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Abstract

Methods of limiting the mobilization of boundary friction during large-scale laboratory
testing of buried pipes (geopipes) are investigated. A small scale investigation using a direct
shear apparatus examined the e!ectiveness of di!erent con"gurations of unlubricated and
lubricated geosynthetic treatments intended to reduce the boundary friction mobilized between
a steel}soil interface. Results from direct shear tests indicated that applying a double layer of
thin polyethylene sheeting lubricated with silicon grease yielded an angle of friction of about 53,
provided that the interface treatment received adequate protection from the back"ll material.
Tests conducted in the large-scale test facility suggest that this interface treatment successfully
limits boundary e!ects arising from interface friction. ( 1999 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

Large scale laboratory testing can be a valuable tool in the assessment of the
structural performance of di!erent geosynthetic systems including walls (e.g. Bathurst
et al., 1988; Wu, 1991) and of buried #exible geopipe (e.g. Zanzinger and Gartung,
1995, 1998; Moore et al., 1998; Brachman et al., 1998). In either case, the objective is to
obtain a model that can closely simulate the "eld conditions while allowing the
installation and collection of data under much more controlled conditions than is
practical in the "eld.
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Fig. 1. Schematic of laboratory model to simulate "eld behaviour.

The drainage layer in land"ll leachate collection systems typically consists of
thick polyethylene pipes surrounded by a layer of coarse drainage gravel as shown
schematically in Fig. 1. The loading condition can be represented by a block of soil
subject to a uniform vertical pressure p

7
due to the weight of the overlying waste,

and a corresponding horizontal pressure attributed to the lateral earth pressures p
)
.

To investigate the response of thick walled HDPE leachate collection pipe under
large overburden pressures, a test cell capable of simulating the biaxial compressive
earth loading was developed by Brachman et al. (1999). A high pressure air bladder
is used to model the uniform distributed load acting on the top soil boundary. The
dimensions (H, B, L) and sti!ness of the cell were selected to reduce the in#uence
of the "nite boundaries of the test cell on the vertical and horizontal stress "eld
around the pipe to a negligible level (Brachman et al., 1999). In particular, the
sidewalls of the test cell were designed to be su$ciently sti! to limit lateral movements
u
9

and u
:

to a negligible level and allow for the generation of at-rest lateral earth
pressure within the soil. However in order to approximate these conditions, careful
consideration must also be given to minimizing sidewall friction, since shear stresses
that develop at the boundary may reduce the load reaching the pipe and alter the
stresses in the soil. Hence a method of limiting the sidewall friction is necessary, in
order to establish boundary conditions that are as close to "eld conditions as is
possible.

One method of minimizing the impact of sidewall friction has been to treat the
soil/wall interface with a plastic/geosynthetic sheeting system to reduce the frictional
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resistance along the sidewall boundary. Although there has been considerable
research relating to the interface properties of geosynthetics, there is a need for more
data relating to the reduction of frictional interaction between the soil/geosyn-
thetic/structure interface.

2. Past research on interface friction treatment

Bathurst and Benjamin (1988) investigated a number of methods of minimizing side
wall friction on a large scale retaining wall test facility, using direct shear tests.
Preliminary tests in a large 1 m2 shear apparatus were conducted by Bathurst and
Jarrett (1986), using well compacted dry sand under a low con"ning stresses. The
interface treatment consisted of two unrestrained layers of 0.135 mm thick polyethy-
lene sheeting over Plexiglas. In an identical test, silicon oil was introduced between the
two polyethylene sheets in an attempt to further minimize the sidewall friction. The
results of the polyethylene/Plexiglas test indicated a friction angle of /"203 (c"0)
with no apparent bene"t due to the introduction of the silicon oil when conducted at
low con"ning stresses.

Additional testing was conducted by Bathurst and Benjamin (1988) using a smaller
60 mm by 60 mm shear box and well compacted dry sand under a con"ning stress is
between 15 and 70 kPa.The interface treatment, again, consisted of two unrestrained
layers of 0.135 mm thick polyethylene sheeting over Plexiglas. The results from these
tests yielded a peak friction angle of /"153 (c"0). These tests also indicated that the
sidewall friction capacity was fully mobilized after a relatively small deformation
(approximately 0.5 mm of shear displacement). In both the large and small scale tests,
there was no sand dilation and no reduction in /

48
observed at large deformations.

