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EVALUATING SLOPE STABILITY OF BENTOMAT CL AND CLT 

IN POND LINING AND LANDFILL COVER APPLICATIONS 

 

When a protective soil/stone layer is placed over a slope lined with GCL, the weight of that 

cover induces a downslope shear (driving) force on the layers beneath it. The primary 

engineering challenge in this situation is to ensure that the driving force does not exceed the 

frictional resisting forces between each component of the liner system.  If this condition is not 

met, a slide may result.  The consequences of a slide are generally severe and can result in failure 

of the liner.  The information in this technical reference will assist engineers in designing to 

prevent sliding failures. 

 

Figure 1. Sliding Block Slope Stability Analysis.  

As shown in Figure 1, the driving force is the slope-adjusted weight of the cover layer(s).   

The resisting force is the frictional resistance between adjacent layers or interfaces of the liner 

system and the overlying cover soil.  A low-friction interface will therefore provide little 

frictional resistance and could cause instability.  It is important to note that a liner system may 

still be stable even if the resisting force is smaller than the driving force.  This is because 

additional contributions to the total resisting force may be provided by the “buttress effect” of 

the cover material at the base of the slope, and by the tensile strength of the liner anchored at the 

top of the slope.  Appendix A provides a method of determining stability in consideration of these 

additional resisting components. 
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By eliminating the buttress effect and the tensile reinforcement effect, the slope stability problem 

is reduced to a simple comparison between downslope driving force and frictional resisting force.  

This simplified (yet conservative) approach allows the use of historical interface shear testing 

data to build general design rules that provide the necessary factors of safety to account for site-

specific variations in materials characteristics.  In cases where the design factor of safety from the 

simplified sliding block analysis is insufficient, it may be desired to include the additional 

resisting forces offered by toe buttressing and the tensile strength of the liner. 

Internal Shear Strength 

 

The first bentonite liners on the market in the mid-1980s were unreinforced, meaning that the 

internal shear strength of the liner was no greater than the low shear strength of the hydrated 

bentonite layer (around 8 degrees).  The resulting design process was, therefore, relatively 

straightforward, although quite limiting due to low shear strength of bentonite. When 

needlepunched products were introduced in the late 1980s, peak internal shear strength 

properties were significantly increased.  These products can safely be placed on much steeper 

slopes.   

 

Bentomat CL and Bentomat CLT are both certified to internal shear strengths of 500 psf under a 

normal stress of 200 psf, yielding a peak secant friction angle
1
 of 68.2 degrees minimum.  

Because this value is nominally higher than the interface friction angles discussed in the 

following section, internal shear strength is not a relevant design issue in most water 

containment and landfill cover applications.  Only when normal stresses are quite large (in excess 

of 10,000 to 12,000 psf or 480-575 kPa) do resultant shear stresses approach the internal strength 

limits of Bentomat CL/CLT reinforced liners. For this reason, the lowest peak interface strength 

is the critical design parameter. Since the peak internal shear strength of the GCL will rarely be 

mobilized (only under large normal stresses), the large displacement internal shear strength of 

the GCL is typically not relevant. 

 

Internal shear strength must be demonstrated both in the short term and the long term, ideally for 

the life of the pond.  Laboratory research (Trauger, et.  al., 1996) indicates that the needle-punched 

reinforcement can sustain long-term shear loads.  In one test, total displacement was essentially 

negligible after 10,000 hours of exposure to a constant shear load of 250 psf (12 kPa) and a 

normal load of 500 psf (24 kPa). Laboratory testing by Zanziger and Soothoff (2012) estimated 

that the needlepunch reinforcement of Bentomat would have a lifetime of more than 100 years.  

In addition to the laboratory research referenced above, field-scale testing (Koerner, 1996) and 

actual project experience have yielded similar conclusions. From the data and experience gained 

to date, it is reasonable to conclude that Bentomat CL will maintain significant internal strength in 

the long term. 

 

When shear strength is not important (such as pond bottoms or flat areas without shear stresses) 

Bentomat 600CL can be installed.  Bentomat 600CL is a lightly reinforced GCL and is not 
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intended for sloped applications.  Bentomat 600CL should only be installed on flat areas, 

10H:1V or less. 

1. The secant angle is calculated by taking the inverse tangent of the shear strength divided by the normal stress 

applied to the system. In an infinite slope analysis, the slope is generally stable if the friction angle is greater than 

the slope angle. 

 

Interface Shear Strength 

 

A thorough stability analysis requires evaluation of all the interfaces in the liner system.  Ideally, 

each interface should be capable of generating enough friction to transfer the driving force rather 

than creating tension on the liner.   

CETCO ran representative interface shear strength tests with various soils against both Bentomat 

CL and Bentomat CLT.  Interface shear strength tests with various soils were conducted against 

the smooth geofilm interface of Bentomat CL, the woven geotextile component of Bentomat CL, 

and the textured geomembrane interface of Bentomat CLT. The woven geotextile component of 

Bentomat CL and Bentomat CLT is the same.  

As in the internal shear strength, the amount of friction for a given combination of soil and/or 

geosynthetic layers can be expressed as an angle.   Interface shear tests under normal loads of 400 

psf were conducted, representative of cover soil conditions, and friction angles were calculated 

for each interface. As mentioned above, other factors such as buttressing and soil tapering can be 

taken into consideration to meet a desired factor of safety against sliding. The following test 

results are representative of Bentomat CL. Project specific testing is recommended for more 

accurate analysis. 

