only provides valuable consolidation data for determining interface friction shear 
displacement rates but also yields shear strength of the soil.  Although not a 
subject of this paper, collected consolidation data can be used to determine the 
minimum consolidation time to ensure that there is no positive pore pressure at 
the start of shearing.  In the authors experience the friction angle of the soil is 
typically one to two degrees more than the soil-textured geomembrane friction 
angle. 

• Ambiguity within ASTM D5321 needs to be corrected.  The authors also note that 
similar drained strength testing problems may exist when testing clayey soils with 
geosynthetic clay liners under ASTM D6243, but are often less encountered. 

Both post-peak acceleration of shear displacement rate and the use of a 12.7 mm thick test 
specimen are methods by which a drained peak shear strength can be determined for material 
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finer than 4.2 mm without the time requirements associated with post-peak shearing at a drained 
rate or the displacement rate associated with a 25.4 mm thick specimen. For shear displacement 
rates of less than 0.025 mm/min which require specialized equipment, these methods may be 
valuable in providing drained peak shear strength parameters with a  reduced testing time and 
cost.  
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