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THEORETICAL VERSUS EXPERIMENTAL MODELING
OF THE ANCHORAGE CAPACITY OF GEOTEXTILES IN
TRENCHES

ABSTRACT: The behavior of the anchorage of geotextile sheets at the top of a slope
is a decisive factor when determining the dimensions of geosynthetic lining systems on
slopes. In order to optimize the geometry of the structures in question (to reduce the area
taken up by the anchorage at the top of the slope), anchorage solutions using trenches
of varying forms are sometimes used. Calculating the required dimensions of this
anchorage remains problematic. To improve knowledge of the behavior of anchor
trenches, experimental studies and numerical studies were developed. Full-scale pull-
out tests were carried out on anchored geotextile sheets (run-out anchorage and anchor
trenches). Two types of soil were studied: sand and sandy silt. The numerical modeling
proposed was based on the Discrete Element Method (DEM). This method is particularly
well suited to the problem being addressed, for it enables consideration of major move-
ments and large-scale deformation of the soil (rotation, compression, and lifting) as well
as large displacements between the geotextile and the soil. Comparisons between the
experimental and numerical results provide practical conclusions concerning anchorage
mechanisms.
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1 INTRODUCTION

There are currently a large number of applications implementing geosynthetic liner
systems on slopes (e.g., canal banks, reservoirs, and landfills) comprising geomem-
branes, geotextiles, geogrids, and geonets. In some cases, geotextiles are used as rein-
forcement to reduce tensile forces in geomembranes. The long-term stability of these
structures may depend on the efficiency of the anchorage of geotextile sheets. Depend-
ing on the space available at the top of the slope and on the loads applied, the anchor-
age systems may take on different shapes (Figure 1): run-out anchorage or digging
trenches of varying geometry (vertical embedding and L-shaped anchorage geometries
research are presented in this paper).

Calculating anchorage capacities (i.e., the force 7,,,, required to pull the sheet out)
using the geometric characteristics of the anchorage and the friction characteristics of
the materials used remains a difficult task because the forces and stresses that develop
at each curved portion of the anchorage are complex.

Few experiments have been carried out on anchor trenches at the top of slopes. The
existing reported studies were carried out on geomembranes in situ (Imaizumi et al.
1997) or by adapting an existing laboratory apparatus (Koerner and Wayne 1991).

The first analytical formulae put forward to calculate the dimensions of anchorage
(Hulling and Sansone 1997) assumed that the loads on the anchorage were taken up
only by friction on the linear parts of the geosynthetic without the existence of angle
effects. The friction loads were governed by a Coulomb-type law: 7 = a + ¢, tan §
where a and J are the strength and the friction angle of the interface in question,
respectively. The parameter g, is the normal stress acting on the interface, equal to o,
(vertical stress) on the horizontal portions of the sheet, and equal to o, (horizontal
stress) for the vertical portions of the sheet. The parameter g, is taken to equal K, o,
and K, is the coefficient of earth pressure at rest.

These methods were then adapted to the cases of run-out anchorage and vertical
embedding (Koerner 1998, pp. 487-494) by taking into consideration the angle of
incline of the tensile force along the slope. In this case, Koerner (1998), assumed that
the traction of the geosynthetic along the slope induced, on the horizontal section of
the sheet, additional normal stresses at the soil-geosynthetic interface (equivalent to
the vertical component of the tensile force), hence, an increase in the interface friction
forces.

Analytical formulae, taking into account the influence of the change of angle, have
been proposed by different authors (Guide technique 2000). In these formulae, at each
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Figure 1. Types of anchors studied: (a) run-out anchorage; (b) vertical embedding; (c)
L-shaped anchor.
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change of direction of the geosynthetic sheet, the anchorage capacity is multiplied by a
factor equal to e*®; 1 being the angle of the change in direction expressed in radians
and o the interface friction coefficient. The value of the factor is based on the limit
equilibrium of a geosynthetic resting on a circular arc; one demonstration of this may
be found in the paper by Hryciw (1990).

Experimental pull-out tests were carried out on geosynthetic sheets at the
Cemagref (research institute for agricultural and environmental engineering) in Bor-
deaux, France, with the aim of validating the proposed formulae. The first compari-
sons made (Briancon et al. 2000) showed that no single formula was capable of
describing the behavior of all types of anchorage, even though some were close to the
experimental results in certain cases.

This being the case, it seemed necessary to consider amore complex form of modeling
that could explain the failure of the analytical formulae in question. A discrete element
calculation method was chosen because discrete elements can provide good discretiza-
tion of granular media and can accommodate large-scale modifications in the soil.

2 EXPERIMENTATION
2.1 General

The experimental tests were carried out at Cemagref on a large anchorage bench offer-
ing the possibility of performing full-scale, pull-out tests. Preliminary tests carried out
using sand (Briangon et al. 2000, Briangcon 2001) showed the repeatability of the tests,
the influence of the slope angle, and the influence of the trench dimensions. Comple-
mentary tests with specific instrumentation were carried out on sandy silt and on sand,
in order to provide a better understanding of the phenomena involved and for compar-
ison purposes, i.e., comparisons with modelling results