 

Table 1.  Summary of interface shear strengths of various soils and Bentomat CL’s geofilm interface, 

tested under low normal stresses typical of a water containment or landfill cover application (test results 

included in Appendix B).   

 

SOILS TESTED AGAINST GEOFILM SIDE OF BENTOMAT CL 

Soil Type 
Normal 

Stress (psf) 

Peak Shear 

Strength (psf) 

Peak Secant 

Angle 

Residual Shear 

Strength (psf) 

Residual 

Secant Angle 

Silty Sand (SM) 400 166 22 152 20 

Clay (CL) 400 206 27 195 26 

Graded Aggregate Base 

(GAB) 
400 195 26 184 24 
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Table 2.  Summary of interface shear strengths of various soils and Bentomat CL’s woven geotextile 

interface, tested under low normal stresses typical of a water containment or landfill cover application 

(test results included in Appendix B).  

 

In certain scenarios, particularly on steep and/or long slopes, the shear strength between the soil 

and the geofilm component of Bentomat CL may not be enough. In these cases, Bentomat CLT 

may be more appropriate. The following test results are representative of the interface shear 

strength between soils and the textured HDPE geomembrane component of Bentomat CLT: 

 

Table 3.  Summary of interface shear strengths of various soils and Bentomat CLT’s geomembrane 

interface, tested under low normal stresses typical of a water containment or landfill cover application 

(test results included in Appendix B).   

 

From this data, some important conclusions can be drawn about the interface shear strength 

properties of this liner and different soils. 

 

SOILS TESTED AGAINST WOVEN GEOTEXTILE SIDE OF BENTOMAT CL 

Soil Type 
Normal 

Stress (psf) 

Peak Shear 

Strength (psf) 

Peak Secant 

Angle 

Residual 

Shear Strength 

(psf) 

Residual 

Secant Angle 

Silty Sand (SM) 400 294 36 244 31 

Clay (CL) 400 327 39 283 35 

Graded Aggregate Base 

(GAB) 
400 402 45 291 36 

 

SOILS TESTED AGAINST TEXTURED GEOMEMBRANE SIDE OF BENTOMAT CLT 

Soil Type 
Normal 

Stress (psf) 

Peak Shear 

Strength (psf) 

Peak Secant 

Angle 

Residual 

Shear Strength 

(psf) 

Residual 

Secant Angle 

Silty Sand (SM) 400 213  28 178 24 

Clay (CL) 400 290  36 177 24 

Graded Aggregate Base 

(GAB) 
400 257  33 214 28 
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1. There is significant variation in peak interface friction values, which emphasizes the fact 

that every soil has unique characteristics which should be considered independently of 

historical data. 

 

2. In the case of Bentomat CL, the interface between the soil and the geotextile side of the 

liner is higher than the interface between the geofilm and the soil. This means that the 

“critical” or weakest interface will usually be the subgrade against the liner, assuming 

that Bentomat CL is installed geofilm side down. In the case of Bentomat CLT, the test 

results showed the woven geotextile component would still produce a higher peak shear 

strength compared to the geomembrane side; however, that difference is much narrower.  

 

3. In the case of Bentomat CL, there is little difference between the peak and post-peak 

shear strengths, meaning that shear displacement of these interfaces does not cause 

significant loss of strength.  This essentially eliminates the problem of trying to decide 

whether to design around peak or post-peak strengths. Bentomat CLT does experience 

some loss of strength between peak and post peak strength. In certain conditions (such as 

seismic events or construction loads), the peak strength may be exceeded, and the post 

peak strength would be mobilized. In these scenarios, the design engineer may consider 

checking slope stability with the post-peak interface shear strength value. 

 

Recommended Slope Angle 
 

Given the simplifying assumptions described previously, the slope stability problem becomes a 

textbook “sliding block” where the forces acting on the slope are the same in all locations.  This 

means that the stability of a proposed system can be determined simply by comparing the 

interface friction angle between various liner system components to the design slope angle.  If the 

lowest (“critical”) interface friction angle in the liner system exceeds the slope angle, the slope 

will generally be stable.  If the lowest interface friction angle is less than the slope angle, the 

slope is potentially unstable and a sliding failure is possible.  The analysis can also include a 

safety factor, which is the ratio of the resisting force to the driving force.  From Figure 1 it can be 

seen that: 

 

FS =  
�����	��	
�

���	�
   (Equation 1) 

 

Which through trigonometric identities can be simplified to: 
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FS  

�     

β   

 

FS  =  
���
�

��	�
   (Equation 2) 

Where: 

= Factor of safety 

= Critical (lowest) friction angle in lining system   

= Slope angle 

 

It is emphasized that this method assumes zero cohesion in the cover soil (sand is an example of 

a cohesionless soil) and zero seepage (pore pressure) forces, and only applies to simple slope 

veneers of uniform depth along the slope.  Cohesive soils tend to increase stability, so zero 

cohesion is considered a conservative assumption in any cases where the cover soil exhibits some 

cohesion.  It is also noted that this method of analysis does not include slope length, because the 

sliding block exerts the same forces on any part of the slope.  The method used in Appendix A 

should be used in cases where the sliding block analysis is inconclusive. 

