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SLOPE STABILITY OF
GEOSYNTHETIC CLAY LINER TEST PLOTS

In Cincinnati Ohio, fourteen large-scale test plots were constructed under the supervision of the US
EPA to evaluate the slope stability of geosynthetic clay liners at low normal stresses when used in
typical landfill cover applications. Five plots were constructed on slopes having a 3H:1V configuration
and nine were constructed on slopes having a 2H:1V configuration. Plots were approximately 9
meters wide with the 2H:1V slopes 20 meters long and the 3H:1V slopes 29 meters long. Several
different GCL configurations were evaluated in this study to determine the internal and interface shear
parameters of the GCL'’s in their installed configurations.

All of the GCL-lined 3:1 slopes were found to be stable, with little or no internal or interface shear
displacement occurring over several years of monitoring. Most of the 2:1 slopes were also stable,
although sliding failures eventually occurred at the geomembrane-GCL interface as would be
predicted by shear box testing.

Based on experience from these test plots, the practice of conducting laboratory direct shear tests on
GCL'’s and using limit equilibrium methods to determine slope stability of design configurations has
been validated. Analysis of these test plots has substantiated that current design methods can
effectively predict the slope stability of a design.
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SLOPE STABILITY OF GEOSYNTHETIC CLAY LINER TEST PLOTS

By David E. Daniel,' Robert M. Koerner,” Rudolph Bonaparte,’ Robert E. Landreth,*
David A. Carson,” and Heather B. Scranton®

ABsTRACT: Fourteen full-scale field test plots containing five types of geosynthetic clay liners (GCLs) were
constructed on 2H:1V and 3H:1V slopes for the purpose of assessing slope stability. The test plots were designed
to simulate typical final cover systems for landfills. Slides occurred in two of the 2H:1V test plots along interfaces
between textured geomembranes and the woven geotextile components of internally reinforced GCLs. One
additional slide occurred within the unreinforced GCL component of a 2H:1V test plot, when the GCL unex-
pectedly became hydrated. All 3H:1V slopes have remained stable. Results of laboratory direct shear tests
compared favorably with field observations, providing support for the current design procedures that engineers
are using for assessing the stability of slopes containing GCLs.

INTRODUCTION

Geosynthetic clay liners (GCLs), which consist of a thin
layer of bentonite sandwiched between two geotextiles or
mixed with an adhesive and attached to a geomembrane, are
a relatively new type of linear material receiving widespread
use in landfill liner and final cover systems. Information on
GCLs may be found in Koerner (1994), Daniel and Koerner
(1995), Koerner and Gartung (1995), Well (1997), and the ref-
erences therein.

While GCLs enjoy many favorable hydraulic characteristics,
they suffer from limitations as a result of the low shear
strength of hydrated bentonite (Mesri and Olson 1970; Olson
1974; and Gilbert et al. 1996). A shearing failure involving a
GCL can occur at three possible locations: (1) The external
interface between the top of the GCL and the overlying ma-
terial (soil or geosynthetic); (2) internally within the GCL; and
(3) the external interface between the bottom of the GCL and
the underlying material (soil or geosynthetic). Current engi-
neering design practice is to establish appropriate internal and
interface shear strength parameters for design using direct
shear tests on 300-mm? test specimens and employing tradi-
tional limit equilibrium techniques for analyzing slope stabil-
ity. However, the low shear strength of bentonite, the limited
number of laboratory test results available, the inherent limi-
tations of laboratory direct shear tests, the uncertainty over use
of peak versus residual shear strength, the newness of GCLs,
and the lack of field experience with GCLs all lead to ques-
tions about the long-term stability of GCLs on relatively steep
slopes.

The project described in this paper was designed to docu-
ment the performance of full-scale field test plots containing
GCLs. The test plots were designed to investigate the internal
shear strength of these materials, although (as demonstrated
by this study) the interface shear strengths were in some cases
less than the internal shear strengths and exerted a controlling
influence on the behavior of some test plots.

FIELD TEST PLOTS

Fourteen field test plots were constructed at a test site in
Cincinnati, Ohio. The layout of the plots is shown in Fig. 1.
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Five plots (Plots A—-E) were constructed on a 3H:1V slope,
and nine plots (Plots F-L, N, and P) were built on a 2H:1V
slope. Plot P was built where Plot G had originally been lo-
cated, after a slide occurred at Plot G. An additional plot (M)
did not contain a GCL; this plot was constructed to study
erosion of surface soils and is not discussed further, Plots on
the 2H:1V slope were nominally 20 m long, whereas those on
the 3H:1V slope were 29 m long. All plots were two GCL
panel widths (~9 m) wide and were covered with 0.9 m of
soil.

A typical cross section of a test plot is shown in Fig. 2. In
general, the test plots were constructed with a double-sided
textured geomembrane overlaying the GCL, which would be
typical of a final cover system for a landfill. However, GCLs
also are used in final cover systems without geomembranes.
Hence, three plots were constructed with no geomembrane.
The plots were drained above the geomembrane using a geo-
composite drainage layer (geotextile/geonet/geotextile system)
or, for the plots that did not contain a geomembrane, a sand
drainage layer.

