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ABSTRACT: This paper presents experimental results from tests on geosynthetic/geosynthetic and sand/geo-
synthetic interfaces performed with an inclined plane apparatus designed in conformity with the European
Standard prEN ISO 12957-2. More than 240 tests have been carried out, investigating almost all the inter-
faces that may occur in a landfill. The test results have been elaborated in order to make them comparable
with direct shear tests results in a ¢ - T plane. It is shown that the friction angles obtained by inclined plane
tests are always lower than the ones obtained by direct shear tests for the same applied normal stress.

1 INTRODUCTION

In the design of geotechnical works there is always
the need to analyze the stability condisions. This pa-
per is focused on applications for geosynthetics
where the potential sliding surfaces occur along in-
terfaces between different materials placed on an in-
clined substratum. In particular, problems connected
with landfill final cover systems stability have been
considered: these structures present, from the upper
surface layer to the lower gas collection layer, many
possible surfaces along which sliding can occur.
Therefore a fundamental point for the designers is
the knowledge of frictional parameters between dif-
ferent types of geosynthetics and soil, derived from
tests representing in situ conditions and variables.
Many authors maintain that conditions characterised
by low normal stresses cannot be represented by the
direct shear test since it yields too high friction angle
values, because of its inability to work well in this
low range of forces. The need for a more suitable
test method has caused the development of a new
test called inclined plane. Therefore a new inclined
plane apparatus has been designed and-developed in
the Tenax Laboratory in Vigand (Italy), with the
aimof: 1) verifying the adequacy of the apparatus it-
self and in general of the test method; 2) comparing
the results of the two tests (inclined plane and direct
shear), and find their limits of applicability. The de-
sign of the inclined plane apparatus and the defini-
tion of test procedures have been carried out follow-
ing CEN/TC 189 indications included in the
European Standard prEN ISO 12957-2. Lacking any

experience about this standard, durmg the develop- A

ment of the research a critical view has been main-
tained with the purpose to find any possible im-
provement to the inclined plane apparatus.
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2 EXPERIMENTAL PROGRAM

Products and interfaces to be tested have been cho-
sen with reference to landfill final cover systems.
For soil-geosynthetic interfaces the soil used is a
standard sand in accordance with EN 196-1, dried to
a moisture content of less than 2 % and compacted
to a density of 1.7 Mg/mr'. The tested geosynthetlcs
and their main characteristics are summarized in Ta-
ble 1.

3 INCLINED PLANE TEST APPARATUS

The apparatus (Figg. 1 to 5) consists of a 680 mm x
450 mm x 15 mm tilting table provided with two
long screws which allow the plane to be set perfectly
horizontal before the beginning of every test. Above
it the lower box is placed: its internal dimensions are
400 mm x 325 mm x 100 mm; on its back side (see
Fig. 3) there is the clamping system that allows to
fix the geosynthetics: it consists of two bars with
parallel series of holes where the rear side of the
geosynthetic specimen has to be screwed down. The
upper box has internal dimensions of 300 mm x 300
mm x 130 mm: it is fitted with rollers which bear on
runners fixed on the lower box outer walls.

The normal force application system consists of a
rigid plate and a frame placed on it through a circu-
lar section guide (see Fig. 1 and 5) which carries the
weights clasped to the supports at the bottom. This
system is able to be always vertical and passing
through the center of gravity of the upper box. The
normal forces applied produce the required normal
stresses of 5, 10 and 25 kPa.

The tilting table lifts up at an angular speed of
3°/min. The rising device consists of an hydraulic
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Table 1. Tested products

Products Polymer Symbol
Tessilbrenta Geotess TC/PP PP GTX 1
Tessilbrenta Geotess TC/PP PP GTX 2
Bidim S 61 ‘ PP GTX 3
Geofabrics MP 200 PP GTX4
Du Pont Typar SF40- PP GTX 5
Amoco Propex 6061 PP GTX6
Agru HDPE Smooth HDPE GMB |
Agru HDPE Rough HDPE GMB 2
Agru HDPEMicro spikes HDPE GMB 3
Agru HDPE Medium spikes HDPE GMB 4
Agru HDPE Big spikes HDPE GMB 5
Flag Flagon C/SL PVC GMB 6
Cover Top 32 LDPE GMB 7
Tenax TNT 450 HDPE (GNT) GCD 1 ¢

PP (GTX)