These "ndings were consistent with observations that the shearing occurred between
the layers of polyethylene sheeting. From these observations they assumed that the
full sidewall friction capacity would be mobilized during placement and compaction
of sand in the retaining wall test facility.

Taw"q and Caliendo (1993) conducted tests in a modi"ed direct shear apparatus
(127 mm by 127 mm) in order to examine friction treatments that might reduce the
down-drag settlement of piles. Di!erent con"gurations of polyethylene sheeting were
used to cover concrete blocks (some tests were also conducted using steel blocks)
intended to simulate the pile surface. Tests were conducted using a poorly graded sand
and a crushed limestone. Normal stress were applied over a range of 18.9 kPa to
40.6 kPa to simulate lateral stresses on a pile shaft at burial depths between 4.5 m and
10 m. The tests were also carried out at three di!erent temperatures: 53C, 253C and
403C. The interface treatments consisted of six di!erent polyethylene sheeting ar-
rangements between the soil and the block, at shear rates varying from 0.0025 to
1 mm/min as summarized in Table 1.

The frictional resistance of the 0.15 mm polyethylene (PE) sheets was signi"cantly
a!ected by the surface roughness of the underlying concrete blocks and much lower
frictional resistance was observed for tests using a smooth steel plate. Test with
a 1 mm thick HDPE sheet gave larger frictional resistance than the 0.15 mm sheet and
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Table 1
Interface treatment results from Taw"q and Caliendo (1993)

Interface Angle of friction

Concrete}Limestone 443
Concrete}Sand 343

Interface treatment Reduction in frictional resistance

Steel } 0.15 mm PE Sheet 1 layer } Sand 80% (6.83)
Concrete } 0.15 mm PE Sheet 1 layer} Sand 67% (11.23)
Concrete } 1 mm HDPE GM 1 layer } Sand 60% (13.63)
Concrete } 0.15 mm PE Sheet 2 layers } Sand 77% (7.83)
Concrete } 0.15 mm PE Sheet 2 layers w/ Mineral Oil } Sand 80}98% (6.8}0.73)
Concrete } 0.15 mm PE Sheet 1 layer} Limestone 62% (16.73)
Concrete } 1 mm HDPE GM1 layer } Limestone 69% (13.63)
Concrete } 0.15 mm PE Sheet 2 layers } Limestone 77% (10.13)
Concrete } 0.15 mm PE Sheet 2 layers w/ Mineral Oil } Limestone 80}98% (8.8}0.93)

this was attributed to surface roughing induced during the manufacturing of the
HDPE geomembrane used.

Taw"q and Caliendo (1993) noted that for the unlubricated sheeting arrangements,
an increase of temperature from 53C to 403C resulted in an increase of frictional
resistance of 12% for the single 0.15 mm PE sheet samples, and approximately 10%
for the double layer of 0.15 mm PE sheeting. The increase was slightly higher for the
shear tests using the crushed gravel sample than the tests using sand. The e!ect of
increasing the shear rate from 0.0025 to 1 mm/min increased the frictional resistance
by 8}12% for the unlubricated arrangements.

The lubricated sheets exhibited the lowest frictional resistance. Depending on
temperature and shear rate, the lubricated sheet resulted in a decrease of frictional
resistance of 80}98%, relative to the untreated concrete-soil interfaces. The interface
behavior for the lubricated sheets were found to be dependent on shear rate and
temperature. The greatest frictional reduction was most apparent at low shear rates
('0.0025 mm/min) and high temperatures (403C) where the frictional resistance was
reduced by 98%. At a similar shear rate (0.0025 mm/min) and temperature (253C) the
e!ectiveness of the lubricated sheets was 94%. Conversely the least frictional reduc-
tion occurred at high shear rates (1 mm/min) and low temperature (53C), where the
frictional resistance was reduced to 80%.

Taw"q (1994) examined bitumen coatings for reducing downdrag in piles. The "rst
interface treatment consisted of bitumen-concrete coating. Two bitumen materials
were used and are commercially known as AC-5 and AC-30, with viscosity ranges (at
603C) of 500}600 poise and 3000}3600 poise, respectively. The shear rate for the
bitumen tests varied from 0.0025 to 1 mm/min.