Ratlonale for 2H:1V and 3H:1V Slopes

The rationale for selecting the 2H:1V and 3H:1V slope in-
clinations was as follows. The 3H:1V slope was selected to be
representative of the typical final cover systems for landfills
in use today. To confirm that GCLs are safe against internal
failure on 3H:1V slopes, it must be shown that GCLs are not
only stable, but are stable with an adequate factor of safety.
For an infinite slope consisting of cohesionless interfaces with
no seepage, the factor of safety (F) is

_tand
=anB B 1)

where ¢ = angle of internal friction; and = slope angle.
Many engineers design permanent slopes to have a minimum
factor of safety for static loading of 1.5. The ratio of tan 3 for
a 2H:1V slope to tan B of a 3H:1V slope is 1.5. Subject to
the assumptions listed earlier, if a GCL is demonstrated to be
stable on a 2H:1V slope (i.e., F > 1.0), the same GCL is
demonstrated to be stable on a 3H:1V slope with F > 1.5.
Therefore, the 2H:1V slopes were chosen to demonstrate in-
ternal stability of GCLs on 3H:1V slopes with F > 1.5. How-
ever, it was recognized that constructing 2H:1V slopes was
pushing the GCLs to (and possibly beyond) their limits of
stability, if not with respect to the internal shear strength of
the GCLs, certainly with respect to the various interfaces
within the system and perhaps the subsoils, as well.

GCLs Clay Liners

Three types of GCLs, shown schematically in Fig. 3, were
used: (1) Geotextile-encased, needle-punched GCLs (Bento-
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FIG. 2. Cross Section of Test Plots on 3H:1V Slope with Geo-
membrane Overlying GCL

mat ST, Bentofix NS, and Bentofix NW); (2) a geotextile-
encased, stitch-bonded GCL (Claymax S00SP); and (3) a geo-
membrane-supported GCL (Gundseal). Table 1 summarizes
the type of GCL installed in each plot, the targeted and actual
inclinations of the slopes, and the dimensions and cross section
of each test plot.

Bentofix NS and Bentomat ST [Fig. 3(a)] consist of ben-
tonite encased between nonwoven and woven geotextiles.
Bentofix NW [Fig. 3(a)] consists of bentonite encased between
two nonwoven geotextiles. As indicated in Table 1, either the
woven or nonwoven geotextile faced upward, depending on
the GCL and test plot. Which geotextile component (woven
or nonwoven) was in contact with a textured geomembrane
turned out to be very important. Fig. 4(a) depicts the cross
section for the two test plots (B and G) in which the woven
geotextile component of the GCL faced upward and interfaced
with a textured high-density polyethylene (HDPE) geomem-
brane. Fig. 4(b) depicts the cross section for Plots D, I, and N
in which the nonwoven geotextile component of the GCLs
faced upward and interfaced with an overlying textured HDPE
geomembrane. The downward-facing GCL component (inter-

(B) Geotextile-Encased, Stitch-Bonded GCL
HASET T bbbttt
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AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
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(C) Geomembrane-Supported GCL
. e
Geomembrane
FIG. 3. Types of GCLs Used in Test Plots

Y
St

facing with the subsoil) was a woven geotextile for Plots D
and N and a nonwoven geotextile for Plot L.

Claymax 500SP [Fig. 3(b)] consists of bentonite mixed with
an adhesive and encased between two woven slit-film geotex-
tiles that are stitched together. Lines of stitching are spaced
100 mm apart. The two geotextile components are identical in
this type of GCL.

Gundseal [Fig. 3(c)] is an unreinforced GCL consisting of
bentonite mixed with an adhesive and bonded to a geomem-
brane. The geomembrane component was a textured, 0.8-mm-
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TABLE 1. Information on Test Plots
Nominal Target Actual Actual |Actual
slope slope slope slope plot GCL side

Test inclination angle angle length | width Cross section GCL side facing
plot Type of GCL (H:V) (degrees) | (degrees) {(m) {(m) (top to bottom) facing upward downward
(1) &) ®) @ ) ® | 0 (8) ©) (10)

A Gundseal 3:1 184 169 289 10.5 | Soil/GDL/GM/GCL | Bentonite Geomembrane

B Bentomat ST 3:1 184 17.8 289 9.0 {Soil/GDL/GM/GCL | Woven GT Nonwoven GT

C | Claymax 500SP 3:1 18.4 17.6 28.9 8.1 | Soil/GDL/GM/GCL | Woven GT Woven GT

D Bentofix NS 31 184 17.5 289 9.1 jSoil/GDL/GM/GCL | Nonwoven GT Woven GT

E Gundseal 31 184 17.7 28.9 10.5 | Soil/GDL/GCL Geomembrane Bentonite

F Gundseal 2:1 26.6 23.6 20.5 10.5 | Soil/GDL/GM/GCL | Bentonite Geomembrane
G Bentomat ST 2:1 26.6 235 20.5 9.0 | Soil/GDL/GM/GCL | Woven GT Nonwoven GT

H |Claymax 500SP 2:1 26.6 24,7 20.5 8.1 | Soil/GDL/GM/GCL | Woven GT Woven GT

I Bentofix NW 2:1 26.6 24.8 20.5 9.1 | Soil’'GDL/GM/GCL | Nonwoven GT Nonwoven GT

J Bentomat ST 2:1 26.6 24.8 20.5 9.0 | Soil/GT/Sand/GCL | Woven GT Nonwoven GT
K | Claymax SOOSP 2:1 26.6 25.5 20.5 8.1 | Soil/GT/Sand/GCL | Woven GT Woven GT

L Bentofix NW 2:1 26.6 249 20.5 9.1 } Soil/GT/Sand/GCL | Nonwoven GT Nonwoven GT
M | Erosion Control 2:1 26.6 235 20.5 7.6 {Soil No GCL No GCL

N Bentofix NS 2:1 26.6 229 20.5 9.1 §}Soil/GDL/GM/GCL | Nonwoven GT Woven GT

P Gundseal 2:1 26.6 24,7 205 9.0 | Soil/GDL/GM/GCL | Bentonite Geomembrane
Note

liner.