 

Example:  A pond is designed with an interior side slope 20 feet long and with a grade of 

4H:1V.  Using Bentomat CL with a silty-sand cover soil layer one foot thick, is this slope stable? 

 

Answer:  A 4H:1V slope is 14 .0 degrees .  From Table 1, the typical expected interface shear 

strength on the GCL (
�
) is 22 degrees (average value for membrane side of Bentomat CL to 

soil).  Using Equation 2: 

                 FS =  

���
�

��	�    =   

���(��)

���	(��)
		

= 1.6 

For this type of application, a factor of safety of 1.6 is considered quite acceptable and therefore 

the slope is stable. 

Based on the data provided above, CETCO recommends that the maximum slope angle 

should not exceed 4H:1V or 14 degrees when using Bentomat CL.  The design of a liner 

system with this slope angle will provide stability with a factor of safety of approximately 1.5 

when the minimum interface friction angle in the liner system is greater than or equal to 20 

degrees. 



 

 

TR-352 
Revised 01/14 

800.527.9948 Fax 847.577.5566  
For the most up-to-date product information, please visit our website, www.cetco.com. 

A wholly owned subsidiary of AMCOL International Corporation. The information and data contained herein are believed to be accurate and 
reliable, CETCO makes no warranty of any kind and accepts no responsibility for the results obtained through application of this 
information. 
 

In addition to contributing to stability, there are several other benefits associated with the design 

and construction of a slope that is ≤ 4H:1V: 

• Natural appearance 

• Reduced possibility for erosion-related damage to the cover layer 

• Less maintenance of the cover materials 

• Easier accessibility to and escape from the shoreline for waterfowl or for 

recreational use 

• Easier installation of the liner and other layers in the liner system 

• Easier subgrade preparation and compaction 

 

For these reasons, a designer should make a reasonable effort to limit the slope steepness of a 

pond to a maximum of 4H:1V.  When the slope exceeds 4H:1V, other variables can be taken into 

consideration, as discussed below. 

Steeper Slopes 

It may be necessary to design with slopes steeper than 4H:1V.  In the case of a pond, steeper 

slopes may be needed to obtain the necessary volume or depth within a given area. In the case of 

a landfill or mine cover, the existing topography may require lining steeper slopes. In such cases, 

the simplified stability analysis presented above will show that the slope is potentially unstable, 

or at least will not provide a factor of safety of 1.5. Bentomat CL may also be used for steeper 

slopes, in which case a more rigorous stability analysis is required to determine if this is really 

the case.  Appendix A provides a detailed review of this method, and the results show that the 

liner system can be stable on a steeper slope as summarized in Table 4. 

Slopes steeper than 4H:1V can also be made stable by installing Bentomat CLT instead of 

Bentomat CL and/or by using reinforcing members (such as geogrids or reinforcing geotextiles) 

to carry the weight of the protective cover.  The same simplified analysis above can be repeated 

for Bentomat CLT.  If the minimum interface friction angle with the cover soil is at least 27 

degrees, a factor of safety of 1.5 can be achieved with a 3H:1V slope with Bentomat CLT.  

If reinforcement is used, it would be separately anchored at the top of the slope and would 

interlock with the cover layer more efficiently than the original interface.  Where synthetic 

reinforcement is necessary, a more extensive stability analysis is required which is best 

performed by an experienced engineer or vendor of reinforcement systems. An example analysis 

method for slopes with veneer reinforcement is provided by Koerner & Soong (2005).  

Reinforced slopes are technically feasible, but project costs could be significantly greater than if 

it is decided to grade the slope more moderately. 
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A mid-slope “bench” can also be considered for certain steep slope applications.  A horizontal 

shelf or bench on the slope will provide buttressing of the cover soil above it, allowing steeper 

slopes to be accommodated.  The analytical method in Appendix A can be used to evaluate the 

benefits of a mid-slope bench. 

GCL Orientation 
 

Installing Bentomat CL with the geofilm side facing upward should result in a stable system on 

most 4H:1V slope systems.  On steeper slopes, Bentomat CL is frequently installed with the 

geofilm side facing down against the subgrade to provide for improved slope stability. In this 

orientation, Bentomat CL may go into tension. With the support of an anchor trench at the top of 

the slope, and the addition of a “buttress effect” provided by the cover material at the toe of the 

slope, the system can still be stable, as discussed in the following sections. 

However, in certain cases, it may be preferable to install Bentomat CL or CLT with the geofilm 

or geomembrane facing upward. This may be the case when the GCL is expected to undergo 

wetting and drying cycles, such as dry detention ponds. Installing Bentomat CL with the geofilm 

side facing up will help allow the bentonite to maintain its moisture, even during periods of 

drought. Bentonite that undergoes wetting and drying cycles can experience an increase in long-

term hydraulic conductivity, depending on the chemistry of the adjacent soil material. Much of 

this research is related to GCLs in cover applications, where GCLs can experience the combined 

effects of desiccation and ion exchange. Installing Bentomat CL with the geofilm facing up will 

help prevent the bentonite from desiccating, and allow a lower overall permeability though 

Bentomat CL. More on this topic can be found in CETCO’s TR-341. 