Table 2 summarizes the results from the bitumen interface tests for shear rates of
0.25 and 1 mm/min. The results indicate that the shear behavior was in#uenced by the
bitumen type, shear rate, temperature, normal stress and soil type. At all temperatures,
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Table 2
Bitumen treatment results from Taw"q (1994)

Shear rate 0.25
mm/min

0.25
mm/min

0.25
mm/min

1.0
mm/min

1.0
mm/min

1.0
mm/min

Bitumen
type

Soil type 563C 253C 53C 563C 253C 53C

/ c / c / c / c / c / c

AC 5 Sand 0 0.1 1.9 0.7 5.3 6.2 0.4 0.3 4.1 1.6 7.5 16

AC 30 Sand 0.4 0.5 0.5 2 4.9 32 0.3 0.4 0.4 0.5 5.5 41
Limestone 7.6}

46.4
8.2 9.2 11 41 } } } } } }

the normal stress and grain size of the soil in#uenced the penetration of the soil
into the lubricating layer of bitumen, resulting in higher frictional resistance at
higher normal stresses. The larger more angular crushed limestone caused the
largest increase in frictional resistance, indicating the need to provide some
protection to the interface when using coarse grained material, especially at high
stresses. The di!erent viscosity of the bitumen materials resulted in a lower frictional
resistance for the less viscous AC-5 and a larger frictional resistance for the more
viscous AC-30. In addition, increasing the temperature caused a decreased viscosity
of bitumen material, resulting in a decrease in frictional resistance. However, for
the AC-30 at 563C, the decrease in viscosity allowed soil penetration of the
crushed limestone to increase in frictional resistance at higher normal stresses. The
increase in shear strain rate from 1.3]10~5 s~1 to 1.3]10~4 s~1 resulted in an
increase in frictional resistance by a factor of 2 to 4, indicating that the relative
performance of the lubricating bitumen will be dependant on the strain rate selected
for testing.

Discussions held at the International Symposium on Earth Reinforcement (Rowe,
1996) suggest that the use of geosynthetics for interface treatments should address
short and long term deformation behavior of the soil/geosynthetic interface. Two
issues of particular concern were raised. The "rst related to the e!ects of soil
penetration into the geosynthetic that may compromise the e!ectiveness of such
friction reducing layers. The second concerned the use of lubricants between the two
polyethylene sheets to reduce friction and the potential for chemical interactions
between the lubricant and the geosynthetic that could possibly decrease the e!ec-
tiveness of the lubricant over time. A few authors have utilized lubricated plastic sheet
methods over long test intervals, (e.g. Zanzinger and Gartung, 1996; Wu, 1991) but
little information is available on its long term performance. This present paper
attempts to respond to both of these issues with respect to the system adopted for the
pipe test facility.
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3. Pipe test cell

The geometry of the pipe test cell is indicated in Fig. 2. The critical zones for friction
treatment are the four side walls that are lined with 40 mm thick steel plates welded to
very heavy steel sections. In order to estimate the stress strain behavior of the soil in
the test cell, settlement plates were installed to measure the soil displacement in
a series of preliminary tests. The plates were placed near the center of the test cell
284 mm from the soil surface (see Fig. 2). For these preliminary tests, the cell was
back"lled using a poorly graded sand (SP) and compacted using tamping rods to
a dry density of 1700 kg/m3. Fig. 3 shows the soil displacement measured with
settlement plates. Averaging the total soil displacement over the total testing period
yields an average rate of displacement of 0.03 mm/min. However, the soil settlement
during each incremental load occurs at rates of 0.4 to 0.46 mm/min with an average
rate of 0.42 mm/min during the actual loading period. Since Taw"q and Caliendo
(1993) found that increasing rate of shearing increases the frictional resistance
when utilizing lubricated interface treatments, a shear rate of 0.45 mm/min
was selected in order obtain a conservative estimate of frictional resistance in the
direct shear testing.

4. Direct shear testing

The primary goal of the shear box tests conducted in this study was to identify an
interface treatment that would minimize the shear stresses developed along the steel
walls of the pipe test cell. Direct shear tests were performed in the 152 mm]152 mm
direct shear box developed and described by Rowe et al. (1982,1985). Since it was
intended that loading in the biaxial pipe test would involve the application of pressure

Fig. 2. Settlement plates in geopipe test cell.
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Fig. 3. Settlement plots for biaxial pipe tests using sand (SP) and applying 50 kPa every 40 minutes.

increments of 50 kPa that would be held constant for 40 minutes (see Fig. 3) the shear
rate and con"ning stress were selected to correspond to these conditions as discussed
above.