: GDL = geocomposite (geotextile/geonet/geotextile) drainage layer; GM = textured geomembrane; GT = geotextile; GCL = geosynthetic clay

(A) Plots with Woven Geotextile Facing Upward
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FIG. 4. Cross Sections of Test Plots with Geotextile-Encased
GCLs Showing either Woven Geotextile (Plots B and G) or Non-
woven Geotextile (Plots D, I, and N) interfacing with Textured
HDPE Geomembrane

thick HDPE material. With this product, the exposed surface
of the bentonite component was covered with a thin geotextile
called a “spider net,’”” which is used to help prevent loss or
dislodgment of loose particles of bentonite from the GCL dur-
ing storage, transportation, and installation. The spider net was
incorporated in all plots with the geomembrane-supported
GCL, except for Plot P, which did not contain the spider net.
Fig. 5 shows the two ways in which this type of GCL was
used, with the bentonite component either facing upward [Fig.
5(a)] or downward [Fig. 5(b)]. When the bentonite was facing

(A) Plots with Bentonite Component Facing Upward

7,
2
/

Cover Soll ¥y

Geocomposite

Drainage Layer

Textured HDPE

Geomembrane
7 Z

GCL (Bentonite Up) { //// ~——Bentonite

— - Textured HDPE
[ it Geomembrane

Subsoll
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FIG. 5. Cross Sections of Test Plots with Geomembrane-Sup-
ported GCL Showing Bentonite Component Facing elther Up-
ward (Plots A, F, and P) or Downward (Plot E)

upward (as in Plots A, F, and P), the bentonite was encased
between two geomembranes. In this condition, the bentonite
was expected to remain essentially dry, except for spot hydra-
tion along the overlap or near any imperfections in the over-
lying geomembrane or geomembrane seams. When the ben-
tonite faced downward (as in Plot E), the bentonite was
expected to hydrate by absorbing moisture from the subsoil.

Other Materials

A 1.5 mm (60 mil) textured HDPE geomembrane supplied
by National Seal Co. was used for the geomembrane compo-
nent that was placed on top of the GCL in all test plots except
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Plots J, K, and L, which contained no geomembrane. Plot P,
which was constructed with the same type and thickness of
geomembrane, was supplied by GSE Lining Technologies, Inc.
The geocomposite drainage layer consisted of two nonwoven
geotextiles heat-bonded to both sides of a geonet. The cover
soil was a silty, clayey sand obtained from an on-site borrow
source.

Construction

Construction of the test plots began on November 15, 1994
and was completed on November 23, 1994. The only excep-
tion is Plot P, which was constructed on June 15, 1995.

The test plots were first graded to provide a smooth sub-
grade, as shown in Fig. 6. Next, geosynthetics were installed
by pulling them down from the crest of the slope (Fig. 7), and
then cover soil was placed (Fig. 8) by starting at the bottom
of the slope and working upslope. all test plots, except Plot
M, were then covered with a geosynthetic erosion control ma-
terial and seeded with a mixture of grasses.

In plots incorporating a geocomposite drainage layer, the
geomembrane and geocomposite were extended beyond the
GCL at the toe of the slope and another 1.5 m past the end of
the cover soil (Fig. 2). For plots constructed with a sand drain-
age layer (Plots J, K, and L), a piece of geosynthetic drainage
material was embedded in the sand at the toe of the slope and
then extended 1.5 m beyond the end of the cover soil.

All of the geosynthetic materials in each test plot were
brought into their respective anchor trenches (Fig. 2), which
were then backfilled. Because the purpose of each test plot
was to test the internal shear strength of a particular GCL, the
toe of each test plot was excavated at the completion of con-

FIG. 6. Graded Surface of 2H:1V Test Plots Prior to Installation
of GCLs

FIG. 7. Installation of GCL on 2H:1V Test Plot

FIG. 8. Placement of Cover Soil from Bottom Upward on 2H:
1V Test Plots

All Geosynthetics above the
Mid-Plane of the GCL Were Cut,
including the Upper Geotextile or
Geomembrane Component of the
GCL (if Present)

Geomembrane

Cap Strip

~05m:

. (3eomembrane : : -

Geocomposit
Drainage Layer

FIG. 9. Cross-Sectional View of Anchor Trench Showing Lo-
cation where Geosynthetics Were Cut to Transfer Shear Load to
the Internal Structure of GCL

struction to the shape shown in Fig. 2 so that no buttressing
(i.e., passive) force could be mobilized at the toe of the slope.
Similarly, and tension in the geosynthetic components located
above the GCL would reduce the shearing stress to be carried
by the internal structure of the GCL. To prevent the devel-
opment of tension in the geosynthetic components above the
midplane of the GCL, components above the midplane of the
GCL were cut as shown in Fig. 9. Cutting occurred in the
spring of 1995, after the winter thaw and about five months
after construction of the test plots. However, the geosynthetics
were not cut in Plot P, which was constructed later for the
purpose of evaluating hydration of bentonite encased between
two geomembranes (cutting the geosynthetics would have pro-
vided a pathway for water to enter the bentonite near the crest
of Plot P).

INSTRUMENTATION

Instrumentation and calibration of instruments for the field
test plots is described by Scranton (1996) and Koerner et al.
(1996) and is summarized subsequently.

