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Abstract 

A series of large-scale direct shear strength tests were conducted to evaluate the 
effect of shear displacement rate on the internal shear strength of reinforced GCLs.  
Specifically, the tests were conducted using shear displacement rates ranging from 
0.0015 to 1.0 mm/min and using normal stresses ranging from 50 to 520 kPa. The 
peak internal shear strength was found to increase with decreasing shear displacement 
rates for high normal stresses, while the opposite trend was observed for low normal 
stresses. Interpretation of these results, involving indirect evaluation of shear-induced 
pore water pressures, is proposed to explain this apparently counterintuitive trend.  In 
addition, a decreasing large-displacement shear strength was noted with increasing 
shear displacement rate for tests at all normal stresses.  Future research is geared 
toward the verification of the trends in peak and large-displacement for other GCLs 
over a wider range of shear displacement rates.   
 

Introduction 

The internal shear strength of geosynthetic clay liners (GCLs) is being evaluated as 
part of a research program at the University of Texas at Austin.  GCLs are 
prefabricated geocomposite materials used in hydraulic barriers as an alternative to 
compacted clay liners.  They consist of sodium bentonite clay bonded to one or two 
layers of geosynthetic backing materials (carrier geosynthetics).  Stability is a major 
concern for side slopes in bottom liner or cover systems that include GCLs because of 
the very low shear strength of hydrated sodium bentonite. In particular, the failure 
surface of a liner system may develop internally (within the GCL), either through its 
bentonite core or along the bentonite/carrier geosynthetic interface.  
 
The primary goal of laboratory characterization of the internal shear strength of 
geosynthetic clay liners (GCLs) is to replicate behavior noted in the field.  However, 
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specifications for laboratory testing must balance the need for representative 
conditions with practical time and cost restraints.  An important variable in laboratory 
shear strength testing is the shear displacement rate (SDR).  The shear displacement 
rate affects the pore water pressures in the sodium bentonite generated by shearing.  
In addition to specimen hydration and consolidation, the shear displacement rate 
determines the overall required testing time.  Previous studies have primarily focused 
on the response of tests conducted under relatively low normal stresses (i.e., less than 
100 kPa), and have reported an increasing peak shear strength with increasing SDR.  
This finding suggests that the most conservative (i.e., lowest) peak shear strength 
would be obtained from a test conducted at a very low SDR (e.g., less than 1.0 
mm/min).  However, this conclusion may not necessarily be true for GCLs sheared 
under higher normal stresses.  This study extends the knowledge base by 
investigating the effect of SDR on the internal shear strength of GCLs using tests 
conducted under both comparatively low and high normal stresses.  Specifically, 
SDRs ranging from 1.0 to 0.0015 mm/min were used in this study, corresponding to 
shearing times of 1.25 hours to 35 days.   
 

Database 

Data Source. A database of commercial large-scale direct shear tests was used as a 
source for this study (GCLSS).  The tests were performed between 1997 and 2003 by 
SGI Testing Services (SGI), formerly the Soil-Geosynthetic Interaction laboratory of 
GeoSyntec Consultants.  SGI is an accredited testing facility.  It should be noted that 
procedures used for all GCL-GM interface direct shear tests are consistent with 
ASTM D6243 (ASTM 1998), even though this standard was only approved in 1998.   
 
Materials. Direct shear test results in the GCLSS database used in this study include 
two reinforced GCLs and one unreinforced GCL.  The reinforced GCLs are 
Bentomat ST, referred herein as GCL A, and Bentofix NS, referred herein as GCL C.   
GCLs A and C consist of a bentonite layer between a woven and a nonwoven carrier 
geotextile, reinforced internally by pulling fibers from the nonwoven carrier 
geotextile through the woven geotextile using a needling board.  In GCL A the fiber 
reinforcements are left entangled on the surface of the woven carrier geotextile, while 
in GCL C the carrier geotextiles are thermal-locked to the lower corner geotextile.  
The unreinforced GCL is Claymax 200R, referred herein as GCL F.  GCL F consists 
of a bentonite layer containing a water soluble adhesive between a woven and a 
nonwoven carrier geotextile. 
 