The tests conducted in the pipe test cell were to involve two di!erent back"ll
materials, a poorly graded sand (SP) and an angular 50 mm coarse drainage gravel
(GP), grading curves are given in Fig. 4. For the direct shear tests the sand was placed
and compacted using a small tamping plate to a dry density of 1715 kg/m3 at
a moisture content of 2.1%. The dry gravel was dumped in place at an average density
of 1410 kg/m3 and a sand bag was placed on top of the gravel layer to help distribute
load from the loading plate to the gravel. Jewel and Wroth (1987) and Palmiera (1988)
recommend that the plane dimensions of the direct shear apparatus be one hundred
times greater than the mean particle size of the soil to be tested. This was not practical
for the coarse gravel and in this case the results may not mimic what would occur in
the large test box, however these results could still be expected to provide a useful
measure of the e!ectiveness of di!erent forms of surface treatment.

In total six di!erent interfaces were considered, using the soils that were to be used
in the biaxial pipe tests. Table 3, summarizes the tests conducted and the interfaces
tested. The "rst set of interface tests consisted of a single layer of plastic sheet overlain
by a geotextile and the second set involved double layers of plastic sheeting and
lubricants. The plastic sheeting used throughout the interface testing was a clear
0.1 mm polyethylene sheet (PE), and a 2 mm HDPE geomembrane (GM).
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Fig. 4. Grain size distribution for sand (SP) and gravel (GP).

Table 3
Interface treatments examined in present study

Unlubricated tests Lubricated tests

Short-term tests PE-GT1-Sand PE-SE-PE-GT2-GM-Sand
PE-GT1-Gravel PE-DC-PE-GT2-GM-Sand
PE-PE-GT1-Sand PE-DC-PE-GT2-GM-Gravel

Long-term tests PE-DC-PE-GT2-GM-Sand
Exhumation After Pipe Test
PE-DC-PE-GT2-GM-Gravel
Long Term Shear Tests

Two needle punched nonwoven geotextiles were used: geotextile GT1 (Terra"x
600R) had a mass per unit area M

A
"435 g/m2; geotextile GT2 was a lighter fabric

(Terra"x 200R) with M
A
"121 g/m2. Two di!erent silicon grease lubricants were

used: lubricant SE denotes grease KS63W/G manufactured by Shin-Etsu while
lubricant DC denotes grease DC44 manufactured by Dow Corning.

4.1. Unlubricated interface tests

The "rst set of unlubricated tests explored the response of a single layer of
polyethylene sheets (PE) overlain by geotextile GT1 using the two soils (Fig. 5a). The
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Fig. 5. Interface tests: (a) unlubricated single layer PE, (b) unlubricated double layer PE, (c) lubricated
double layer.

polyethylene sheet (PE) was placed in the bottom half of the shear box "xed to a block
of steel used to simulate the sidewalls of the test cell. The geotextile was placed in grips
used to provide biaxial restraint (Rowe et al., 1982,1985) and the soil placed in the
upper half of the shear box. Three tests were conducted at each con"ning load for each
interface investigated. For the interface tests employing the coarse gravel, additional
tests were performed to explore the e!ect of soil variability attributed to testing large
particle soils in the direct shear apparatus.

The second set of unlubricated tests introduced a second layer of polyethylene
sheeting (PE) between geotextile GT1 and the polyethylene sheet (PE) "xed to the
steel block (see Fig. 5b). In addition, two alternative sheet boundaries were examined
for the second polyethylene layer: (i) "xed by attaching it to the grips and (ii) free,
allowing for movement in all directions. The unlubricated double layer interface was
only tested with the sand sample.