Another scenario where it may be more favorable to install the GCL with the geofilm side facing 

up is where erosion of the bentonite is a possible. This may be in a river or stream where the 

water current may erode the bentonite. Installing the GCL with the plastic side facing up would 

protect the bentonite from the moving water. 

Installing Bentomat CL with the geofilm side facing up is typically recommended for slopes up 

to 4H:1V. If slopes are steeper, and installing with the geofilm side facing up is preferable, 

Bentomat CLT should be considered for improved slope stability. This will be discussed further 

in the following sections. 

General Design Guidelines for Slope Stability 

Assessing the stability of lined slopes for a pond or landfill cover application can be a confusing 

task from a strictly mathematical standpoint.  This is because many variables are required to 

perform the calculations.  Fortunately, the confusion can be minimized if we examine only the 

relevant data and site conditions.  In order to develop some simplified slope stability guidelines, it 

is assumed: 
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• Bentomat CL is installed with the geofilm facing down. Bentomat CL should be limited 

to 4H:1V slopes when installed geofilm side-up, as discussed in the previous sections. 

• The soil cover layer is 1.5 feet (450 mm) thick, has a unit weight of 130 lbs/ft3  

(20 .4 kN/m3), and an internal friction angle of 34 degrees. These are conservative 

assumptions.  

• The interface friction angle of the geofilm component of Bentomat CL against 

the subgrade is the critical interface and is 20 degrees. 

• The desired safety factor is 1.3. 

 

Using these assumptions, and the analytical method in Appendix A, the following general rules are 

established for Bentomat CL: 

Table 4. Recommended maximum slope lengths for pond lining or capping applications with Bentomat 

CL, when installed geofilm-side down and anchored at the slope crest.  See important notes below: 

 

Important Notes: 

1. In a pond, submerged slopes are subject to sliding due to wave action, scouring, etc .  See 

Section 3. 

2. Method of Giroud and Beech (Appendix A) used to determine slope lengths for steep 

slopes. 

3. This table is to be used as a guideline only.  Site-specific evaluations should always be 

performed, most notably for slopes steeper than 4H:1V. 

4. In a landfill setting, other potential sources of instability include seepage forces within 

the overlying drainage layer, dynamic construction (Koerner and Soong, 2002) and 

buildup of landfill gas underneath the liner (Thiel, 1998). The reader is encouraged to 

review these references. 

Slope Grade 
Slope Angle 

(deg) 

Maximum allowable 

slope length, ft (m)  
Comment 

Up to 4H:1V 0 – 14 Any 
No stability concerns when the slope is 

14 degrees or less. 

Up to 3H:1V 18.4 67 (20.4) 
With 3 ft (1 m) of freeboard this allows 

a water depth of 18 feet (5.4 m). 

Up to 2.5H:1V 21.8 30 (9.1) 
Liner will be in tension on a 2.5H:1V 

slope. 

Up to 2H:1V 26.6 17 (5.2) 
Maximum slopes on any project should 

not exceed these values. 
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Using this table as a guideline, it should be possible to design and construct lined slopes that will 

be stable in the long term.  

Where longer/steeper slopes are lined, Bentomat CLT can be utilized in place of Bentomat CL.  

Site specific shear strength testing is highly recommended for slopes greater than 4H:1V, 

followed by a slope stability analysis to ensure a sufficient factor of safety against sliding.  

Please contact CETCO for material samples for testing. CETCO can also suggest third party 

testing laboratories that are experienced with these test methods. 
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This	procedure	demonstrates	how	a	mathematical	model	can	be	used	to	assess	slope	stability	for	an	Bentomat	CL-lined
pond	in	cases	where	a	simple	sliding	block	analysis	is	inconclusive .		It	is	not	intended	to	derive	or	explain	the	model .	
Readers	are	referred	to	the	full	text	of	the	source	paper	for	detailed	explanations .

The	Giroud	and	Beech	stability	calculation	differs	from	the	simplified	“sliding	block”	model because	it	includes	
consideration	of	toe	buttressing	and	liner	anchorage,	both	of	which	contribute	to	stability .		The method	does	not	include	
pore	water	(seepage)	forces,	which	can	contribute	to	instability .		In	a	water	containment application,	seepage	forces	can	
occur	during	rapid	drawdown	of	the	water	such	as	might	occur	in	a	fire	pond	application .	In	ordinary	use,	however,	rapid	
drawdown	is	not	likely	and	is	not	considered	herein .

Using	this	calculation,	if	the	result	(a)	is	negative,	then	the	liner	system	is	not	in	tension	and	can	be	considered	stable .
If	is	positive,	then	the	geosynthetic	component	of	the	lining	system	above	the	critical	interface	will	be	in	tension .		This	is
because	the	driving	force	cannot	be	transferred	through	frictional	resistance .		If	the	tension	exceeds	the	allowable	amount
for	this	component,	failure	could	occur .		