Moisture Sensors

It was expected that GCLs placed in contact with subgrade
soils would hydrate by absorbing moisture from the subgrade.
Project-specific testing (Bonaparte et al. 1997) indicated that
substantial hydration of GCLs occurred within 10-20 days for
GCLs placed in contact with the subgrade soils from the test
site, even for subgrade soils compacted at a moisture content
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4% dry of the standard Proctor optimum moisture content.
Moisture sensors were installed to verify that the bentonite did
hydrate. However, in the case of Plots A, F, and P, the ben-
tonite component of the geomembrane-supported GCL was en-
cased between two geomembranes [Fig. 5(a)] with the expec-
tation that the bentonite would remain dry. Thus, for Plots A,
F, and P, moisture sensors were installed to verify that the
bentonite remained unhydrated.

Gypsum blocks and fiberglass moisture sensors (Daniel et
al. 1992) were used to monitor in-situ moisture contents. These
instruments were selected based on low cost and the ability to
use multiple instruments to provide redundancy. Gypsum
blocks were placed in subgrade soils about 50 mm below the
GCL. Fiberglass sensors were placed in contact with the GCL,
either at the interface between the GCL and subsoil or (for
bentonite encased between two geomembranes) between the
GCL and geomembrane. Typically, three fiberglass sensors
were deployed at each test plot, near the crest, middle, and toe
of the slope. However, 16 sensors were installed in Plot P.
Moisture sensors were typically monitored every 1-4 weeks.

Displacement Gauges

Displacement gauges (extensiometers) were installed in
each test plot (except Plot P, which was constructed only to
monitor the moisture content of the bentonite) to measure total
and differential displacements in the GCL at multiple locations
along the slope. Pairs of stainless steel fish hooks were em-
bedded into both the upper and lower geosynthetic compo-
nents of a GCL and then glued with epoxy as shown in Fig.
10. A stainless steel wire was attached to the fishhooks and
threaded through 6-mm-outside-diameter plastic tubing, which
protected the wire and minimized friction between the wire
and overlying soil. Each wire extended from the fishhook to
a monitoring point about 1.5 m beyond the crest of the slope.
During construction, the monitoring point consisted of wooden
stakes driven into the soil above the crest of the slope. After
construction, the extensiometer wires were connected to a

Expanded Viewof  (~ Sy, w
i Ngm S, 6-mm-OD
Upper Extensiometer ,b%if,”s e Piastio Tubing
Q,/a”oh:" Stainless
ore’op Steel Cable
S/c’pe
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FIG. 10. Displacement Gauges Attached to Upper and Lower
Surface of GCL
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FIG. 11. Locations of Displacement Monitoring Points and
Monitoring Table at Top of Slope for Reading Displacement
Gauges

more permanent structure (Fig. 11) at the crest of the slope,
where the displacements have been monitored for three years.

Fishhooks were attached to the upper and lower surfaces of
each GCL panel at five equally spaced locations along the
slope (Fig. 11), resulting in 20 extensiometer monitoring
points per test section. The accuracy of the extensiometer
measurements was estimated to be ~+10 mm. Displacements
were typically measured every 1-4 weeks.

LABORATORY DIRECT SHEAR TESTS

The project schedule did not permit laboratory shear tests
to be performed prior to construction. Instead, internal shear
strength data from Shan and Daniel (1991), Daniel et al.
(1993), and Shan (1993) were used for design of the test plots.
Gilbert et al. (1996) and Well (1997) provide additional in-
formation on internal shear strength of GCLs. As initial data
on the performance of the test plots became available, it be-
came apparent that certain geomembrane-GCL interfaces were
more critical with respect to slope stability than the internal
shear strength of the GCLs. Thus, the limited laboratory test-
ing program focused on interfaces.

Interfaced direct shear tests were conducted to evaluate tex-
tured geomembrane-GCL interfaces and the sand-GCL inter-
face for one GCL. The tests were performed using 300- by
300-mm specimens according to ASTM D5321, with samples
taken from the same lots of materials deployed in the field.
The GCLs were subjected to a normal load of 17 kPa (equiv-
alent to the field value in the test plots) and then hydrated for
10 days. However, the geomembrane-supported GCL with
bentonite encased between two geomembranes was not hy-
drated because the bentonite in the field was not expected to
become hydrated. The rate of shear was 1 mm/min according
to ASTM D5321. All tests were single-point tests (i.e., one
normal load of 17 kPa). For simplicity of presentation, the test
results were interpreted in terms of a secant friction angle (¢).
Peak and large-displacement (50 mm) secant friction angles
are summarized in Table 2.
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TABLE 2. Summary of Results of Laboratory Direct Shear Tests

Large-
Peak displacement
secant friction | secant friction
Applicable angle angle
test plot Type of GCL GCL Interface component Opposing interface °) )
(1) 3] 3 @ (5) (6)
AEF, and P | Gundseal Dry bentonite Textured HDPE geomembrane 37 35
B and G Bentomat ST Woven slit-film geotextile Textured HDPE geomembrane 23 21
C and H Claymax 500SP | Woven slit-film geotextile Textured HDPE geomembrane 20 20
I Bentofix NW Nonwoven needle-punched geotextile | Textured HDPE geomembrane 37 24
K Claymax 500SP | Woven slit-film geotextile Drainage sand 31 31
Dand N Bentofix NS Nonwoven needle-punched geotextile | Textured HDPE geomembrane 29 22

Note: Plots J and L (plots with drainage sand and no geomembrane) were not specifically evaluated because a relatively high-friction angle (31°) was

measured for Plot K, which also had drainage sand and no geomembrane.
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FIG. 12. Summary of Total Downslope Displacement that Oc-
curred during Construction

PERFORMANCE OF TEST PLOTS
Construction Displacements

The displacements that occurred in the GCLs were divided
into construction and postconstruction displacements. Dis-
placements were usually largest for the monitoring points lo-
cated closest to the toes of the slopes (gauges 5-left and S-
right in Fig. 11) and least for monitoring points located closest
to the crests of the slopes (gauges 1-left and 1-right in Fig.
11).