2.2  Experimental Apparatus

The anchorage bench (Figure 2) comprised an anchor block of a width of one meter
and a traction system. The dimensions of the anchorage zone allowed for an anchor
trench with a total depth (D + H) equal to 1 m and a length (L + B) of up to 1.2 m. The
traction system consisted of a winch, with a maximum capacity of 50 kN, and a pulley
that enabled tensile forces to be applied on the geotextile at incline angles, S, between
0° and 35°. This traction system was fixed onto the geotextile using a metal clamp.
The slope incline was made slightly higher than £ (approximately 2° higher) to create a
space between the soil and the clamp. The geotextile remained in contact with the
slope at the top, due to a small deformation of the soil in the early stages of the test.
To limit edge effects, the side walls of the anchorage bench were covered with a
smooth, polypropylene geomembrane. The sand-geomembrane friction angle was
approximately 20°. The soil was installed in successive layers and then compacted. In
the upper section of the anchor block (top layer of soil with a thickness H) a space of
approximately 10 mm was left between the soil and the side walls of the anchorage
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Figure 2. Experimental apparatus.
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Figure 3. System for measuring displacements of the geosynthetic with an L-shaped
anchor.

bench to avoid any contact and any friction that might have resulted from the large dis-
placements of the top layer of soil during the test.

2.3 Instrumentation

The tensile force T"and the displacement U, of the traction cable were measured during
pull-out via sensors fixed onto the traction system at point C,. In the anchorage zone
(Figure 3), a cable measuring system was used to monitor displacements of the geotex-
tile at different points (C, to C,,). The cables could slide through the flexible sleeves
isolating them from the soil, were fixed to the geotextile sheet, and were tensioned
using counterweights (5 N each). For points C6 to C12, the sleeves were brought and
held in position using rigid bars fixed to side walls (Figure 3). The overall resisting
force due to cables/sleeves friction and counterweights was estimated to be less than
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90 N, which is negligible when compared to the pull-out force.

A graphic acquisition system positioned at the rear of the test bench was used to
measure displacements during pull-out. In certain cases, the movement of the soil
could be observed due to columns of colored sand positioned in the anchorage zone
before starting the test. After the geotextile sheet had been pulled out, the area of the
soil directly above the sand columns was meticulously cut into sections to analyze the
failure mechanisms and the displacements of the soil.

24 Characteristics of the Materials Used
2.4.1 Geotextiles

The following two different types of geotextiles of varying tensile stiffness, all 1 m
wide, were used for the pull-out tests:

* A nonwoven, needle-punched geotextile (GTX,) (Bidim P50) with tensile stiffness
J =80 kN/m (at 5% strain) and tension failure 7, = 30 kN/m (at 85% strain).

* A nonwoven, needle-punched geotextile (GTX,), reinforced in one direction
(Bidim Rock 75) with tensile stiffness J in the direction of the reinforcement of 624
kN/m (at 12% strain) and tension failure 7, = 95 kN/m (at 12% strain).

2.4.2 Soils

The following two soils, a sand and a sandy silt, were used for comparison purposes:

* The sand was fine-rolled with particles size ranging from 0.08 to 2.5 mm. Its unit
weight once installed, 7, , was 16.2 +0.2 kN/m’. Its water content, w, varied from 2
to 4%. Using triaxial tests, an internal friction angle ¢ = 41° (residual value) and
cohesion ¢ = 0 were measured. The residual friction angle was considered relevant
since anchorages exhibit a progressive failure.

* The sandy silt was a fine soil (70% of the particles smaller than 80 pum) with a lig-
uid limit #; = 30, a plastic limit ¥, = 22, and a plasticity index I, = 7.6. Its unit
weight once installed, 7, was 18.5 kN/m® for a water content w = 23%. Its mechan-
ical characteristics, measured in undrained consolidated triaxial tests, resulted in a
residual friction angle ¢ = 35° (no peak) and cohesion ¢’ = 5 kPa.

2.4.3 Interfaces

The characteristics of the soil-geotextile interface (friction angle, &, and adhesion, a)
were determined using an inclined plane and a shear box in accordance with the
French Standard (NF P 84-522) and the draft European standard (prEN ISO 12957-1
and prEN ISO 12957-2) for determining geotextile interface friction characteristics on
an inclined plane with a shear box. The results were identical for the two geotextiles
tested (similar texture, except for the reinforcements). Since no peak was found, the
following residual values were given:

e Sand-GTX interface: 6= 37° and a = 0 kPa.
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* Sandy silt-GTX interface: 6= 30° and a = 0 kPa.
2.5  Types of Tests Performed

The following two series of tests were compared with the model:

» The first series of tests (sand and GTX,) focused on determining the influence of
the slope angle, £, on the geotextile pull-out force and was performed on run-out
anchorage for f#=0°, 7°, 15°,20°, 27°, and 30°, for a height of soil H=0.25 m, and
for a sheet length L = 1.5 m.

* The second series of tests (sand, sandy silt, and GTX,) targeted the understanding
of anchorage mechanisms and comprised run-out anchorage tests (S, S'1 , T, and
T'1 ), vertical embedding tests (S, and T,), and L-shaped anchorage tests (S; and
T;). The main parameters of the tests performed are all presented in Table 1.

2.6 Experimental Results
2.6.1 The Influence of f on Resistance of Run-Out Anchorage (First Test Series)

In the tests on run-out anchorage (Briancon 2001), the geotextile pull-out force, 7,
reached a maximum, 7, , corresponding to the anchorage capacity of the set-up
being studied. The comparison between the different tests (sand and GTX;) was made
at this maximum force (Table 2 and Figure 4). According to the results, it appears that
the maximum force applied to the geotextile increases markedly as the slope angle
increases and that this increase in relation to a horizontal traction test reaches 22% for
B = 30°. Note that 7}, the horizontal component of the pull-out force (Table 2), is
approximately constant for any fvalue.