Testing Equipment and Procedures.  Large-scale direct shear devices with top and 
bottom shear boxes with dimensions of 305 mm by 305 mm in plan and 75 mm in 
depth were used in this study.  A constant SDR was applied to the bottom shear box 
using a mechanical screw drive system and the resultant shear load was measured on 
the top shear box.  Figure 1 shows the configuration of the direct shear equipment 
used for GCL internal shear strength testing.  
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The hydration process used in this study is a two-stage procedure in which GCL 
specimens were placed under a specified hydration normal stress (σh) outside the 
direct shear device and soaked in tap water during the specified hydration time (th).  
The hydration normal stress, σh was often specified to equal the shearing normal 
stress (σn).  In this case, shearing was conducted immediately after hydration.  The 
peak shear strength (τp) and large displacement shear strength (τld) were recorded.  If 
a σh smaller than the σn was specified, pore pressures were allowed to dissipate 
during a consolidation period (tc) before shearing. Additional details on the testing 
procedures are presented by McCartney et al. (2002).   

 

 
 

Fig. 1. Direct shear device. 

Results and Analysis 

This ongoing study builds on the results reported by Zornberg et al. (2004), who 
presented the results of a single GCL product.  Also, the effect of SDR on large-
displacement shear strength is being evaluated as part of this ongoing investigation.  
Figure 2 shows the peak shear strength results for GCLs A and C from direct shear 
tests conducted under a normal stress of 50 kPa using a range of SDRs.  The GCLs 
tested within each series of tests were obtained from the same manufacturing lots, so 
material variability is assumed to be low. McCartney et al. (2004) identified that 
shear strength variability in same-lot GCL specimens is significantly lower than that 
in different-lot specimens, and can be quantified by a coefficient of variation of less 
than 0.1.  The value of τp for GCL A increases at a rate of approximately 12 kPa per 
log cycle of SDR, while the value of τp for GCL C increases at a rate of less than 1 
kPa per log cycle for tests conducted at σn = 50 kPa. Explanations in the literature 
proposed to justify the trend of increasing τp with increasing SDR conducted under 
relatively low σn have included shear-induced pore water pressures, secondary creep, 
undrained frictional resistance of bentonite at low water content, and SDR-dependent 
pullout behavior of fibers. 
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Fig. 2. Peak shear strength of GCLs as a function of SDR for comparatively low 

normal stresses (i.e., 50 kPa). 
Figure 3 shows the peak shear strength results for GCLs A, C, and F from direct shear 
tests conducted under comparatively high normal stresses (σn ranging from 200 to 
520 kPa) using a range of SDRs.  Again, the GCLs tested within each series of tests 
were obtained from the same manufacturing lots, to minimize material variability.  
Contrary to the findings for low normal stress, a decreasing trend in peak shear 
strength with increasing SDR is observed for all three GCLs.  The value of τp for 
GCL A decreases at a rate of approximately 15 kPa per log cycle of SDR for tests 
conducted at σn = 520 kPa, the value of τp for GCL C decreases at a rate of 
approximately 50 kPa per log cycle for tests conducted at σn = 190 kPa, and the value 
of τp for unreinforced GCL F decreases at a rate of approximately 5 kPa per log cycle 
for tests conducted at σn = 275.8 kPa.  
 

 
 

Fig. 3.  Peak shear strength of GCLs as a function of SDR for comparatively 
high normal stresses (i.e., approximately above 200 kPa). 
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The different trends in peak shear strength tests conducted under both low and high 
σn suggests that the observed trends are related to the generation of shear-induced 
pore water pressures.  Shear-induced pore water pressures are expected to be negative 
in tests conducted under low σn (i.e., below the swell pressure of GCLs).  
Consequently, increasing SDR will lead to increasingly negative pore water pressures 
and thus higher τp.  On the other hand, shear-induced pore water pressures are 
expected to be positive in tests conducted under high σn (i.e., above the swell 
pressure of GCLs).  In this case, increasing SDR will lead to increasingly positive 
pore water pressures and thus lower τp.  
 
Figure 4 shows the trend in large-displacement shear strength results for GCL A from 
direct shear tests conducted under low and high σn.  Since no shear-induced pore 
water pressures are expected (positive or negative) for constant volume conditions, 
the same residual shear strength is anticipated for different SDRs.  Residual shear 
strength was not achieved for the tests reported in Figure 4 after a shear displacement 
of 75 mm.  However, the decreasing trend in large-displacement shear strength with 
increasing SDR at low and high normal stresses suggests that the tests conducted 
under high SDR are closer to residual conditions for a given shear displacement 
(75 mm).  