Maximum downslope movements measured during con-
struction are summarized in Fig. 12. Total movements were
~20-40 mm for the 3H:1V slopes, and 60—200 mm for the
2H:1V slopes. Differential displacements between the upper
and lower surfaces of the GCLs were less than the resolution
of the extensiometers (i.e., <10 mm). Mobilization of shear
resistance at various interfaces within the system and devel-
opment of tension in the geosynthetic components caused con-
struction displacements. The test plots with the largest move-
ments during construction for the 2H:1V slopes were Plots H
and K and for the 3H:1V slopes was Plot C. All three of these
plots contained a geotextile-encased GCL that, with woven
slit-film geotextiles on both surfaces, had the lowest interface
shear resistance of all of the GCLs tested.

Test Plot G had the lowest displacement of the 2H:1V test
plots, probably because the soil at this test plot was less clayey
than some of the others and because the component of the
GCL in contact with the subsoil was a nonwoven geotextile
(nonwoven geotextiles generally have better interface shear re-
sistance with soils than do woven slit-film geotextiles). Plot F
had the second lowest movement of the 2H:1V test plots, and
plot A had the smallest movement of the 3H:1V plots. In Plots
A and F, the textured geomembrane component of the GCL
interfaced with the subgrade soil. In general, a textured geo-

TABLE 3. Summary of Performance of Field Test Plots
Maximum total
Maximum total | post-construction
post-construction differential
Stability of test plot as of displacement displacement
Plot Slope Type of GCL February 1998 (mm) (mm)
(1) () (3) 4 (6 6)
A 3H:1V | Gundseal Stable <10 <10
B 3H:1V | Bentomat ST Stable <25 <25
C 3H:1V | Claymax 500SP | Stable <25 <10
D 3H:1V | Bentofix NS Stable <35 <15
E 3H:1V | Gundseal Stable <25 <10
F 2H:1V | Gundseal Slide occurred on March 24, 1996 (internal slide within GCL) —_ 750
G 2H:1V | Bentomat ST Slide occurred on January 12, 1995 (interface slide between —_ 25
lower side of geomebrane and upper woven geotexile compo-
nent of GCL)
H 2H:1V | Claymax S00SP | Slide occurred on December 10, 1994 (interface slide between — 130
lower side of geomembrane and upper woven geotextile com-
ponent of GCL)
I 2H:1V | Bentofix NW Large deformation in subsoil <170 <10
J 2H:1V | Bentomat ST Large deformation in subsoil <450 <30
K 2H:1V | Claymax 500SP |Large deformation in subsoil <750 <75
L 2H:1V | Bentofix NW Large deformation in subsoil <280 <125
N 2H:1V | Bentofix NS Stable <30 <10
P 2H:1V | Gundseal Stable NA NA

Note: Total deformation is the total amount of downslope movement; differential deformation is the difference between downslope movement of the

upper and lower surfaces of the GCL.
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TABLE 4. Summary of Calculated Factor of Safety (F) and Ac-
tual Slope Stabllity

Peak Large-
Slope| friction |displacement Large

Test|angle| angle |[friction angle| Peak | displacement GCL
piot| (%) ) °) F F performance
M| @ 3 4 (5) (6) @

A | 169 37 (D) 35 (D) (25D 23 (D) Stable

B |178 23° 21° 1.3 1.2° Stable

C ] 176 20° 20° 11° 1.1° Stable

D | 175 29° 22° 1.8 1.3 Stable

E | 177 20 (H)" 20 (H)* 1.1 (N 1.1 (H)* Stable

F | 236 20 (H)* 20 (H* |0.8 (W) 0.8 (H)* Internal Slide
G | 235 23° 21° 1.0° 0.9° Internal Slide
H | 247 20° 20° 0.8° 0.8° Internal Slide

I 24.8 37 24° 1.6° 1.0° Stable®

J | 248 | ~31° ~31° 1.3° 1.3° Stable®

K | 255 31° 31° 1.3 1.3° Stable®

L | 249 | ~31° ~31° 1.3° 1.3° Stable’

N | 229 | ~37° ~24° 1.8° 1.1° Stable

‘Internal GCL strength for dry (D) or hydrated (H) bentonite.

*GCL-geomembrane interface.

°GCL-drainage sand interface.

“Large displacement occurred in subsoil below GCL, but not in or at the inter-
face with GCL.

membrane also has comparatively good interface shear resis-
tance (generally better than a woven slit-film geotextile).

Postconstruction Performance of 3H:1V slopes

Postconstruction displacements are summarized in Table 3.
All 3H:1V slopes have remained stable during the three years
of observation. Total downslope displacements have been <35
mm, and differential displacements have been <10-25 mm.
No visual evidence of displacement or surface cracking exists.

Test Plot A (Bentonite between Two Geomembranes)

The bentonite component of the GCL was expected to re-
main dry because the bentonite was encased between two geo-
membranes. As indicated in Table 4, measured peak and large-
displacement interface secant friction angles between dry
bentonite and textured HDPE were 37 and 35°, respectively.
Since the slope angle was 16.9°, the slope should be stable as
long as the bentonite remains dry. Calculated factors of safety
[(D] for interface failure, summarized in Table 4, range from
2.3 to 2.5 for Plot A.