Table 1. Values of the test parameters.

Test Type of soil L) H (m) L (m) D (m) B (m)
T1 0 0.3 1.1 0 0
T1' . 20 0.3 1.1 0 0
T2 Sandy silt 20 03 11 05 0
T3 20 0.3 1.1 0.5 0.5
S1 0 0.3 1.1 0 0
N Sand 20 0.3 1.1 0 0
S2 20 0.3 1.1 0.5 0
S3 20 0.3 1.1 0.5 0.5

Table 2. Experimental results of the run-out tests.

B 0 7 15 20 23 27 30
T,.. (kN) 3.57 4.02 3.92 4.13 423 428 437
T, (kN) 3.57 3.99 378 3.88 3.89 3.81 378
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Figure 4. Influence of angle 5 on anchorage capacity.

2.6.2 Trench Anchorage Studies (Second Test Series)

The results of the anchor trench tests carried out with the sand, sandy silt, and Geotex-
tile GTX, (second test series) are presented in Table 3. The results obtained show that
the anchorage capacities are much greater with the sandy silt, despite the weaker inter-
face characteristics (0= 30° for the sandy silt-GTX, interface, compared with 6= 37°
for the sand-GTX, interface). These results show that the soil plays a major role in
anchorage mechanisms and that it is not enough to take into consideration only the
interface friction characteristics when determining anchorage capacities.

The measurements made during the tests were used to obtain measurements of the
forces, 7, at the top of the slope and the displacements of the geotextile in relation to
the displacement U, of the traction cable (sensor C;). As a comparison, the results
obtained for L-shaped anchors with sand (S;) and sandy silt (T;) are presented in Fig-
ures 5 and 6.

In Figure 5 (sand and GTX,), note that the curve representing the displacement of
sensor C, in relation to the displacement of sensor C is composed of four segments
with differing angles, highlighting the following different stages in the mobilization of
friction along the geotextile in the trench:

* 0m < U,<0.03 m: no displacement of sensor C,. This stage corresponds to the
gradual tensioning of the geotextile on the horizontal section of the anchorage.

* 0.03m< U, <0.12 m: sensor C, begins to move and the slope of this segment is

Table 3. Results of the anchorage tests.

Tests with sand Tests with sandy silt
Type of test T (KN) Type of test T pax (KN)
S1 2.67 Tl 5.05
St 3.33 Tl 6.66
S2 8.29 T2 12.63
S3 14.00 T3 27.85
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Figure 5. Results of anchorage test S3 (sand + GTX2).
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Figure 6. Results of anchorage test T3 (sandy silt + GTX2).

slight. This stage corresponds to the rounding out of the upper corner of the trench
and ends when sensor C¢ begins to move.

* 0.12m < U, <0.235 m: the slope of this segment is steeper than that of the previ-
ous one. This stage corresponds to the gradual tensioning of the geotextile in the
trench (segments of lengths D and B) and to the lifting of the soil in the bottom cor-
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ner of the trench. At the end of this stage, the tensile force applied to the geotextile
reaches its maximum. Simultaneously, the end of the geotextile sheet (sensor C,,)
begins to move. It should be noted that this occurs simultaneously in all the tests
carried out on sand.

* U, > 0.235 m: this stage corresponds to the sliding of the geotextile out of the
trench, and the increases in the displacements of all the sensors are identical.

Figure 6 (sandy silt and GTX,) shows a somewhat similar anchorage behavior. It
should be noted, however, that in this test, the end of the sheet moved (sensor C,,)
before the force applied to the geotextile had reached its maximum. This behavior is
typical of sandy silt and was observed in all the tests carried out on this material.

The photos in Figure 7 highlight the differences in behavior that could be observed
at the top corners of the anchor trenches. These photos were taken at the end of the
tests when the pull-out force applied to the geotextile had reached its maximum. It can
be observed in Figure 7a that the sand at the top corner has been greatly smoothed
down (large deformation of the columns of colored sand that were initially vertical)
and that there is a very localized sliding plane in the sand under the geotextile. This
failure mechanism does not appear in Figure 7b for the sandy silt, which is deformed
by mass movement.

3 NUMERICAL MODELING BY THE DISCRETE ELEMENT METHOD
3.1 Presentation of the Modeling Method

3.1.1 Choice of the Discrete Element Method

It was decided to simulate the anchorage tests using the Discrete Element Method
(DEM). This method, developed by Cundall and Strack (1979), models granular media

Figure 7. Soil deformation at the upper corner of the anchor: (a) sand; (b) silt.
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using a set of independent elements of varying sizes interacting at contacts. The princi-
ple of discrete simulation allows for unlimited deformation and displacements, as well
as for macroscopic discontinuities within the model. The final state may therefore be
radically different from the initial state. For these reasons, DEM was considered well
suited to the task of simulating anchorage tests involving major geometrical changes
during the course of calculations, notably at the soil-geotextile interface. On the other
hand, modeling on the scale of individual particles is controlled by local laws of
behavior at particle contacts. This prevented direct introduction of laws of behavior
such as those defined by the mechanics of continuous media. A change of scale is
required in order to get from the measurable geotechnical parameters (friction, cohe-
sion) to the parameters of the numerical model.