4.2. Lubricated interface tests

The lubricated tests were investigated using a double layer of polyethylene sheeting.
The bottom layer was "xed to the steel block used to simulate the walls of the test cell
and the upper layer placed free. The two polyethylene sheets were placed with a thin
layer of lubricant between them. This was followed by the geotextile GT2, a 2 mm
geomembrane GM and "nally the soil(see Fig. 5c). The geomembrane was intended to
protect the interface from the particle indentation, identi"ed to be a problem based on
the work of Taw"q (1994) as discussed previously.
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The "rst series of tests were short term tests to examine the two di!erent lubricants.
The DC silicon grease was tested with both the sand and the gravel, while the SE
silicon was tested with only the sand material.

A second series of tests were conducted to examine the long term behavior of the
lubricated interface for the PE-DC-PE-GT2-GM con"guration. These tests utilized
samples taken from preliminary tests conducted in the pipe test facility with sand
back"ll. Samples (350 mm]350 mm) were cut from each sidewall after completion of
the pipe test and placed in the direct shear apparatus. Special care was taken to ensure
that the contact between the two PE sheets was not disturbed. The top and bottom
PE sheets were trimmed for placement in the direct shear box, allowing su$cient
material for "xing the bottom PE to the steel base, while leaving the top PE sheet free.
The tests were conducted at similar shear rate and con"ning stress to that previously
used for the original lubricated tests.

A third series of `long terma tests were conducted using the PE-DC-PE-GT2-GM
con"guration in contact with the coarse gravel under a con"ning stress of 100 and
150 kPa. In these `long terma tests samples were allowed to sit for a minimum of one
month under the applied normal stress prior to shearing in the same manner as the
original `short terma tests with the lubricated interfaces. The results of the direct shear
tests are summarized in Table 4.

5. Direct shear results for unlubricated interfaces

Fig. 6 shows typical results of shear stress versus horizontal displacement for the
tests with an interface consisting of a single polyethylene sheet and the geotextile GT1
in contact with sand (PE-GT1-Sand). In these tests the relative displacement occurred
between the geotextile and the polyethylene sheet and little displacement was required
to mobilize peak shear strength (less than 1 mm for normal stresses up to 50 kPa and
roughly 4 mm for 150 kPa). Little variation was observed in the response once the
peak strength was reached.

Table 4
Results from the direct shear tests

Interface treatment Angle of friction

Unlubricated interfaces PE-GT1-Gravel /
1
"213

PE-GT1-Sand /
1
"173

PE-PE-GT1-Sand /
1
"133

Lubricated interfaces PE-SE-PE-GT2-GM-Sand /
1
"133

PE-DC-PE-GT2-GM-Gravel /
1
"4.63

PE-DC-PE-GT2-GM-Sand /
1
"4.43

PE-DC-PE-GT2-GM-Sand /
1
"4.53

Exhumation after pipe test
PE-DC-PE-GT2-GM-Gravel /

1
"83, /

3
"4.63

Long-term shear tests
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Fig. 6. Shear behaviour of unlubricated PE-GT1-Sand interface.

Fig. 7 shows a series of direct shear data for the PE-GT1-Gravel interface treat-
ments. A certain degree of variability was evident in the results and this was attributed
to the variable size and orientation of the gravel and hence the variable contact points
between the coarse gravel and the interface in these tests. Post test examination of the
interface treatments revealed local deformations in the thin polyethylene sheeting, and
at higher con"ning stresses the deformations were combined with small tears in the
sheeting. However, despite the variability there is a clear trend toward a relatively
common residual shear stress for each normal stress level after approximately 4 mm of
displacement for p

N
(50 kPa and 8}10 mm for 100(p

N
(150 kPa.

The direct shear data for the PE-PE-GT1-Sand interface, shown in Fig. 8, display
a similar shearing behavior to that of the single polyethylene sheet interface but at
a lower shear stress level for a given normal stress. There was no discernable e!ect due
to whether the second sheet of polyethylene was placed free or "xed to the grips. In
both cases, the displacement occurred between the two polyethylene sheets.

Fig. 9 shows peak shear stress plotted as a function of the normal stress for all the
unlubricated interface treatments. For the PE-GT1-Sand and PE-PE-GT1-Sand
interfaces, there is a clear linear relationship over the range tested. It may be argued
that the PE-GT-Gravel interface exhibits some nonlinear behavior although, as will
be seen later in the lubricated interface test, this nonlinearity is likely linked to the
scatter induced by the gravel's incursion into the interface.