Fiberglass moisture sensors in Plot A have provided variable
results; two of the three moisture sensors have indicated that
the bentonite has remained dry, but one sensor near the crest
of the slope has indicated some hydration. Two borings were
drilled by hand near the crest and toe of the test plot in March
1995, and 100-mm-diameter samples of the GCL were re-
moved. The water contents of the bentonite in the GCL at the
crest and toe were 27 and 24%, respectively. These values are
essentially identical to the water content at the time of instal-
lation, confirming that the bentonite had not hydrated. Indi-
vidual fiberglass moisture sensors have been found during cal-
ibration to have relatively large scatter (Scranton 1996).
However, the trends indicated by the majority of the moisture
sensors at any one test plot have been verified when direct
sampling and moisture content determination were performed.

Test Plots B, C, and D (Geotextile-Encased GCLs)

The bentonite in these geotextile-encased GCLs was ex-
pected to hydrate by absorbing moisture from subgrade soils.
Most of the fiberglass moisture sensors have indicated that the
bentonite has hydrated, although less than expected. One fac-
tor inhibiting hydration may have been the relatively dry,
sandy subsoils on the 3H:1V test plots, compared to the 2H:
1V test plots, which had more clayey, wetter subsoils.

Experience has shown that GCL interface shear strengths
are typically less than internal shear strengths for internally
reinforced GCLs such as those used in Test Plots B, C, and
D, when tested at low normal stress (Gilbert et al. 1996). Peak
interface secant friction angles between the upward-facing
geotextile component of the GCLs and the textured HDPE
geomembrane were found to be 20-29° and large-displace-
ment friction angles were found to be 20—22° for essentially
full hydration of the GCL. The test plots have remained stable
because the slope angles are 17.5-17.8° i.e., less than the
interfacial friction angles. The calculated factors of safety for
an interface failure for Plots B—D range from 1.1 to 1.8 (Table
4).

Test Plot E (Unreinforced GCL)

Test Plot E was constructed with the bentonite portion of
the geomembrane-supported GCL facing downward. Interface
shear tests were not performed on the hydrated GCL because
the internal shear strength under consolidated-drained condi-
tions had already been studied. These previous tests were per-
formed on fully hydrated samples at water contents of ap-
proximately 150%. Resulting interface shear strengths were
found to vary with normal stress (Fig. 13). For the normal
stress acting on the GCL in Test Plot E (17 kPa), the drained
angle of internal friction for fully hydrated bentonite is ap-
proximately 20°. The slope angle at Plot E was 17.7°. Thus,
Plot E is expected to be stable, but only with F = tan(20°)/
tan(17.7°) = 1.1 for an infinite slope.

As with most of the other test plots, the fiberglass moisture
sensors for Plot E have yielded variable results, with some
sensors indicating that the bentonite has become hydrated and
others indicating that it has not become hydrated. A boring
was drilled and a sample was taken from near the crest of the
slope (the driest area) in March 1995, and the water content

§ 40 ] T
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§ 30 Ny ' M Direct Shear | |
c ) 1
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FIG. 13. Variation of Secant Angle of Internal Friction with
Normal Stress for Hydrated Bentonite in Gundseal Sheared un-
der Consolidated-Drained Conditions [from Shan (1993)]
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FIG. 14. Influence of Water Content of Bentonite on Drained
Angle of Internal Friction [from Daniel et al. (1993)]
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of the bentonite was found to be 46%. Eight more borings
were drilled in April 1996, at various locations along the full
length of the slope. The water content varied between 54 and
79%, and averaged 60%. Daniel et al. (1993) previously mea-
sured the shear strength of the bentonite component of this
same type of geomembrane-supported GCL as a function of
water content using a direct shear apparatus and a slow rate
of shear that allowed excess pore water pressures to dissipate
fully. The range of normal stress used in the testing program
was 27—139 kPa. The highest water content (~145%) was
achieved by fully hydrating the bentonite. Results, plotted in
Fig. 14, show that once the water content of the bentonite
reaches 50% or more, the shear strength declines to a value
approximately equal to the strength of fully hydrated benton-
ite. In other words, the bentonite does not have to be fully
hydrated for bentonite’s strength to be greatly reduced. This
fact is obvious from handling a GCL; at 50% water content,
the bentonite feels hydrated and very slick. Thus, the average
water content of 60% in Test Plot E should be sufficiently large
to replicate the strength reduction associated with full hydra-
tion of the bentonite.

Postconstruction Performance of 2H:1V Plots

Most of the GCLs at the 2H:1V test plots have remained
stable (though there has been displacement in the subsoils at
many plots), but there have been slides involving GCLs at
Plots F, G, and H. All three slides occurred as massive block
slides. Two of the slides are shown in Fig. 15. The surfaces
of the two plots appear different because different erosion con-
trol materials were placed on the surfaces. The white materials
on the upper portions of the slopes are the GCLs, which re-
mained intact. Before these two slides are analyzed, however,
Plots F and P are discussed.

Test Plots F and P (Bentonite between Two Geomembranes)

Plots F and P, like Plot A, contained bentonite encased be-
tween two geomembranes. The bentonite in these test plots
was expected to remain dry. However, within three months
after Plot F was constructed, two of the three moisture sensors
indicated that the bentonite had become hydrated.