3.1.2 The Model and Numerical Resolution

Anchorage was considered to be a two-dimensional problem. The model used (calcula-
tions performed with the PFC?P software program developed by Itasca) was a particular
application of DEM involving cylindrical particles (of variable sizes), thus making it
analogous to the physical model of Schneebeli (1956). The contacts between particles
behave perfectly elastic plastic. The elastic behavior of the contact was defined by two
parameters: normal stiffness &, and shear stiffness &, (Figure 8). Two contact failure cri-
teria were defined: one under tension, characterized by a tensile strength limit, a,, the
other in relation to shear forces and characterized by shear strength, a, (independent of
normal force), or by a friction angle, z. For cylindrical particles, the normal and shear
stiffness and strength were given by unit length. The force and displacement boundary
conditions were imposed using rigid walls. The element-wall contacts were defined in
a similar way to that used for contacts between particles. Numerical resolution was
based on the discretization of time into intervals Az. Since all of the forces applied to
each particle were known, the displacements and rotations could be integrated on A¢
following an explicit, finite difference formulation of the laws of dynamics. The contact
forces were then re-calculated for the succeeding time step.

Normal spring, k,

»

— T -
Tensile strength, a, ﬁ

Tangential spring, ks

Slider, asor u

Figure 8. Contact model.
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3.2  Determining the Parameters for Modeling a Soil
3.2.1 General

Not enough is known of the way in which the micro-mechanical parameters of a set of
particles correspond to its global behavior. For this reason, determining the adequate
parameters remains the main difficulty in terms of discrete element modeling, especially
when the experimental data (friction and cohesion) is only macroscopic. Faced with the
lack of theoretical solutions, it was decided to establish the match between the micro
and macro characteristics of the soil by simulating biaxial compression tests. An exten-
sive parametric study of these compression tests, carried out with different particle sizes,
enabled the equivalence between the micro-mechanical parameters (porosity and con-
tact parameters) and the parameters of the equivalent continuous medium (friction
angle, cohesion, and global elastic behavior) to be established. The calculations per-
formed showed that the friction angles obtained with the circular elements of DEM gave
soil internal friction angles, ¢, that were low compared with those obtained with sand
in the experiment (41°). Higher ¢ values were obtained by making assemblies of two
particles bonded together by rigid contact conditions. The assemblies used to model
anchorage and biaxial compression tests were formed by two cylindrical particles of
diameters d and d', respectively, assembled in pairs, where p = d"/d with d' < d and I =
d'+ d. Two assembly sizes were used to generate the samples: small assemblies with
length /; and large assemblies with length /, equal to 2 x /,.

3.2.2 Simulation of a Biaxial Compression Test

Several important stages are required to simulate a biaxial compression test: generat-
ing the sample, achieving the desired porosity, and then the compression itself.

Generation of the Sample. The positions of the particles were chosen randomly
within the field bounded by four rigid walls defining the contours of the test sample.

Achieving the Desired Porosity. After the particle positioning phase, the density of
the sample is generally low (no inter-granular contact). There are then two stages in
order to achieve a precise porosity: gradually increasing the size of the particles and
then increasing the density of the sample by reducing inter-granular friction until the
desired porosity is reached (during this phase, a constant isotropic stress was main-
tained by slightly adjusting the size of the particles). Once the assembly was stable and
had the desired porosity #, the definitive values of the friction and strength parameters
were entered.

Biaxial Compression. Biaxial compression was simulated by imposing a translation
speed V on the upper wall while the interlocked side walls maintained a constant lat-
eral stress oy (Figure 9). The four walls were non-frictional. A compression speed that
was sufficiently slow to eliminate dynamic phenomena interference with the results
was chosen. The strains and stresses were deduced directly from the displacements and
the forces exerted on the walls. It should be noted that, due to the random character of
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Figure 9. Geometry of the sample.
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Figure 10. Results of a biaxial compression test with parameters selected to model the
soil.

the arrangements, two successive simulations of the same problem never give exactly
the same result, if the particle generation phases are distinct. Each model proposed was
therefore simulated several times, to assess how representative the results were and to
obtain average curves and values.

Results of a biaxial compression test simulation are presented in Figure 10. The
parameters selected to model the soil are those of Table 4, which reproduce the behav-
ior of a noncohesive material with friction ¢ =41°.
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Table 4. Parameters selected to model the soil.

Soil modeling parameters Value

Particle size (two sizes of particle assembly)

Length /; of the small assemblies (m) /
Length /, of the large assemblies (m) 2x1
Proportion of the small assemblies (mass) 50%
Proportion of the large assemblies (mass) 50%
Ratio p of the assemblies 0.9
Micro-mechanical parameters
Tensile stiffness, 4S* (kN/m?) 1x10°
Shear stiffness, k3% (KN/m?) 0.5 x10°
Inter-particle friction angle, 4 (°) 40.4
Shear strength, a3 (N/m) 0
Tensile strength, a3* (N/m) 0
Porosity, n 0.2

3.3 Determining the Parameters for Modeling the Geotextile

Geotextiles are thin elements characterized by a tensile stiffness J and a tension at fail-
ure 7,. The absence of bending strength means that, when a force is applied in a direc-
tion perpendicular to the geotextile plane, the geotextile deforms like a membrane. In
this case, it was decided to model the geotextile by successively assembling particles
of the same diameter ¢, bonded to each other by contact conditions (contacts have no
bending strength). In this precise case, one can obtain an analytical relation between
the physical parameters and the modeling parameters by considering the action of
direct tension on this assembly. The result is that the tension at failure, 7, , of the geo-
textile corresponds to the tensile strength, a$8, of the bonds between the particles
(T, = a88) and that the tensile stiffness, .J, of the geotextile is dependent on the nor-
mal stiffness of the contacts k88 and the diameter of the particles & (J = k88 dg).