Tenax TNT 600 HDPE (GNT) GCD 2
) PP (GTX)

Tenax TNT 900 ~HDPE (GNT) GCD 3
PP (GTX)

Tenax TNT 1200 HDPE (GNT) GCD4
. PP(GTX)

Tenax Tendrain 1300/2 HDPE (GNT) GCD 5

PP (GTX) :
Tenax MultimatR 110 PP (GEC) GEC1
PET (GGR)

_| Tenax Multimat 100 PP GEC2
Tenax TT SAMP 045 HDPE GGR 1
Tenax TT SAMP 160 HDPE GGR 2
Tenax TT SAMP 201 HDPE GGR3
Tenax TT SAMP 401 HDPE GGR 4
Tenax LBO SAMP 220 PP GGR 5
Tenax CE450 } HDPE GNT1!
Tenax CE 600 7 HDPE GNT2

| Laviosa Geobent STD 50 PETGrxw) GCL1

PP (GTXONW)
Laviosa Geobent HT 2450 PP GTtxw) - GCL2
PP (GTX NW)

ram connected to the table by a shafting chain whose
vertical movement is made horizontal by a cog-
wheel (Figure 2).

The displacement measuring device is a trans-
ducer (LVDT) connected to the rear wall of the up-
per box (Figure 3) through an inextensible wire. The
ram and the transducer are connected to a multi-axes
servo-hydraulic digital actuator, able to handle both
data processing and control, up to 4 axes, either in-
dependently or combined between themselves, by
controlling them in a feedback closed loop. For tests
involving Geosynthetics with full surface (without

apertures), like Geotextiles and Geomembranes, the:

lower box has been filled not with sand, but with a
400 mm x 325 mm x 97 mm block of wood, on

. Figure 1. Inclined plane testing apparatus.

Figure 2. Start of an inclined plane test.

Figure 3. Detail of the clamping system and the movement
transducer. '

which some plates of different thickness (1-3 mm)
are laid to maintain a 0.5 mm gap between the fixed
geosynthetic and the base of the upper box.

The testing of specimens with open structures re-
quires the filling of the lower box with the soil. Two

values of internal soil depth Hs in the upper box have

been assumed: 100 mm and 50 mm, with the aim of
observing its possible influence on the test results.

AT
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Figure 4. Cross section of the inclined plane test apparatus.
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Figure 5. Plan view of the inclined plane test apparatus.
4 DIRECT SHEAR TEST APPARATUS

This apparatus consists of two rigid metal boxes,
each one containing one of the two materials to be
tested (Figure 6). The upper box remains steady dur-
ing the tests, standing on four supports fixed to the
plane of the hydraulic testing machine: its dimen-
sions are 316 mm x 316 mm x 100 mm. The eleva-
ton of this box is adjustable by means of calibrated
spacers which are inserted between the supports and
the box itself. During the test, the 670 mm x 470 mm
x 225 mm lower box moves on steel rollers standing
on the plane of the testing machine at a constant ve-
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locity of 1 mmm/min. The movement device consists
of an hydraulic ram connected to the front wall of
the lower box by a threaded pin whose vertical
movement is made horizontal by a cog-wheel (this
hydraulic ram is the same which produces the tilting
of the inclined plane apparatus). The dimensions of
the lower box have been established considering the
possibility to carry out also performance tests using
site specific soils.  The vertical force is applied by
means of an hydraulic piston which provides con-
stant loading. The normal forces applied produce the
normal stresses of 25, 50 and 100 kPa, suitable for a
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Figure 6. Scheme of the direct shear test apparatus.

comparison with inclined plane test. Both the pistons
are connected to the multi-axes servo-hydraulic digi-
tal actuator. Through transducers connected to the
pistons, the system is able to control simultaneously
their positions, loads and velocity, keeping them
within very narrow variation intervals. To fix geo-
synthetics specimen to the lower box, a plywood
board has been used. Geocomposites have been at-
tached to the plywood board by means of self-
tapping screws distributed along three edges of the
sample; the screws are placed outside of the contact
area between the two materials and this assures that
they cannot influence the results. Screws are not
placed on the last side of the specimen, in order to
prevent, in the case of lengthening of. the geosyn-
thetic, that it could bulge or wave and cause an in-
crease of friction.