To evaluate the condition of the bentonite, 17 borings were
drilled into Plot F in March 1995, and 100-mm-diameter sam-
ples of the GCL were recovered. The water content of the
bentonite samples varied from 10 to 188%, and the data
showed that the right panel was much more hydrated than the
left panel. In contrast to these field data, Estornell and Daniel
(1992) reported laboratory test results for this same GCL in
which water migrated laterally through the geomembrane-en-

FIG. 15. Photograph of Slides Involving Plot G (Left) and Plot
H (Right)

Differential Displacement Vs. Time -- Left Panel

Time (days)

100 200

00 400 500

EE 100t *
EE Geosynthetics Cut
3 g 200 + Next to Anchor Trench
5]
22 a0
8 Key to Extensometers:
ET 4001 | ™ No.1(Crestof Siope)
§ 5 o~ No.2

3 500 —— No.3
3'5 —o— No. 4
Q 600 1

—~&— No. 5 (Toe of Slope)
700 4

Differential Displacement Vs. Time -- Right Panel

Time (days)
3 400 500

200 1

300 1

400 1

Displacement Above GCL (mm) -
Displacement Below GCL (mm}

Key to Extensometers:
500 1 —®—  No. 1 (Crest of Slope)
—0— No.2
600 —— No.3
—o— No.4
70 | _ae No.5(Toe of Siope)

FIG. 16. Deformations in Plot F

cased bentonite less than 100 mm over a test duration of six
months.

Plot F was located at a point where surface water at the
crest of the slope was funneled directly to the anchor trench
area where penetrations were made for the extensiometer ca-
bles. Water may have entered the bentonite through cuts made
in the geomembrane for the extensiometer cables or from the
edges of the plots where drainage trenches were located. Once
water entered the bentonite, the mechanism for lateral move-
ment was probably through small gaps beneath occasional
wrinkles or waves in the overlying geomembrane that were
not completely smoothed out during installation. Unfortu-
nately, the plot slid before a complete forensic study could be
performed.

Displacement sensors showed large movements in the right
panel of Plot F during the first period of observation, but not
in the left panel (Fig. 16). About 275 days after starting con-
struction (August 1995), the left panel began to move down-
slope, suggesting that the bentonite in the left panel also was
starting to become hydrated.

Plot F slid on March 24, 1996, 495 days after construction
began. The cause of the slide is hydration of the bentonite; the
peak angle of internal friction for hydrated bentonite at the
normal stress existing in the field was 20°, but the slope angle
was 23.6° (factor of safety, F = 0.8, for internal failure). In
contrast, the peak interface friction angle for dry bentonite was
37°. Had the bentonite not hydrated, the slope should have
remained stable.

In response to the unexpected hydration, Plot P was con-
structed at the location of the former Plot G on June 15, 1995.
Extensiometers were not installed in Plot P to eliminate all
penetrations in the overlying geomembrane. The number of
fiberglass moisture sensors in the bentonite was increased from
3 in the other test plots to 16 in Plot P to provide additional
documentation of moisture conditions. All but 1 of the 16
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moisture sensors have indicated that the bentonite has re-
mained dry after more than two years of monitoring Plot P.
Plot P would not have remained stable had the bentonite be-
come hydrated.

It appears that of the three plots for which bentonite was
encased between two geomembranes (Plots A, F, and P), the
bentonite has remained dry at two plots (Plots A and P), and
has become hydrated at one (Plot F). The lesson learned seems
to be that geomembranes above and below the bentonite block
access to water, but if water can contact the bentonite, it can
spread along wrinkles or waves in the geomembrane. The keys
to keeping bentonite dry appear to be limiting access of the
bentonite to water and limiting the ability of water to spread
by minimizing waves or wrinkles in the geomembrane.

Test Plots G and H

Test Plots G and H consisted of geotextile-encased GCLs.
Both plots slid (Fig. 15) at the interface between the upper
geotextile (a woven slit-film geotextile in both cases) and the
lower surface of the overlying textured HDPE geomembrane.
Plot H slid 20 days after construction, ad Plot G slid 50 days
after construction. Preslide displacements were small (<25-
130 mm). There was no warning of either slide. Both slides
occurred when no one was observing the plots, and the slides
apparently occurred quickly.

Test Plot H was constructed on a 24.7° slope, but the mea-
sured peak and large-displacement interface friction angles for
the relevant materials under hydrated conditions were only
20°, yielding a factor of safety of 0.8 (Table 4) for interface
faiture. Test Plot H did not slide immediately because the in-
terfacial shear strength of the dry GCL was sufficient to main-
tain a stable slope. The slope slid when the bentonite hydrated
sufficiently to drop the factor of safety below 1.0. Tests re-
ported by Bonaparte et al. (1997) showed that bentonite in the
GCLs hydrated in a period of 10—20 days when placed in
contact with the subgrade soils from the test plots. Tests re-
ported by Daniel et al. (1993) indicated similar periods of hy-
dration of the bentonite in GCLs for other soils. Thus, the
sliding time of 20 days after construction is consistent with
the expected time required for the bentonite to absorb moisture
from subgrade soils.

When GCLs containing a woven geotextile component be-
come hydrated, bentonite can extrude through the openings of
the geotextile and lubricate the GCL-geomembrane interface
(Gilbert et al. 1996). After the slide, the surface of the GCL
was very slick. The tendency of bentonite to lubricate the geo-
membrane-GCL interface is related to the openings between
yarns in the woven slit-film geotextile. The size of these open-
ings is essentially impossible to control because there is no
bonding at the points of yarn contact.