This membrane deformation under normal uniform pressure simulated with this
method was compared with analytical solutions (Delmas 1979) and numerical solu-
tions (Villard and Giraud 1998). The results obtained were approximately identical,
thus validating the model chosen.

3.4  Determining the Parameters of the Soil-Geotextile Interface

The behavior of the interface between the soil and a geotextile is generally character-
ized, on the macroscopic level, by a friction law of the Mohr-Coulomb type. For prob-
lems involving large-scale plastic phenomena (large relative displacements of the
zones in contact), the dominant parameter is the friction angle of the interface, ¢, and
its stiffness plays only a secondary role. There is no mathematical formula that can be
used to establish the link between ¢ and the micro-mechanical models. The setting of
the interface friction was thus carried out by simulating the pulling-out of a run-out
anchor in which the direction of pulling was horizontal. Figure 11 presents the geome-
try of the model used for this type of calculation.
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Figure 11. Modeling a run-out anchor.

The procedure for installing the particles for an anchorage test is similar to that pre-
sented for biaxial compression tests. The size of the soil particles was gradually
increased, while the rigid walls (on the perimeter of the slope) and the particles of the
geotextile were fixed. Porosity was modified by adjusting the inter-granular friction of
the soil 4*. The size of the geotextile particles was such that its thickness remained
small in relation to the dimensions of the model. Pull-out was simulated by imposing a
displacement speed to the pull-out end. Comparative calculations showed that, for
speeds of 2 x 107 to 2 x 10™* m/s, the dynamic phenomena did not have a significant
influence on the results of the calculation (quasi-static loading). All the results pre-
sented hereafter were obtained with a pull-out speed of 10~ m/s.

Taken as a whole, the simulations performed show that friction, ¢, depends mainly
on the following: the local soil-geotextile friction, ¢ ; the relative roughness, R,
between the particles of the geotextile and those of the soil (R = d®/[;); and the local
soil-soil friction, £/ (the shearing of the interface involves strains in the soil). As the
parameters of the soil and the size of the particles had already been set at this stage, the
only adjustable parameter was ££’%.

The force-displacement curve obtained after adjusting ¢ is compared in Figure
12, with the curve obtained in the experiment (W, is the weight of the soil covering the
sheet). The modeling parameters selected for the soil, the geotextiles, and the soil-geo-
textile interface are given in Tables 4 and 5. By default, the parameters £, and &%
(the normal and shear stiffness of the soil-geotextile contacts, respectively) were given
the same values as those for the soil. The vectors of displacement of the particles
between the initial and the final state are presented in Figure 13. One can observe that
the modeled anchorage mechanism is similar to that observed experimentally, i.e., a
combined displacement of the sheet and the soil cover. In these conditions, the inter-
face located above the geotextile is subjected only to normal stress, while the lower
interface is subjected to strong shear stress. A thin shear band forms under the sheet,
dilates, and causes a slight vertical displacement of the soil cover.
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Figure 12.

Experiment-modeling comparison for a run-out anchor.

Table 5. Parameters selected for modeling the geosynthetic and its interface.

Parameters selected for the geosynthetic Value
Intrinsic characteristics of GTX
Tensile strength, ag¢ (kN/m) 30
Shear strength, a$¢ (kN/m) 30
Normal stiffness, 42¢(kN/m?) 80/d¢
Shear stiffness, k8¢ (KN/m?) 0.5 x 10°
Friction angle, 15¢ 0
Intrinsic characteristics of GTX,
Tensile strength, ag¢ (kN/m) 95
Shear strength, a$¢ (kN/m) 95
Normal stiffness, 42¢(kN/m?) 624/d¢
Shear stiffness, 42¢(kN/m?) 0.5 x 10°
Friction angle, 158 0
Interface characteristics
Relative roughness of interface, R 0.73
Tensile strength, a$¢ (kN/m) 0
Shear strength, a¢ (kN/m) 0
Normal stiffness, k38 (kN/m?) 1x10°
Shear stiffness, k¢ (KN/m?) 0.5 x 10°
Friction angle, 1°¢ (°) 40.4

3.5

Influence of the Third Dimension

Generally, liners on slopes are longer than they are wide. This justifies the hypothesis
of in-plane deformation and, thus, two-dimensional modeling of the problem. On the
other hand, the experimental set-up presented did not maintain the two-dimensional
aspect of the problem, as there could be friction between the sand and the side walls,
even though the latter was covered with a smooth geomembrane. Although the ulti-
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Figure 13. Particle displacement field for a run-out anchor (U, = 0.04 m).

mate objective of this work is to model actual structures, the comparison between the
experiment and the simulation necessarily requires an assessment of the edge effects in
the experiment; this is why the effect of lateral friction was included in the two-dimen-
sional model even if there is no side wall effect in the actual cases. The reader is
reminded that the soil cover (layer of soil of thickness H on top of the geotextile) was
not subject to lateral friction since a space of 10 mm was left between this layer of soil
and the side walls.

The model, initially based on the mechanics of continuous media, was adapted to
discrete media using many hypotheses. Locally, it was assumed that the friction forces
that could be mobilized between the sand and the side wall geomembrane obey Cou-
lomb’s Law (Equation 1), which is as follows:

z-max = tan(¢gmb/90i/) Un (1)

where: 7, = maximum shear stress; @,,,,; = soil-geomembrane interface friction
angle; and o, = applied normal stress.