The	value	for	allowable	tension	is	determined	by	the	ultimate	tensile	strength	of	the	liner,	which	is	reduced	by	an	appro-
priate	percentage	to	ensure	that	the	liner	is	not	excessively	stressed .		Assuming	Bentomat	CL	is	used,	existing	data	
indicates	that	its	ultimate	strength	is	780	lbs/ft	(11 .4	kN/m) .		Assuming	that	the	liner	will	still	remain	functional	in	the
long	term	with	40%	of	this	load	applied,	the	“allowable”	tensile	stress	is	312	lbs/ft	(4 .6	kN/m) .		If	the	designer	opts	to
eliminate	all	tension	on	the	liner,	then	the	analysis	is	performed	to	ensure	that a=0 .		An	example	calculation	is	provided	
below:

A-1

A P P E N D I X A
EXAMPLE CALCULATION FOR SLOPE STABILITY

Slope Stability Equation from Giroud and Beech

Where:
a =	 Liner	tension	per	unit	width

=	 Unit	weight	of	cover	material
Tc	 =	 Thickness	of	cover	material
b	 =	 Slope	angle,	degrees
H	 =	 Slope	height


i
	 =	 Minimum	interface	friction	angle,	degrees

c	 =	 Internal	friction	angle	of	cover	material,	degrees

And:
tan

m  =	tan
i,c

FS

Where:
tan

m		=	mobilized	friction	angles,	with	factor	of	safety	included
FS	 =	factor	of	safety	(engineer-determined)

Reference:	 	 Giroud,	 J .P .,	 and	 J .F .	 Beech	 (1989)	 “Stability	 of	 Soil	 Layers	 on	 Geosynthetic	 Lining	 Systems,” 
Geosynthetics ‘89,	Industrial	Fabrics	Association	International,	pp .	35-46 .



EXAMPLE:

A	pond	is	to	be	constructed	on	compacted	sand	with	a	2 .5H:1V	interior	side	slope .		There	will	be	18	inches	(450	mm)	of
sand	cover	on	the	Bentomat	CL	(allowable	tension	=	312	lb/ft	or	4 .6	kN/m),	with	the	membrane	component	of	the	pond
liner	facing	the	subgrade .		The	slope	is	50	feet	(15 .2	m)	long .		The	designer	prefers	a	safety	factor	of	1 .3 .		Determine	if
the	slope	will	be	stable	both	in	the	as-constructed	and	submerged	conditions .	

Answer:		The	compacted	density	of	the	sand	cover	soil	layer	can	be	reasonably	estimated	as	130	lbs/ft3 (20 .42	kN/m3) .		
The	friction	angle	of	the	sand	is	assumed	to	be	30	degrees	(23 .9	degrees	with	FS=1 .3) .		And	from	the data	in	Table	1,	the	
weakest	interface	is	that	between	the	membrane	component	of	Bentomat	CL	and	the	sand .		For purposes	of	this	
calculation,	the	interface	friction	value	is	assumed	to	be	24	degrees	(18 .9	degrees	with	FS=1 .3),	although site	specific	
tests	are	always	recommended .		Finally,	with	a	2 .5H:1V	slope	50	feet	(15 .2	m)	long,	it	can	be	calculated	that the	slope	
height	(H)	is	18 .6	ft	(5 .67	m) .		Using	the	Giroud	and	Beech	stability	equation,	

The	answer	is	positive,	indicating	that	there	is	tension	on	the	liner .		However,	the	amount	of	tension	is	less	than	the
allowable	value,	so	the	slope	is	stable .		To	evaluate	the	submerged	state,	the	buoyant	force	of	water	(62 .4	lbs/ft3	or	9 .8
kN/m3)	is	subtracted	from	the	unit	weight	of	the	soil .		When	the	calculation	is	repeated,	the	resulting	tension	on	the	liner
system			=	131	lb/ft		(1 .91	kN/m)	and	the	slope	is	still	considered	stable .

A-2



Had	the	simple	sliding	block	calculation	been	performed	using	these	same	values,	the	results	would	have	been:

With	a	desired	factor	of	safety	of	1 .3,	the	simplified	analysis	would	have	shown	that	the	slope	is	not	acceptably	stable .	
Thus	the	modified	analysis	method	can	be	used	to	demonstrate	stability	in	cases	where	the	simplified	method	does	not .
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APPENDIX B

BENTOMAT CL AND CLT INTERFACE SHEAR TEST DATA



COLLOID ENVIRONMENTAL TECHNOLOGIES COMPANY
INTERFACE DIRECT SHEAR TESTING (ASTM D 6243)

Test Series 1: graded aggregate base (GAB) material against the membrane side of Bentomat CL GCL under soaked conditions

Shear Strength δ/φ c/a
Parameters (deg) (psf)
Peak 20 50 1.000
LD 20 40 0.997

Test Shear Normal Shear Lower Soil Upper Soil Failure

No. Box Size Stress Rate Stress Time Stress Time Mode

(in. x in.) (psf) (in./min) (psf) (hour) (psf) (hour) (pcf) (%) (%) (pcf) (%) (%) (%) (%) (psf) (psf)

1A 12 x 12 100 0.040 200 24 - - - - - 128.5 6.1 6.8 31.6 126.9 87 78 (1)
1B 12 x 12 200 0.040 200 24 - - - - - 128.3 6.1 6.6 31.6 119.6 122 108 (1)
1C 12 x 12 400 0.040 200 24 - - - - - 128.4 6.1 6.0 31.6 100.0 195 184 (1)

Notes:

DATE OF TEST: 11 to 12 February 2002

FIGURE NO. B-1

PROJECT NO. SGI2009

DOCUMENT NO. SGI02045
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(1) Sliding (i.e., shear failure) occurred between the soil and the membrane side of the GCL during each test.
(2) The reported total-stress parameters of friction angle and adhesion were determined from a best-fit line drawn through the test data.  Caution should be exercised in using these
      strength  parameters for applications involving normal stresses outside the range of the stresses covered by the test series.  The large-displacement (LD) shear strength was
      calculated using the shear force measured at the end of the test.
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COLLOID ENVIRONMENTAL TECHNOLOGIES COMPANY
INTERFACE DIRECT SHEAR TESTING (ASTM D 6243)

Test Series 2: silty sand material against the membrane side of Bentomat CL GCL under soaked conditions

Shear Strength δ/φ c/a
Parameters (deg) (psf)
Peak 18 40 0.999
LD 16 40 0.999

Test Shear Normal Shear Lower Soil Upper Soil Failure

No. Box Size Stress Rate Stress Time Stress Time Mode

(in. x in.) (psf) (in./min) (psf) (hour) (psf) (hour) (pcf) (%) (%) (pcf) (%) (%) (%) (%) (psf) (psf)

2A 12 x 12 100 0.040 200 24 - - - - - 93.0 22.6 21.7 31.6 128.0 70 66 (1)
2B 12 x 12 200 0.040 200 24 - - - - - 93.2 22.6 21.4 31.6 120.3 105 97 (1)
2C 12 x 12 400 0.040 200 24 - - - - - 93.3 22.6 21.2 31.6 107.2 166 152 (1)

Notes:

DATE OF TEST: 13 to 14 February 2002

FIGURE NO. B-2
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(1) Sliding (i.e., shear failure) occurred between the soil and the membrane side of the GCL during each test.
(2) The reported total-stress parameters of friction angle and adhesion were determined from a best-fit line drawn through the test data.  Caution should be exercised in using these
      strength  parameters for applications involving normal stresses outside the range of the stresses covered by the test series.  The large-displacement (LD) shear strength was
      calculated using the shear force measured at the end of the test.
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COLLOID ENVIRONMENTAL TECHNOLOGIES COMPANY
INTERFACE DIRECT SHEAR TESTING (ASTM D 6243)

Test Series 3: clay soil material against the membrane side of Bentomat CL GCL under soaked conditions

Shear Strength δ/φ c/a
Parameters (deg) (psf)
Peak 19 70 1.000
LD 18 70 1.000

Test Shear Normal Shear Lower Soil Upper Soil Failure

No. Box Size Stress Rate Stress Time Stress Time Mode

(in. x in.) (psf) (in./min) (psf) (hour) (psf) (hour) (pcf) (%) (%) (pcf) (%) (%) (%) (%) (psf) (psf)

3A 12 x 12 100 0.040 200 24 - - - - - 93.0 13.4 13.5 31.6 115.4 104 100 (1)
3B 12 x 12 200 0.040 200 24 - - - - - 93.2 13.4 13.5 31.6 100.0 138 132 (1)
3C 12 x 12 400 0.040 200 24 - - - - - 93.3 13.4 13.4 31.6 94.0 206 195 (1)

Notes:

DATE OF TEST: 14 to 15 February 2002

FIGURE NO. B-3
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(1) Sliding (i.e., shear failure) occurred between the soil and the membrane side of the GCL during each test.
(2) The reported total-stress parameters of friction angle and adhesion were determined from a best-fit line drawn through the test data.  Caution should be exercised in using these
      strength  parameters for applications involving normal stresses outside the range of the stresses covered by the test series.  The large-displacement (LD) shear strength was
      calculated using the shear force measured at the end of the test.
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Shear Strength δ a
Parameters(2) (deg) (psf)
Peak 36 0 1.000
LD 31 0 1.000

Test Shear Normal Shear
No. Box Size Stress Rate Stress Time Stress Time ωi ωs ωf φP cP φLD cLD τP τLD

(in. x in.) (psf) (in./min) (psf) (hours) (psf) (hours) (%) (%) (%) (deg) (psf) (deg) (psf) (psf) (psf) CDS-P CDS-LD

9A 12 x 12 400 0.04 200 24 400 24 99.8 32 75 31 30 294 244 0.91 0.90
9B 12 x 12 0 0 0
9C 12 x 12

DATE OF TEST:
FIGURE NO.
PROJECT NO.
DOCUMENT NO.
FILE NO.

Soil Shear Strength Parameters Shear Strength(1) Coefficient ofGCL

SGI12006

CETCO LINING TECHNOLOGIES - 2012 ANNUAL SHEARING TEST PROGRAM
GCL DIRECT SHEAR TESTING (ASTM D 6243)

11/9/2012
C-1

Direct Sliding
ConsolidationGCL Soaking
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NOTES:
(1) Sliding (i.e., shear failure) occurred at the interface between silty sand and woven geotextile side of GCL.  
(2)The reported total-stress secant friction angle was defined as   δsecant = arctan (shear strength/normal strength).  Caution should be exercised in using the secant friction angle for applications 
involving normal stresses other than the test normal stress.  The large-displacement (LD) shear strength was calculated using the shear force measured at the end of the test.