 

 
Fig. 4. Large-displacement shear strength of GCL A as a function of SDR for 

comparatively low (i.e., 50 kPa) and high normal stresses (i.e., 520 kPa). 
 

Discussion of Ongoing Research 

The peak shear strength of both unreinforced and reinforced GCLs was observed to 
increase with increasing SDR for tests conducted under low normal stress, while the 
opposite trend was observed under high normal stress.  This behavior suggests the 
generation of negative shear-induced pore water pressures under low normal stress 
(below the swell pressure) and of positive pore water pressures under normal stress.  
Consequently, if design is governed by peak shear strength, test specification 
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involving comparatively high SDR are acceptable if the normal stress of interest is 
relatively high, as the test will lead to conservative (i.e., lower) shear strength values.  
However, tests should still be specified with sufficiently low shear displacement rate 
(e.g., 0.1 mm/min) if the normal stress of interest is relatively low.  The large-
displacement shear strength of reinforced GCLs was observed to be closer to the 
residual shear strength conditions for a given shear displacement for faster SDRs 
under low and high normal stresses.  Consequently, if design is governed by large-
displacement shear strength, direct shear tests conducted using high SDR should be 
adequate for internal shear strength characterization as they provide conservative 
large-displacement shear strength values.  Future research will involve additional 
testing of other GCLs and shear displacement rates to provide verification of the 
important trends in peak and large displacement shear strength observed in this study.   
 
References 

American Society of Testing and Materials. (1998). "Standard Test Method for 
Determining the Internal and Interface Shear Resistance of Geosynthetic Clay 
Liner by the Direct Shear Method." ASTM D6243. West Conshohocken, 
Pennsylvania. 

McCartney, J.S., Zornberg, J.G., Swan, R., and Gilbert, R.B. (2004). “Reliability-
Based Stability Analysis Considering GCL Shear Strength Variability.” 
Geosynthetics International. in press.  

 McCartney, J.S., Zornberg, J.G., and Swan, R. (2002). Internal and Interface Shear 
Strength of Geosynthetic Clay Liners (GCLs). Geotechnical Research Report, 
Department of Civil, Environmental and Architectural Engineering, 
University of Colorado at Boulder, 471 p. 

Zornberg, J.G., McCartney, J.S., and Swan, R. (2004). “Analysis of a Large Database 
of GCL Internal Shear Strength Results.” Journal of Geotechnical and 
Geoenvironmental Engineering, in press.  

 

 

GRI-18 Geosynthetics Research and Development in Progress


	CD Main Menu
	Search
	Help
	Table of Contents
	Proceedings Information
	Author Index
	A - L
	M- Z

	Transportation and Geotechnical Engineering Applications
	Rapid Assessment of Geotextile Clogging Potential Using the Flexible Wall Gradient Ratio Test
	The Electro-Osmotic Potential Regarding Pre-Fabricated Vertical Drains
	Performance of Concrete Pavements Using Geocomposite Drainage Layer
	Long-Term Performance of Geogrid-Reinforced Mechanically Stabilized Earth (MSE) Berms
	Importance of Residual Strengths in Factors of Safety and Reliability
	Evaluation of Strain Distribution in Geotextiles Using Image Analysis
	Geosynthetic Support Systems over Pile Foundations
	Ongoing Geosynthetics Researches of GSI-Taiwan
	A Bench-Scale Performance Test for Evaluation of the Geosynthetic Reinforcement Effects on Granular Base Courses
	Evaluation of the Stress Crack Resistance of Corrugated High Density Polyethylene Drainage Pipes
	Evaluation of the Hydrolysis Behavior of Polyethylene Terephthalate Yarns
	Compression Creep Behavior of Geofoam Using the Stepped Isothermal Method
	An Amendment Strategy for Enhancing the Performance of Geotextile Tubes Used in Decontamination of Polluted Sediments and Sludges
	Update on GSI’s Geotextile Highway Separation Study
	Alkalinity Between Masonry Blocks of a Segmental Retaining Wall (SRW)
	Impinging Flow over Drainage Layers Including a Geocomposite
	Direct Shear Testing of Tire Bales for Soil Reinforcement Applications
	MSE Drainage Issues and Design
	Validation of Discrete Framework for the Design of Fiber-Reinforced Soil
	Development of a Strain-Based Model to Predict Strength of Geosynthetic Fiber- Reinforced Soil
	Testing Biaxial Geogrids for Specification and Design Purposes
	State of the Green Roof Industry in the United States
	Laboratory Simulation of Seasonal Wetting-Drying Cycles on Geosynthetic-Reinforced Clay Slopes and Embankments
	Relating Geogrid Confinement Testing to Mechanistic-Empirical Base Reinforcement Design
	Selecting Reinforced Fill Materials for MSE Retaining Walls
	Survivability of Foil Strain Gages Mounted on Geosynthetics Under Full-Scale Construction Loads
	Preliminary Construction and Instrumentation Plan for Geosynthetic-Reinforced Flexible Pavement Test Sections
	Development of a Versatile Device for Measuring the Tensile Properties of Geosynthetics
	Development of the PVD Permeameter
	Design Procedures for Multi-Tiered Mechanically Stabilized Earth Walls
	Long Term Performance of a Reinforced Clay Embankment
	Using Geotechnical Centrifuges for Geosynthetic Research and Practice
	Pullout of Geosynthetic Reinforcement with In-Plane Drainage Capability