The model proposed makes it possible for the friction at the interface {o be gradu-
ally mobilized, due to Equation 2, Wthh gives the increment in frlctgon d7 in relation
to the increment in displacement di1. The stress vector of intensity iS Zmax in the oppo-
site direction to that of the displacement and u,,,is a variable (reference displacement)
characterizing the flexibility of the interface. The displacement (and, consequently,
friction) may change its direction, as well as its orientation, which is why the following
relation is vectorial:

laé]

ey 2

d’l’ = (Z'max— Z')

It should be noted that comparative calculations with u,,, varying between 102 and 1073
m showed that the results were only very slightly sensitive to this parameter.

Figure 14 shows the changes in friction as given by Equation 2 for a rectilinear
movement with a change in the direction of the digplacement. In the case of a displace-
ment in a constant direction, the convergence of 7 toward zmax is exponential. Due to
its formulation, a change in the orientation of the displagement is not followed imme-
diately by a change in the orientation of the stress, and 7 gradually adapts to the dis-
placement in the same way as the intensity. This gradual behavior is necessary if an
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Figure 14. Modeling lateral friction (particular case of rectilinear movement).

accurate description is to be given of the lateral friction of the discrete model particles
whose displacements are sometimes subject to rapid fluctuations in intensity and in
direction.

The discrete model used was a two-dimensional problem with cylindrical particles.
If the friction on the sides of the cylinders was to be taken into consideration, strong
hypotheses needed to be formulated. As the discrete model does not allow the calcula-
tion of normal stress, o, , the normal stress was defined by analogy with a state of in-
plane deformations by Equation 3:

o, = v(io;+0,) 3)

where: o; and o, = main stresses in the plane of reference; and v= Poisson’s ratio.

For each of the particles in the model, it was then possible, knowing the displace-
ment # and the stresses applied to it (average stresses obtained by an averaging proce-
dure in the vicinity of the element), to calculate the stress 7,,,, and d 7 using Equations
1 and 2. The friction on the element was simulated by applying a force F' equivalent to
thg sum of the lateral friction acting on these fwo ends. Equation 4 gives the increase
dF in F in relation to the increase in stress d 7, where S is the surface area influenced
by the particle, taking into account the average porosity, #, of the medium being stud-
ied (S =s/(1 - n) with s being the lateral surface area of the particle:

d >
dF = 28dr @)

The calculations corresponding to Equations 1 to 4 were performed for each ele-
ment in the zone subject to edge effects. The total friction forces were updated in the
course of the simulation using the following:

> > >
F(t+de) = F(o)+dF(, do) )

where: ¢ = time (of the simulation); and d¢ = a sufficiently small time step (the dis-
placements of the particles during the interval d must always to be less than u,,, /10).
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4 COMPARISON OF THE NUMERICAL AND EXPERIMENTAL
RESULTS

4.1 General

The numerical simulations were performed on models comprising approximately 8,000
particles. The model parameters used to reproduce the behavior of the materials in the
experiment are given in Tables 4, 5, and 6. Tests with sandy silt were not simulated.
Each of the results presented is the average result of four simulations (only the results
of the particle displacement vectors come from calculations judged to be representa-
tive). The choice of the number of elements effects the particle size, but as long as the
particle-size distribution (the ratio between the dimensions of the particles) remains
unchanged, the size of the particles does not influence the calculations. In fact, it is easy
to show, by a dimensional analysis, that subject to a homogenous stress conditions, the
friction angle and the elastic properties obtained with DEM are independent of the ele-
ment diameter. However, the size of the particles used must be sufficiently small in
relation to the dimensions of the problem being studied. To provide a comparison,
numerical simulations of the anchorage test were carried out with 4,000 and 8,000 par-
ticles. Similar behavior was observed in both cases (i.c., there was little change in the
global kinetics and the average force-displacement curves) despite the fact that local
differences, linked to the chosen discretization of the problem, were observed in the
kinetics and in the force-displacement curves (which were more uneven).

4.2  Influence of S on Pull-Out Force

Numerical modeling was used to determine the influence of the slope angle £ on the
geotextile pull-out force. Several simulations were carried out for different values of S
with the parameters relative to GTX . Figure 15 presents the particle displacement vec-
tors (between the initial state and the final state) obtained in a representative simulation
(B =128°). The T,,, (P /T, (B = 0) ratios in the numerical model are compared with
those in the experiment in Figure 16, where 7,,,.(f) is the maximum tension (oriented
in relation to the slope) required to pull out the sheet for a slope incline angle £. In Fig-
ure 16, there is a very close correlation between the experimental and modeling results.
Figure 16 also compares the experimental and modeling results with the analytical
results obtained taking the angle effect into account (increase in anchorage capacity by
the multiplicative factor ¢##%). In this case, there are large differences between the
results, especially for high f incline values because the analytical equation does not

Table 6. Parameters selected for modeling the side effects.

Side effect modeling parameter Value
Pemb-soit () 20
Uy () 2x1073
v 0.3
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Figure 15. Particle displacement field for an anchor with tension applied along the slope

(B=128°).
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Figure 16. Influence of £ on anchorage strength.

take into account compaction and/or failure of the soil on the corner.