5 TEST RESULTS

5.1 Inclined plane

Results are presented in As-p graphs (Figure 7),
where As is the movement of the upper box during

- the test and P is the inclination of the tilting table
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Figure 7. Typical results of inclined plane tests: top) “sudden

death”; middle) “step curve”; bottom) “slow motion”. .

which increases at a constant rate. From the analysis- -

of these diagrams three kind of behavior can be dis-
tinguished, in accordance with results recorded in
the preliminary research made for the development
of the European standard (AA, VV, 1995). The
graphs may be categorized in: a) “sudden death™: a
long period of no displacement followed, after a
movement at least of 1-2 mm, by a sudden and steep
increase of the differential ratio ds/dP; b) “steps
curve” where the angle of first movement and the
angle of failure do not coincide and the graph is
characterized by steps of variable dimension; c)
“slow motion before sudden death” in which there is
a larger displacement of the upper box before sud-
den failure.

Graphs As-f allow to determine the angle of slip-
page (B), which is defined as the angle at'which the

friction ¢ needs to be calculated. For this purpose
normal and shear stresses at the moment of the slid-
ing have to be determined by means of the following
equations:

Gnp = (9.81 W cosB)/(1000 A) 1)
£=9.81 (W senP + f;,)/(1000 A} ()
tang = Uom O

displacement of the upper box is equal to 50 mm.

From the value of the angle of slippage, the angle of
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where: W = mass of soil, surcharge weights and any
part of the upper box not supported on rollers, in kg;
frp) = force required to restrain the empty upper box
when the tilt table is mchned at an angle B; A = con-
tact area (300 x 300 mm?). After the calculation of
the single values of ¢, the results (T and Gyp) are
plotted in the 6-7 plane in order to compare in a bet-
ter way inclined plane and direct shear tests.

In a different way from others Authors (Wasti &
Ozduzgun, 2001) the normal stress used for the o-t



Table 2. Test results

Table 3. Test conditions

plot is not the initial normal stress (for example 5 or .

10 kPa), but the normal stress calculated with Eq. (1)
at the instant of failure slippage, characterized by a
lower value. In fact, to the authors’opinion, even
though the initial 6 may be considered as a “test
condition”, it is more significant to use the normal
stress on the interface at failure for determining the
¢ value. By getting three points for the three normal
stresses, it has been possible to obtain the failure en-
velope line on the -1 graph and to evaluate the fric-
tion angle and the adhesion for soil-geosynthetic and
ge0synthetic-geosynthetic interfaces or cohesion for
soil-soil interfaces. The results are summarized in

Interface Test Applied ¢ a Test Soil Depth Hs  Lower box Fixing
conditions  {mm) content specimen
(S=Sand) Conditions pressures (Pa) (°)  (kPa) A 50 Block of wood Yes
B 50 Block of wood No
S/5 H 5-10-15-20-25 2469 0.76 C 50 Soil " Yes
Tsis D 5101520252939 061 | [ p 50 Sl No
[SIGTX1 E - 5:1 20.57 k30 b [ E" 100" Blockofwood - Yes
[ SIGTX2 A 5-10-25 2522 033 F 100 . Blockof wood No
SIGTX3 E 5-10 2026 137 G 100 Soil Yes
SIGTX4 A 5-10-25 2447 12 H 100 . Soil No
SIGTXS E 5-10 2173 0.37 I - Block of wood Yes
SIGTX6 E 5-10 1234 1.60 L - Soil No
S/GME1 E 5-10-25 1298 025
S/GMB1, E 5-10 1334 0.73 Tab. 2, where the different test conditions can be
SIGMB2 E 5-10-25 2162 LI0 | found in Tab. 3. '
SIGMB2, E 5-10 1500 2.i7
SIGMB3 E 5-10 21.79 110 5.2 Direct shear tests
S/GMB3, G 5-10 997 113
$IGMB4 E 5-10 21.84 0.63 The program of direct shear tests has included tests
S/IGMB4, G 5-10 1698 1.36 on three different interfaces, each representing one
S/IGMBS E 5-10 1891 1.05 of the fundamental types of possible contacts which
SIGMBS, G 5-10 1044  0.99 can be present in a real application, and in order to
SIGMB6 A ~.5-10-25 2092 0.02 | compare the results with the ones of the plane. The
SIGMBY E 5-10 16.37 029 values of shear strength obtained by direct shear
g}' g(c:gi E 5'13'35 ;36"‘55 ng “tests and the relative normal stresses have been rep-
S/GeD A 3-10-2 53 L resented in the o-t plane, where the friction angle
A (wet) 5-10-29 27.97 0.88 and the adhesion or cohesion have been evaluated
S/IGCD3 - E 5-10-25 24.85  0.07 . .
S/GCDA E 51025 2154 077 from the failure envelope line.
S/GEC1 . D 5-10-25 2836 0.89
SIGEC2 D 5-10-25 2831 1.05
S/GGRI c 5-10-25 26.80  0.76 6 COMPARISON
S/GGR2 C 5-10-25 2466 0.56
S/GGR3 G 5-10-25 23.39  0.22 Previously published works offer some examples of
S/GGR4 c 5-10-25 2406 0.52 the comparison between these two test methods. Ma-
SIGGRS c 5-10-25 2820 0.74 tichard et al. (1991) present values of friction angles
S/GNT1 C 5-10-25 2020 069 1 obtained from direct shear tests that are larger than
gggi;gﬁg; } g'ig ;igg ?gg the ones from inclined plane tests. Wasti & Oz-
GCDAIGTL] 3 =023 5300139 duzgun (2001), in particular for tests on rough
: : HDPE geomembrane-geotextile interfaces, find both
GCD2/GCL2 L 5-10-25 2202 054 fricti .
GECL/GCDI N 51025 2424033 iction angle and ac?hesmn values to be -almost al-
GECI/GCDS A 51025 3740 018 ways higher by varying degrees for the direct shear
GNT1/GTX2 1 5.10 1506 1.5 test. Therefo.re, Q1rect shear test envelopes lie above
GNT2/GTX2 I 510 2097  0.02 those of the inclined plane. Also in the present work

