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SUMMARY: The Discrete Element Method is used toestigate the tensile behaviour and
cracks mechanisms of a clay material submittedetuding loading. It is the case of compacted
clay liners in landfill cap cover application. Suab the soil tested in this study is plastic clay,
the distinct elements model was calibrated withvioes data results by taking into account
cohesive properties. Various contact and cohesawrs lare tested to show that the numerical
model is able to reproduce the failure mechanisaométical results are extending to simulate a
landfill cap cover.

1. INTRODUCTION

Landfills have a top barrier including, in partiaul a cap cover of compacted clay layer.
However, this barrier poses many problems, in paldr related to its in situ implementation and
during exploitation as mechanical loading which gatuce cracks into the clay layer.

Then, it is necessary to keep at required levekjghy and mechanical characteristics of the
cover barrier to guarantee waterproofing properdied the safety of the site. Constitutive laws
for compressive or shearing strength are propasdaki literature but tensile strength of the clay
material is poorly investigated. As experiments @ifécult to conduct a solution with discrete
element modelling can be proposed as new altemativ

Already developed to model the total behaviour &irgs (Cundall and Strack, 1979), this
method is classically not used to take into accdhettensile behaviour of cohesive material.
Such as the soil tested in the study is plastig, ¢tee distinct elements method is first calibrated
with the reference law of PFC2D code and appliesitaulate a biaxial experiment.

Various contact, friction and cohesion laws ar¢e$o understand how interactions between
particles are related to the macroscopic paramefdahe clay material tested.

Extensions to the tensile strength are done and shat the numerical simulation is able to
reproduce the failure mechanism observed in laboyrat

An application of this approach regarding a capec@i a landfill barrier is done.






2. EXPERIMENTAL PROCEDURE
The influence of differential settlements withinettwaste mass on the capping cover is

experimentally modeled by submitting a clay layebénding stresses. Bursting tests (Figure 1)
have been selected in order to be in position g2k the initialization of cracks.
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Figure 1. Bursting test on a capping cover.

For the implementation of this test, a rigid pitreginforced concrete (width of 2m) is built,
and an articulated steel plate (2ni2m) placed over the pit (Figure 1).

Plane strain state is considered as existing foerdral profile. A system of four hydraulic
jacks in the pit allows the plate to reproduce looathrust (Figure 1). The jacks are
synchronized to ensure the same displacement dbtinecorners of the plate and an equal load
on each jack. A series of displacement transduar@idoad cells monitor the jacks. The maximal
vertical displacement of the plate is 0.25 m. Astfinon compacted silty sand is implemented
under a compacted clay layer (Figure 1). Experiadamisults coming from a field bending test
(Camp, 2008) show, for a real case of plastic dlagt the tensile strength is very sensitive to
deflection.

The first crack appears in the axial part for pldisement of the plate equal to 2 cm. At the
end of the test (displacement of 25 cm, loadinggMZn?) a cut is realized (Figure 2).



Clay Sand

Figure 2. Field test on the cap cover (displaceroétiie plate of 25 cm).

Laboratory triaxial tests of characterisation aegf@rmed on both materials (clay and sand) to
reproduce the conditions of in situ implementaiew,p,) and exploitation on site. Interpretation
is carried out in terms of total stresses. The ltesenable Mohr-Coulomb circles to be
determined and cohesion parameter (C) and frictragie (p) to be deducted (Table 1).

For the clay and for high water content valuesgirag between the Proctor optimumogyy
and wpn + 4%, the experimental tests are considered irgdrae tests between undrained and
unconsolidated tests (U.U. tests) and undrainedccandolidated tests (C.U. tests).

The sand can be considered as a purly friction maétevithout cohesion. Previous
experimental results on it enable the rigidity éodstimated.

Unconfined compression tests are performed on wiaterial. Under these conditions the clay
can be characterized by a rigidity (the Young modulinder uniaxial compression testgsE
and by a maximum stress. As the stress-strain swamenon-linear from the onset of loading, the
rigidity is calculated with regard to the initia@rtgent modulus (Table 1). The peak of the stress-
strain curves under uniaxial compression loadirmgtained for the compression strength) (R

Within the framework of this project, particulatettion will be paid to experimental results by
focussing our analysis on the failure process. @ ¢thik, the limit value of the extension strain of
the material without crack development should basmered. In the in situ implementation
conditions of a cap cover materials can be subjeicteleformations. So, experimental results, on
tensile strength are necessary for a continuum Hoglef a cap cover and especially for the
clay layer. These results could be obtained undectdtensile tests or splitting tests on clay. In
all cases, the value of the stress at the initiatibcrack is called the tensile strength)(Ror
reasons of simplicity splitting tests on clay aomaucted in laboratory. Curves obtained present
a preliminary relatively linear part which is cheterized by a stiffness. Cracks appear generally
at the end of the linear part of the behaviour.ifigknto account the preceding remarks and
from interpretation based on linear elasticityc&n be estimated under the form:

R= 2F/(DxHx 7) 1)

where F is the load at the crack initiation.



The parameters resulting from tests of charactéoizaon clay and silty sand are collected in
Table 1.

Table 1. Macroscopique parameters of the cap cover.

Clay Sand
R. (kPa) 170 /
R: (kPa) 1C 0
Eapr (MPa) 3 13
¢ () 3 31
C (kPa) 80 0

With R. the compression strength; fRe tensile strength,f the Young modulusg the
undrained apparent friction angle and C the unedhapparent cohesion.