4.3  Analysis of Anchor Trench Mechanisms
4.3.1 Introduction

The models proposed in this section refer to the S, (vertical embedding) and S; (L-
shaped anchorage) tests carried out with the sand and GTX,. For each case tested, two
types of simulation were envisaged — one taking edge effects into consideration, the
other not. Comparisons with the experimental results are made on the basis of the
curves of the forces versus displacement at the pull-out end and of the deformation
mechanisms.

4.3.2 Force-Displacement Curves

The experimental and theoretical curves of tension 7 at the pull-out end of the geotex-
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tile in relation to the displacement of the end U, are compared for each of the modeled
tests in Figures 17 and 18. At the beginning of each test, an acceptable correlation is
observed between the model and the experiment. This phase of the test corresponds to
the gradual tensioning of the horizontal section of the sheet. It was shown previously
(the influence of angle S on the pull-out force) that the model can approximately repro-
duce the experimental results. The second part of the test corresponds to the tensioning
of the end of the sheet (vertical section and/or horizontal section of the end of the
sheet). In this case, it can be noted that the models underestimate the experimental
anchorage capacity. The differences observed are a sign of the complexity of the mech-
anisms brought into play in this second stage of the test. The analysis of the anchorage
mechanisms shows that the soil is strongly rounded out and sheared around the angles,
thus indicating the important role played by the soil in global anchorage behavior.
Comparison of the experimental results with the existing design equations

Experiment

T (kN)

Simulation with edge effects
Simulation without

edge effects

Displacement U, (m)
T T T T

0.000 0.025 0.050 0.075 0.100 0.125

O =~ N W H» OO N © ©
T

Figure 17. Results of the model of a vertical embedding anchor.
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Figure 18. Results of the model of an L-shaped anchor.
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(Briangon et al. 2000; Briangon 2001) shows that the latter generally overestimates
anchorage capacities (even though the edge effects probably increase the strength mea-
sured in the experiments). The least well-suited analytical formulae are those that
include the angle change formula that leads to an overestimation of the additional
strength provided by the anchorage curvature. On the whole, the current analytical for-
mulae do not take into consideration the soil characteristics and omit phenomena of
rounding out, shear, and soil deformations that play a significant role in anchorage

capacity.
4.3.3  Anchor Trench Deformation Mechanisms

The deformation mechanisms obtained on anchor trenches (vertical embedding and L-
shaped anchors) are rather similar, taking into account the gradual tensioning of the
sheet. Only the L-shaped anchor results will be analyzed in detail. Figure 19 shows the
deformed geometry of the sheet for various stages of pull-out. Compared with the
results of experimental test S;, the movements of the sheet correspond well with the
observed movements and are summarised as follows:

* 0m<U,<0.04 m: the first horizontal segment is gradually begins to move. For
U, = 0.04 m, the upper section of the segment begins to move.

* 0.04 m < U, <0.12 m: the upper corner is progressively deformed and becomes
more rounded, without significant movement of the rest of the sheet.

* 0.12m < U,;<0.24 m: gradual deformation of the second angle as it becomes more
rounded and tensioning of the last segment of the sheet.

*  U,=0.24 m: the end of the sheet begins to move.
Figure 20 shows the deformations of the soil mass at the end of the test (U,= 0.24

Figure 19. Deformed geometry of the sheet for different values of U, (true scale).
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m). The soil columns, which were initially vertical, tilted during the test and highlight
a shear zone in the soil (shaded zone). These results can be compared with the experi-
mental results presented in Figure 7a, also showing shear zones in the soil. The loca-
tion of the failure in the numerical model is more diffuse, for the thickness of the zone
affected is closely linked to the dimensions of the modeled particles. However, at a
qualitative level, the numerical model offers a good representation of the phenomena
that are observed in the experiments.

4.4  Assessment of the Comparison Between the Models and Experiments

Comparisons between the experimental and theoretical results show that, in simple
cases (run-out anchorage), the model and experimental results are approximately the
same. In more complex cases (anchor trenches), certain disparities are observed, nota-
bly at the end of the tests when the mechanisms brought into play are complex.

Qualitatively, the mechanisms of anchorage behavior obtained by modeling are
similar to those in the experiments (i.e., gradual tensioning of the sheet, rounding out
of the soil at the corners, and lift and shear of certain parts of the soil mass).

Quantitatively, the models proposed (both with and without edge effects) systemat-
ically underestimate anchorage capacity. There may be several causes for the differ-
ences observed such as the following:

* Poor modeling of soil behavior, either in determining model parameters or in char-
acterizing the soil (absence of cohesion).

* Poor characterization of the soil-geotextile interface behaviour. In particular, the
calculations highlight a strain softening behavior of the interface, while the experi-
mental behavior is similar to the perfectly plastic type. This strain softening behav-

Figure 20. Soil deformation in an anchorage test (U,= 0.24 m)
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ior is due to the fact that the failure is accompanied by a disconnection of the
particles in the vicinity of the interface.

e Miscalculation of lateral friction. In fact, the model proposed for the edge effects
was based on a large number of hypotheses and extrapolating two-dimensional
results to a three-dimensional problem remains a delicate task. Complex mecha-
nisms, such as the formation of arches between the two side walls were neglected.
As a result, it is probable that edge effects were underestimated. However, these
phenomena are only of secondary importance in that they are specific to the exper-
iment and do not come into play in the behavior of the structures themselves.