	Geoenvironmental and Hydraulics Engineering Applications
	Prefabricated Vertical Drains for Enhanced In Situ Remediation
	A Novel Construction Method for Buried Pipes using Geosynthetics
	Polyurea Repair of a MSW Landfill Liner System
	Experimental and Numerical Modeling of Geosynthetic Anchor Trench
	Current Research on Dynamic Shear Behavior of Geosynthetic Clay Liners
	Bioreactor Study at the Waste Management Outer Loop Landfill
	Aging of Geomembranes Used in Hydraulic Structures
	Stage “C” Lifetime Prediction of HDPE Geomembrane Using Acceleration Tests with Elevated Temperature and High Pressure
	Residual Stress Effects on the Stress Crack Resistance of HDPE Corrugated Drainage Geopipe
	Prediction of Long-Term Behavior of Korean HDPE Geomembranes
	Assessing Potential Geomembrane Damage from Direct Construction Equipment Contact
	Quantification of MSW Behavior at a Full-Scale Anaerobic Bioreactor Landfill
	Drainage Capability of Fully Degraded MSW with Respect to Various Leachate Collection and Removal Systems
	Geotextile Tube Evaluation by Hanging Bag and Pressure Filtration Testing
	In-Situ Temperature Monitoring of Geomembranes
	Ultrasonic Thickness Testing of Textured Geomembranes
	On the Creep Reduction Factors for Geotextile Puncture Protection of Geomembranes
	Lifetime Prediction of Exposed Geomembranes
	Dewatering Fly Ash Slurries Using Geotextile Containers
	Clamping/Gripping of Geosynthetic Clay Liners for Mid-Plane Shear Strength Testing
	Attenuation of Heavy Metals by Geosynthetic Clay Liners
	Nonwoven Geotextiles for Treatment of Polluted Water
	Effect of Shear Displacement Rate on the Internal Shear Strength of GCLs
	Comparison of a Geosynthetic Drainage System versus Standard Aggregate System for Foundation Drainage ( Basement Walls) in a Controlled Laboratory Environment
	Specification Conformance of HDPE GRI-GM13 Geomembranes
	Factors Influencing the Durability of Polypropylene Geomembranes: The Goal Being an Effective Specification
	Separation-in-Plane: What Is It and Is It of Concern?
	Manufacturing Nonwoven Needlepunched Geotextiles with Opening Size Larger than 0.2 mm
	Behavior of HDPE Geomembrane Sheet and Seams Subjected to a 90º Tensile Test
	The Value of Geoelectric Leak Detection Services for the Mining Industry
	Concern for GCL Shrinkage when Installed on Slopes
	Closure of the Ordot Dump, Guam
	Leakage through Liners under High Hydraulic Heads
	On the Stability of Shore-Parallel Geotextile Tubes for Shore Protection
	Enhanced Waste Decomposition in Bioreactor Landfill with Septage Additions
	Failure Mechanisms in Pipelines Bridging a Void