Test Plot G was slower to slide, but the slope angle (23.5°)
was 1.2° flatter than for Plot H, and the interface shear strength
between the GCL and overlying geomembrane (23° peak, 21°
large displacement) was 1-3° higher. Also, a nonwoven geo-
textile faced downward in Plot G, but a woven slit-film geo-
textile faced downward in Plot H. GCLs absorb water more
slowly from subgrade soils when the geotextile separating the
bentonite from the subsoil is a thicker nonwoven geotextile
(Jahangir 1994). Thus, the reason why Plot G slid 30 days
later than Plot H is that the bentonite in the GCL at Plot G
was separated from wet subgrade soils by a thicker, nonwoven
geotextile, which slowed hydration. The calculated factor of
safety for Plot G ranged from 0.9 to 1.0 for interface failure
under hydrated conditions (Table 4).

Plots I and N with Nonwoven Geotextile Component Facing
Upward

Plots I and N are similar to Plot G, except that the GCL
contained either one nonwoven geotextile with the nonwoven

FIG. 17. Photograph of Scarp at Plot | Created by Slide in Sub-
soil beneath Test Plot

geotextile facing upward (Plot N) or two nonwoven geotextiles
(Plot I). The slope angles at Plots I and N were similar to the
other 2H:1V plots. However, the interface friction angle be-
tween the nonwoven geotextile component of the GCL and the
textured HDPE (37° peak and 24° large displacement) was
much greater than for the woven slit-film geotextile compo-
nent of the GCLs that slid. The GCLs and their interfaces have
remained stable at Plots I and N because of the higher interface
shear resistance between a nonwoven geotextile component of
a GCL compared to a woven geotextile component. The higher
interface shear resistance from the nonwoven geotextile is at-
tributed to (1) larger shear resistance developed between non-
woven geotextiles and textured geomembranes in general; and
(2) less hydrated bentonite extrusion to the interface for the
thicker nonwoven geotextile. The calculated factors of safety
for Plots I and N range from 1.1 to 1.8 (Table 4) for interface
failure.

After 2 1/2 years of monitoring, the total downslope move-
ment of Plot I had reached ~170 mm near the toe of the slope,
when a slide occurred in the subsoil beneath the GCL (Fig.
17). Excavation into the scarp revealed that the sliding surface
was located about 1 m below the GCL and within a wet, plas-
tic clay material. In this case, the GCLs and their interfaces
were actually stronger than the native subsoils. Similar failures
in foundation soils occurred in nearby plots.

Plots J, K, and L with No Geomembrane

These plots were constructed by placing drainage sand di-
rectly above the GCL. The GCLs at all three test plots have
remained stable, although total displacements, which were
negligible during the first year of observation, increased to
280—750 mm (Table 3) by the end of the third year of obser-
vation. The peak secant interface friction angle between the
sand drainage material and GCL was 31° for a woven slit-film
component (Table 2) and, although not measured, presumably
more for a nonwoven component. An interface friction angle
of 31° is significantly greater than the slope angle (~25°),
resulting in a computed factor of safety of 1.3 for interface
failure, which explains the stability of the GCLs and their in-
terfaces in these test plots.

Large displacements have occurred in the foundation soils
at Plots I, J, and K, similar to the displacements at Plot I (Fig.
17). The displacements developed in the subsoils beneath the
test plots during the wet spring season of 1997. Sliding oc-
curred in some plots, but as shown in Fig. 17, the sliding
occurred below the GCLs. Again, the GCLs and their inter-
faces were stronger than the foundation soils.
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CONCLUSIONS

Fourteen test plots, designed to replicate typical final cover
systems for solid waste landfills, were constructed to evaluate
the internal shear strength of GCLs under full-scale field con-
ditions on 2H:1V and 3H:1V slopes. Five different types of
GCLs were evaluated. The test plots have been observed for
over three years. All test plots were initially stable, but over
time as the bentonite in the GCLs became hydrated, three
slides (all on 2H:1V slopes) involving GCLs have occurred.
One slide involved an unreinforced GCL in which bentonite
that was encased between two geomembranes unexpectedly
became hydrated. The other two slides occurred on 2H:1V
slopes at the interface between the woven geotextile compo-
nents of the GCLs and the overlying textured HDPE geomem-
branes.

The experience from these test plots provides several con-
clusions of practical significance to engineers. At the low nor-
mal stresses associated with landfill cover systems, the inter-
face shear strength is generally lower than the internal shear
strength of internally reinforced GCLs. The key (weakest) in-
terface, should it exist, will typically be between a woven geo-
textile component of the GCL and the adjacent material, which
in this case was a textured HDPE geomembrane. The interface
strength may be low in part because of the tendency of ben-
tonite to extrude through the openings in the relatively thin,
woven geotextile and then into the interface as the GCL hy-
drates. Design engineers are encouraged to consider GCLs
with relatively thick, nonwoven geotextile components in crit-
ical situations where high interface shear strength is required.

Current engineering practice for evaluating the stability of
GCLs on slopes is to conduct direct shear tests and then to
use limit-equilibrium methods of slope stability analysis to cal-
culate factors of safety based on the results of those tests. The
experience from the test plots has validated this process. All
three test plots that slid had calculated factors of safety of less
than 1.0. All remaining (stable) test plots had factors of safety
greater than 1.0. Although technical issues associated with in-
ternal and interface direct shear testing of GCLs remain, it is
gratifying to have documented field data that substantiate the
current design process.

Engineers can design stable slopes with GCLs and take ad-
vantage of the excellent hydraulic properties of these materi-
als, but engineers must not design slopes that exceed the safe
slope angle for the GCLs or their respective interfaces within
the system. Based on the experience from this study, 2H:1V
slopes are too steep to be stable with a factor of safety nor-
mally considered adequate, but 3H:1V slopes (depending on
materials) can be constructed with factors of safety of at least
1.5 for the conditions existing in this project, and probably
many others, as well.

The writers plan to continue monitoring of the remaining
test plots for several more years.
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