Upper Shear Box:  Silty sand compacted to approximately 95% of max standard Proctor density at OMC  (γdmax = 98.5 pcf, OMC = 19.0%)/    
Bentomat CL GCL (Lot #200902CV/Roll #1) with black woven geotextile side up against silty sand
Lower Shear Box: Steel grip  (Note: by using steel grip, shear failure was forced to occur at interface between the silty sand and woven geotextile side of GC)    

S12006-09R.ds.xls



Shear Strength δ a
Parameters(2) (deg) (psf)
Peak 39 0 1.000
LD 35 0 1.000

Test Shear Normal Shear
No. Box Size Stress Rate Stress Time Stress Time ωi ωs ωf φP cP φLD cLD τP τLD

(in. x in.) (psf) (in./min) (psf) (hours) (psf) (hours) (%) (%) (%) (deg) (psf) (deg) (psf) (psf) (psf) CDS-P CDS-LD

10A 12 x 12 400 0.04 200 24 400 24 105.5 327 283 #DIV/0! #DIV/0!
10B 12 x 12 0 0 0
10C 12 x 12

DATE OF TEST:
FIGURE NO.
PROJECT NO.
DOCUMENT NO.
FILE NO.

SGI12006

CETCO LINING TECHNOLOGIES - 2012 ANNUAL SHEARING TEST PROGRAM
GCL DIRECT SHEAR TESTING (ASTM D 6243)

11/9/2012
C-2

Direct Sliding
ConsolidationGCL Soaking Soil Shear Strength Parameters Shear Strength(1) Coefficient ofGCL
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NOTES:
(1) Sliding (i.e., shear failure) occurred at the interface between clay soil and geotextile side of GCL.  
(2)The reported total-stress secant friction angle was defined as   δsecant = arctan (shear strength/normal strength).  Caution should be exercised in using the secant friction angle for applications 
involving normal stresses other than the test normal stress.  The large-displacement (LD) shear strength was calculated using the shear force measured at the end of the test.

Upper Shear Box:  Clay soil compacted to approximately 95% of max standard Proctor density at 3% + OMC  (γdmax = 114 pcf, OMC = 15.0%)/    
Bentomat CL GCL (Lot #200902CV/Roll #1) with black woven geotextile side up against clay soil 
Lower Shear Box: Steel grip  (Note: by using steel grip, shear failure was forced to occur at the interface between clay soil and woven geotextile side of GC)     

S12006-10R.ds.xls



Shear Strength δ a
Parameters(2) (deg) (psf)
Peak 45 0 1.000
LD 36 0 1.000

Test Shear Normal Shear
No. Box Size Stress Rate Stress Time Stress Time ωi ωs ωf φP cP φLD cLD τP τLD

(in. x in.) (psf) (in./min) (psf) (hours) (psf) (hours) (%) (%) (%) (deg) (psf) (deg) (psf) (psf) (psf) CDS-P CDS-LD

11A 12 x 12 400 0.04 200 24 400 24 102.4 45 45 42 15 402 291 0.90 0.78
11B 12 x 12 0 0 0
11C 12 x 12

DATE OF TEST:
FIGURE NO.
PROJECT NO.
DOCUMENT NO.
FILE NO.

SGI12006

CETCO LINING TECHNOLOGIES - 2012 ANNUAL SHEARING TEST PROGRAM
GCL DIRECT SHEAR TESTING (ASTM D 6243)

10/30/2012
C-3

Direct Sliding
ConsolidationGCL Soaking Soil Shear Strength Parameters Shear Strength(1) Coefficient ofGCL
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NOTES:
(1) Sliding (i.e., shear failure) occurred at the interface  between GAB material and geotextile side of GCL). 
(2)The reported total-stress secant friction angle was defined as   δsecant = arctan (shear strength/normal strength).  Caution should be exercised in using the secant friction angle for applications 
involving normal stresses other than the test normal stress.  The large-displacement (LD) shear strength was calculated using the shear force measured at the end of the test.

Upper Shear Box:  Graded aggregate base (GAB) material compacted to approximately 95% of max standard Proctor density at OMC  (γdmax = 137 pcf, OMC = 5.7%)/       
Bentomat CL GCL (Lot #200902CV/Roll #1) with black woven geotextile side up against GAB material 
Lower Shear Box: Steel grip  (Note: by using steel grip, shear failure was forced to occur at the interface between GAB material and geotextile side of GCL) 

S12006-11R.ds.xls



Shear Strength δ a
Parameters(2) (deg) (psf)
Peak 36 0 1.000
LD 24 0 1.000

Test Shear Normal Shear
No. Box Size Stress Rate Stress Time Stress Time ωi ωs ωf φP cP φLD cLD τP τLD

(in. x in.) (psf) (in./min) (psf) (hours) (psf) (hours) (%) (%) (%) (deg) (psf) (deg) (psf) (psf) (psf) CDS-P CDS-LD

20A 12 x 12 400 0.04 200 24 400 24 124.2 290 177 #DIV/0! #DIV/0!
20B 12 x 12 0 0 0
20C 12 x 12

DATE OF TEST:
FIGURE NO.
PROJECT NO.
DOCUMENT NO.
FILE NO.