The presence of a single layer of PE sheeting overlain by the geotextile GT1
(PE-GT1-Sand) resulted in an peak interface angle of friction of /

1
"173, while the

introduction of another polyethylene sheet between the geotextile and "rst polyethy-
lene sheet reduced the peak interface friction angle to /

1
"133(28% reduction). The

PE-GT1-Gravel tests generate the highest angle of friction for the unlubricated
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Fig. 7. Shear behaviour of unlubricated PE-GT1-Gravel interface.

Fig. 8. Shear behaviour of unlubricated PE-PE-GT1-Sand interface.

interfaces, /
1
"213. None of these friction angles were considered to be low enough

for the biaxial test cell.

6. Direct shear results of lubricated interfaces

Figs. 10 and 11 show the results for the lubricated interface in contact with sand and
gravel respectively. Unlike the unlubricated interfaces, comparable shear behavior

204 A.R. Tognon et al. / Geotextiles and Geomembranes 17 (1999) 193}212



Fig. 9. Peak angle friction for unlubricated interfaces.

Fig. 10. Shear behaviour of lubricated PE-DC-PE-GT2-GM-Sand interface.

was observed for both gravel and sand materials. Examination of the interface after
the lubricated gravel tests indicated that there were no deformations or tears in the
polyethylene sheeting and the 2 mm geomembrane had been very e!ective in preven-
ting the gravel from compromising the interface and it had allowed free slippage along
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Fig. 11. Shear behaviour of lubricated PE-DC-PE-GT2-GM-Gravel interface.

Fig. 12. Shear behaviour of lubricated PE-SE-PE-GT2-GM-Sand interface.

the lubricated polyethylene sheets. Long term tests conducted on samples taken from
the sidewalls after a pipe test demonstrate analogous direct shear behavior to that
shown in Figs. 10 and 11. Fig. 12 shows the results of shear tests conducted using the
SE silicon grease. Comparing the results for the two greases (i.e. Figs. 10 and 12) for
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Fig. 13. Long term shear behaviour of lubricated interface PE-DC-PE-GT2-GM-Gravel.

otherwise similar conditions it can be seen that the choice of lubricant can signi"-
cantly in#uence the magnitude of shear mobilized at the interface.

Fig. 13 shows the long term results for the PE-DC-PE-GT2-Gravel interface, unlike
the short term tests a signi"cant peak/post-peak trend is clearly visible. In compari-
son, the short term and long term tests conducted with the PE-DC-PE-GT2-Gravel
exhibit analogous levels of residual shear stress. Post test examination of the interface
revealed signi"cant local deformations in the geomembrane and polyethylene sheet-
ing caused by the gravel.

Fig. 14 shows the relationship between the peak shear stress and the normal
con"ning stress for all the lubricated tests. The short term testing of the lubricated
interfaces using the DC grease, yielded a peak angle of friction of less than 53, for both
the coarse gravel and sand materials. The short term lubricated gravel tests exhibit
a more linear relationship than the unlubricated shear tests on the PE}GT1}Gravel
interface indicating that the placement of a geomembrane between the gravel and the
lubricated double PE sheeting served to protect the polyethylene sheets and impede
the gravel from indenting the slippage plane.

The long term tests conducted with the PE-DC-PE-GT2-GM interface using the
gravel material resulted in a peak and residual angle of friction of 83 and 4.63,
respectively. This di!erence in peak angle of friction is attributed to the deformation of
the HDPE geomembrane and its reduced e!ectiveness as a protection layer over time,
although the additional possibility of chemical interaction between the polyethylene
sheets and the grease can not be excluded.

The results of the PE-DC-PE-GT2-GM interface tests conducted on the samples
taken from the pipe test cell after a test showed no discernable di!erence from the
initial direct shear tests.
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Fig. 14. Peak angle of friction for lubricated interfaces.

The SE grease gave a peak angle of friction of 133 compared to 4}53 for the DC
grease in similar short term tests indicating that the choice of grease can have
a signi"cant e!ect on the e!ectiveness of the friction treatment.