the values from direct shear tests are always larger
than the ones from inclined plane tests: the results
obtained from comparison of tests on soil-
geosynthetic and geosynthetic-geosynthetic inter-
faces "yield important differences of 10-12 kPa for
shear strength values and of 11°-15° for friction an-
gle values.

Lower differences have been registered for the
tests on soil-soil interfaces (respectively 2 kPa and

. 40)-

7 CONCLUSIONS

Measurements of shear resistance along interfaces
between different materials, significant from the ap-




plicative point of view, have been made using a new
inclined plane apparatus and a more experienced di-
rect shear device. By means of the inclined plane
method more than 240 test and 38 interfaces have
been evaluated at the three initial normal stresses of

5,

10 and 25 kPa; the direct shear method was used

to test 3 interfaces at the normal stresses of 25, 50
and 100 kPa, in order to afford a comparison with
the same ones investigated by the previous appara-
tus. From inclined plane tests the following conclu-
sions can be drawn:

the friction angle tends to decrease with the in-
crease of the initial normal swess;

in soil-geosynthetic tests the position of the fail-
ure surface varies depending on the type of geo-
synthetic surface: for smooth surfaces it develops
Just at the interface, while for rough specimens it
develops in the soil above the interface;

the geosynthetic surface influences also the be-
havior of the displacement of the upper box;

all the interfaces tested always present the final
failure within 50 mm of relative movement of the
upper box;

tests with soil depth in the upper box Hy = 50 mm .
provide friction angles always higher than the -

tests with Hs = 100 mm, probably because the
procedure with H; = 100 mm creates an unbal-
anced distribution of the forces working on the
interface, thus causing an advanced failure along
the shear surface; :

talsing into consideration the sensitivity of this
apparatus and of this test method with regards to
the boundary conditions, it seems fundamental to
set all the test variables in order to assure repeat-
ability and reproducibil ity of results.

From the comparison of the results of the inclined

plane and the direct shear tests, the following con-
clusions can be drawn:.

i friction angle values obtained by inclined plane

tests are. always lower than the ones obtained by
direct shear tests;

inclined plane test results shall be considered in
modeling load conditions on slope, while values
from direct shear tests cannot be considered cor-
rect for this situation;

direct shear test has to be used for conditions
characterized by loads on horizontal interfaces,
for which inclined plane test produce too much
conservative results;

from the previous point it follows that the stabil-
ity analysis of particular projects, like landfill
cover systems, shall be performed considering
friction angle and adhesion values determined by
inclined plane, since this apparatus can model the
actual conditions in a correct way, yielding more
realistic results, which put the designer in favor of

“safety.
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