SGI12006

CETCO LINING TECHNOLOGIES - 2012 ANNUAL SHEARING TEST PROGRAM
GCL DIRECT SHEAR TESTING (ASTM D 6243)

12/15/2012
C-20

Direct Sliding
ConsolidationGCL Soaking Soil Shear Strength Parameters Shear Strength(1) Coefficient ofGCL
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NOTES:
(1) Sliding (i.e., shear failure) occurred at the interface between clay and textured geomembrane of GCL.  
(2)The reported total-stress secant friction angle was defined as   δsecant = arctan (shear strength/normal strength).  Caution should be exercised in using the secant friction angle for applications 
involving normal stresses other than the test normal stress.  The large-displacement (LD) shear strength was calculated using the shear force measured at the end of the test.

Upper Shear Box:  Clay soil compacted to approximately 95% of max standard Proctor density at 3% + OMC  (γdmax = 114 pcf, OMC = 15.0%)/      
Bentomat CLT GCL with 20 mil textured geomembrane (asperity = 13 mils) with black textured geomembrane side up against clay soil   
Lower Shear Box: Concrete sand 

S12006-20R.ds.xls



Shear Strength δ a
Parameters(2) (deg) (psf)
Peak 33 0 1.000
LD 28 0 1.000

Test Shear Normal Shear
No. Box Size Stress Rate Stress Time Stress Time ωi ωs ωf φP cP φLD cLD τP τLD

(in. x in.) (psf) (in./min) (psf) (hours) (psf) (hours) (%) (%) (%) (deg) (psf) (deg) (psf) (psf) (psf) CDS-P CDS-LD

21A 12 x 12 400 0.04 200 24 400 24 114.9 45 45 42 15 257 214 0.58 0.57
21B 12 x 12 0 0 0
21C 12 x 12

DATE OF TEST:
FIGURE NO.
PROJECT NO.
DOCUMENT NO.
FILE NO.

SGI12006

CETCO LINING TECHNOLOGIES - 2012 ANNUAL SHEARING TEST PROGRAM
GCL DIRECT SHEAR TESTING (ASTM D 6243)

12/15/2012
C-21

Direct Sliding
ConsolidationGCL Soaking Soil Shear Strength Parameters Shear Strength(1) Coefficient ofGCL

0

160

320

480

640

800

0 160 320 480 640 800
Normal stress (psf)

Sh
ea

r 
St

re
ng

th
 (p

sf
)

Peak
LD
Linear (Peak)
Linear (LD)

0

100

200

300

400

500

0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2
Displacement (in.)

Sh
ea

r 
St

re
ss

 (p
sf

)

21A

R2

NOTES:
(1) Sliding (i.e., shear failure) occurred at the interface between GAB material and textured geomembrane of GCL.  
(2)The reported total-stress secant friction angle was defined as   δsecant = arctan (shear strength/normal strength).  Caution should be exercised in using the secant friction angle for applications 
involving normal stresses other than the test normal stress.  The large-displacement (LD) shear strength was calculated using the shear force measured at the end of the test.

Upper Shear Box:  Graded aggregate base (GAB) material compacted to approximately 95% of max standard Proctor density at OMC  (γdmax = 137 pcf,  OMC = 5.7%)/     
Bentomat CLT GCL with 20 mil textured geomembrane (asperity = 13 mils) with black textured geomembrane side up against GAB material
Lower Shear Box: Concrete sand

S12006-21R.ds.xls



Shear Strength δ a
Parameters(2) (deg) (psf)
Peak 28 0 1.000
LD 24 0 1.000

Test Shear Normal Shear
No. Box Size Stress Rate Stress Time Stress Time ωi ωs ωf φP cP φLD cLD τP τLD

(in. x in.) (psf) (in./min) (psf) (hours) (psf) (hours) (%) (%) (%) (deg) (psf) (deg) (psf) (psf) (psf) CDS-P CDS-LD

17A 12 x 12 400 0.04 200 24 400 24 120.6 32 75 31 30 213 178 0.66 0.66
17B 12 x 12 0 0 0
17C 12 x 12

DATE OF TEST:
FIGURE NO.
PROJECT NO.
DOCUMENT NO.
FILE NO.

Coefficient ofGCL

SGI12006

CETCO LINING TECHNOLOGIES - 2012 ANNUAL SHEARING TEST PROGRAM
GCL DIRECT SHEAR TESTING (ASTM D 6243)

11/23/2012
C-1

Direct Sliding
ConsolidationGCL Soaking Soil Shear Strength Parameters Shear Strength(1)
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NOTES:
(1) Sliding (i.e., shear failure) occurred at the interface between silty sand and textured geomembrane f GCL.  
(2)The reported total-stress secant friction angle was defined as   δsecant = arctan (shear strength/normal strength).  Caution should be exercised in using the secant friction angle for applications 
involving normal stresses other than the test normal stress.  The large-displacement (LD) shear strength was calculated using the shear force measured at the end of the test.

Upper Shear Box:  Silty sand compacted to approximately 95% of max standard Proctor density at OMC  (  γdmax = 98.5 pcf, OMC = 19.0%)/       
Bentomat CLT GCL (20 mil textured HDPE geomembrane) with textured HDPE geomembrane side up against silty sand   
Lower Shear Box: Concrete sand

S12006-17.ds.xls