7. Application and testing in pipe test facility

A full scale evaluation of the preferred lubricated interface treatment (PE-DC-PE-
GT2-GM) based on the direct shear testing was performed in the pipe test facility.
Fig. 15 illustrates the geosynthetic layering applied to each sidewall of the test cell.
Before attaching the "rst polyethylene sheet, the steel sidewalls were "rst bu!ed and
cleaned to ensure a smooth sliding surface. The "rst PE sheet was attached to the steel
sidewall and a set of horizontal marking lines were drawn across the width of the sheet
at 800 mm and 1200 mm from the top of the test cell. The grease was then applied with
brushes and the second polyethylene sheet was carefully placed over the greased sheet.
Then a second set of horizontal lines was traced on the second sheet to align with the
initial set laid out on the "rst PE sheet. These two sets of lines were to permit
observation of the relative movement between the sheets at the end of the test. The
greased polyethylene sheets were then covered with geotextile GT2 and the geomem-
brane (GM) "xed to the geotextile with glue. The geomembrane panels were placed
with small gaps (5 mm) between them (see Fig. 15) to allow for incremental movement
along the wall face.

The cell was back"lled using a poorly graded sand (SP) and compacted at a dry
density of 1768 kg/m3. Care was exercised to ensure that the GT-GM protection was
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Fig. 15. Full scale interface layering.

#at against the wall. Instrumentation along the wall face consisted of four settlement
plates placed at 1228 mm and 856 mm from the top boundary. A high pressure air
bladder placed at the top interface provided the incremental load of 50 kPa every
40 minutes to a maximum of 500 kPa, after which the pressure was released.
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Fig. 16. Horizontal variation settlement along test cell walls.

Fig. 17. Comparison of settlement plate and sheeting displacement.

At the completion of the test the soil was carefully removed and the relative
displacement between the two sheets recorded. Fig. 16 shows that the relative
displacement between the two polyethylene sheets for each sidewall was essentially
uniform across the face and corresponds to a mean relative displacement at a depth of
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1200 mm and 800 mm of 3.8 mm and 8.2 mm respectively. Fig. 17 shows very similar
results from the settlement plates and displacement of the polyethylene sheeting
indicating that the displacement was essentially the same 150}400 mm away from the
wall (i.e. at the location of the settlement plates) as at the wall, implying that the
deformations were uniform and that the side shear was very small. Additional tests
were also conducted in the large-scale laboratory facility with the lubricated polyethy-
lene sheets. Measurements of earth pressures at various locations around the bound-
aries and soil deformations within the cell demonstrated the e!ectiveness of the side
wall treatment (Brachman et al., 1999).

8. Conclusions

A range of interface treatments were tested with both sand (SP) and a uniform
coarse (50 mm) gravel (GP). It was shown that the e!ectiveness of any interface
treatment is dependant on the soil back"ll adjacent to the interface. Soils with angular
particles can lead to non-uniform contact with the interface surface, preventing
a de"nite slippage plane, and increasing the interfacial friction. It was found that the
placement of a geomembrane protection layer between the soil and the intended
sliding surface impeded the impingement of coarse gravel. Prudence should be
exercised in the selection of such a protective layer and consideration should be given
to the time period over which the full scale tests will be conducted. For example the
long term tests using the gravel material exhibited a 38% increase in peak angle of
friction from 4.63 to 83 over a one month time period. In contrast, the residual friction
angle (/

1
"4.63) was identical to the peak short term friction angle. Hence if one were

wishing to test over a longer time frame, alternative protective layering may be
required in order to achieve a su$ciently low friction angle.

The e!ectiveness of lubricants on interface treatments was also shown to vary
signi"cantly, depending on the lubricant selected. For the two silicon greases
tested, the peak friction angles were 133 and 4.43 for the SE and DC lubricants,
respectively. Thus the lubricant should be carefully selected to minimize friction.
In addition, the testing period and the potential for chemical interaction with
the interface materials should also be considered. Quick shear tests conducted
in a similar mode as the full scale application can help identify prospective
lubricants. For the PE-DC-PE-GT2-GM interface, no discernable di!erence was
apparent for samples tested before and after full scale testing, suggesting that there
was no physical or chemical alteration of the interface treatment over the period of
this test.

Direct shear testing can provide a valuable tool in identifying a suitable surface
preparation for a given application. A double layer of thin polyethylene sheeting
lubricated with a suitable silicon grease and protected by a 2 mm geomembrane was
shown to yield a peak angle of friction of about 53. Application of the interface
treatment to the large scale pipe test facility was successful and resulted in uniform soil
deformations and only limited e!ects from boundary friction.
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