5 CONCLUSIONS

The analysis of the experimental and theoretical results of the pull-out tests highlights
certain essential aspects of the geotextile anchorage behaviour at the top of a slope.
This analysis demonstrates, in particular, the following major roles of the soil in the
failure mechanisms:

» failure of the soil mass along preferential slip lines (in the case of granular materials);

* rounding out of the soil at the points where there is a change in the angle of the
geotextile; and

* large-scale deformation and displacement of certain sections of the soil mass.

When designing the anchorage, it is therefore not sufficient to merely take into
consideration the geometry of the problem and the interface characteristics. It is essen-
tial to include soil failure mechanisms in the analytical formulae, which generally
overestimate anchorage capacities, if the anchorage capacities are to be correctly
assessed. Additional numerical and experimental studies must be carried out on this
subject for different types of soils, other anchor shapes, and other geosynthetic prod-
ucts. However, it seems reasonable to consider that these conclusions could apply to
geomembrane anchorages. Tensile force mobilization would require larger displace-
ments, but pull-out strength, and failure mechanisms may be approximately the same
supposing that the anchorage capacity does not exceed the tensile strength of the
geomembrane.

The comparison experimental and modeling results show that the calculation
method selected applies relatively well to modeling anchorage tests. Although the
results are practically identical in simpler cases, some quantitative differences can be
observed in more complex cases. In qualitative terms, however, the anchorage mecha-
nisms are reproduced correctly by the Discrete Element Model, thus validating the
choice of this model to estimate anchorage capacities. The main difficulty with this type
of modeling resides in determining the parameters, a process that requires very precise
adjustment and many calculations. Additional numerical studies must be performed if
a better understanding of anchorage mechanisms are to be achieved, particularly for
cohesive soils. Additional numerical studies should also enable improvement of the
existing analytical formulae and more precise determination of anchorage capacities.
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NOTATIONS

Basic SI units are given in parentheses.

a = soil-geotextile adhesion (N/m?)

a, = tensile strength of contacts (N/m)

ass = tensile strength of contacts of geotextile (N/m)

as = tensile strength of contacts between soil and geotextile (N/m)

ay’ = tensile strength of contacts in soil (N/m)

a, = shear strength of contacts (N/m)

a8® = shear strength of contacts of geotextile (N/m)

ai® = shear strength of contacts between soil and geotextile (N/m)
o = shear strength of contacts in soil (N/m)

B = length of anchorage at bottom of trench (m)

c = soil cohesion (N/m?)

c' = effective soil cohesion (N/m?)

D = length of vertical embedding (m)

d = maximum diameter for a pair of particles (m)

d = minimum diameter for a pair of particles (m)

d = diameter of particles used to model geotextile (m)

dt = time step between each assessment of edge effects (s)

1_3“ = force resulting from friction on a particle (N)
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H = thickness of soil cover above anchorage (m)

Ip = plasticity index (%)

J = tensile stiffness of geotextile (N/m)

K, = coefficient of earth at rest (dimensionless)

k, = tensile stiffness of contacts (N/m?)

k88 = tensile stiffness of contacts of geotextile (N/m?)

k& = tensile stiffness of contacts between soil and geotextile (N/m?)
ks = tensile stiffness of contacts in soil (N/m?)

kg = shear stiffness of contacts (N/m?)

k88 = shear stiffness of contacts of geotextile (N/m?)

k3& = shear stiffness of contacts between soil and geotextile (N/m?)
kS = shear stiffness of contacts in soil (N/m?)

L = upper horizontal segment of anchor (m)

/ = length of an assembly (m)

[ = length of small assemblies (m)

l = length of large assemblies (m)

n = porosity (dimensionless)

p = ratio of diameters of two particles in an assembly (dimensionless)
R = relative geotextile-soil roughness (dimensionless)

S = surface area influenced by particle (m?)

s = surface area of side of cylindrical particle (m?)

T = tensile force applied by traction cable (N)

T, = horizontal component of T, (N)

= anchorage capacity (N)

= tension at failure of geotextile (N/m)

o = displacement of particle (m)
U, = displacement of traction cable (m)
Uyef = reference displacement characteristic of interface flexibility (m)

= compression speed in simulation of compression tests (m/s)

w = water content (%)
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w, = liquid limit (%)

Wp = plastic limit (%)

Wo = weight of soil above geotextile sheet (N)

p = slope angle (°)

o = soil-geotextile friction angle (°)

At = numerical resolution time step (s)

@ = internal friction angle of soil (°)

¢ = effective internal friction angle of soil (°)

Pomp-son = friction angle of soil on side walls (°)

y = unit weight of soil (N/m?)

Y = unit weight of dry sand (N/m?)

A = angle of change of direction of anchored geotextile (°)

)7, = friction angle of contacts (°)

)7 = friction angle between two particles used to model geotextile (°)
)7 = friction angle of contacts in soil (°)

7 = friction angle of contacts between soil and geotextile (°)

v = Poisson’s factor for soil (dimensionless)

oy = confinement stress when simulating biaxial compression (N/m?)
o; = major principal stress (N/m?)

o = minor principal stress (N/m?)

o, = horizontal stress on a vertical portion of geotextile sheet (N/m?)

= normal stress (N/m?)

= vertical stress on horizontal portion of geotextile sheet (N/m?)

<

>
= magnitude of 7 (N/m?)

T
>
T = shear stress of the sand-geomembrane interface (N/m?)
>
T = magnitude of Zmar (N/m?)
>
Tmax = maximum shear stress of sand-geomembrane interface (N/m?)
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