3. NUMERICAL PROCEDURE

The numerical sample is built by the ERDF (Expamsle Rayon de Diminution de Frottement)
method developed by Chareyre and Villard (2003mdas are limited by a given volume.
Particles are generated randomly inside the volwitiea size reduced. No friction is taken into
account between discs and boundaries. The sizearitlps is growing up until the sample
reaches required porosity noted n. Micromechampashmeters of the model are selected to test
samples under different loading. We use six micicmaaical parameters:

- kpand k (normal and tangential stiffness),

- & and a(normal and tangential adherence),

- n (porosity of samples),

- M (the coefficient of friction between two discs).

The interaction between two particles (Figure 3nede by resulting loading coming from a
normal force Fand a tangential force, Bt each step of timeunder the form:

F=FR"+F° (2)
I:in =ann (3)
AFis = kS AU (4)

Figure 3. Interaction between particles.



U, andAUs are respectively relative displacements in thenabrand shear directions; Bnd
Rz represent the radius of discs.

3.1 Silty sand modelling

In order to reproduce the macroscopic behaviouthefloose sand, the granular assembly is
made of clusters setting up at a low density. Ecakter is an assembly of two inseparable
jointed discs with diameters D and &D. The sample is built with two sizes of clustérbe
ratio between the big one and the little one isa¢tiu2 and proportion between them is equal to
50%. The macroscopic parameters of the sand amdnelt using samples of 5000 clusters
submitted to various biaxial loading. Values of thieroscopic parameters needed to reproduce
the behaviour of the silty sand are presented bieT2a.

Table 2. Microscopic parameters of the silty sand.

kn (KN/m) 52.8.10
ks (KN/m) 26.4.10
a, (KN/m) 0

as (KN/m) 0

n (%) 20.15
u 0.455

The resulting macroscopic behaviour characterisfidhe loose sand (no pick value) is
represented on the Figure 4 wherés the normal stress and P is the confining pressthe
results enable Mohr-Coulomb circles to be deterdhiaed cohesion parameter (C) and friction
angle (p) to be deducted (Figure 5).
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Figure 4. Simulation of biaxial tests on sand.
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Figure 5. Mohr-Coulomb circles and intrinsequeveur

3.2 Contact laws and rupturecriterion of the clay

The main macroscopic parameters which have aneinfie on cracks mechanism are the tensile
strength and the Young modulus. The main numediitulties are link to the determination of
the microscopic parameters which must simulate kameously direct tensile test and
compression test into the clay layer. That's whg tleference contact law proposed by PFC2D
has been improved. In the initial configuration R¥FC2D, the failure criterion, written as a
function of failure by tension and failure by shiegr can be expressed under the form:

F,>C, (5)

for the tensile failure.

In this expression = a, x Dmin/2 represents the ultimate normal cohesion. Foshgaring
failure the criterion can be written under the form

F,<Max{ C; F,. i (6)

where G = a x Dpin/2 is the ultimate tangential cohesion.

When contacts are failed, cohesions are lost. 3imple contact behaviour is generally used
for granular matter. To take into account the rextofr the material tested (cohesive clay), we
proposed an improvement of the shearing failuregon under three ways. The first one can be
expressed under the form:

F,<C,+F.M (7)

Like in the reference law, the cohesion is lost e contact is failed. The friction between
two particles is always kept. This law will be ndbteaw number 1. The second one can be
expressed under the form:

F, <Max(C, F.1 (8)

When the failure criterion is reached, the cohessdkept. We are dealing with a friction and
a cohesive material. This law will be noted law tuem 2. Finally the third one where an
addition between the cohesion and the frictionoisedunder the form:



F,<C.,+F.1 9

When the failure criterion is reached, the cohessdkept. We are dealing with a friction and
a cohesive material. The law will be note law numBeln the following, the same sample of
5000 discs will be tested under different loadinmi&xial compression tests, axi-symmetric
triaxial tests and direct tensile tests). Each gl@massembly is made of discs with various
diameters ranging betweempand Dhax (Dmax/ Dmin = 3) setting up at porosity n.

In order to compare the different laws of contaew numerical simulations are carried out,

with the microscopic parameters given in Table I3 Figure 6 shows the evolution of stresses
and strains of a sample for different contact lalvshould be noted that the tensile strength is
not influenced by the different contact laws. Thaximum compression stress is in the range of
195 kPa to 368 kPa, i.e. in a ratio equal to 1T8& corresponding strain is in the range of 2.48
% to 4.72 % showing a relative influence of theteaohlaws.

Table 3. Microscopic parameters of the clay.

3
kn (KN/m) 20.1(
3
ke (kN/m) 20.1(
an (KN/m) 40(
as (kN/m) 40C
n (%) 15.C
H 0.2
_ 4007 Law N°3
E Gimax= 368 kPa
s 350 4 Emax = 4.34 %\ "’W
300
250
Law N°1
200 + Omax= 234 kPa
Emax=281% Law N°2
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Figure 6. Tensile and compressive tests.

A numerical study was performed in order to obthie@ microscopic parameters needed to
reproduce the clay behaviour. A particular attentiweas paid to fit the Young modulus, the
tensile strength and the ratiq/R. It should be noted that the rigidity of the saenfikpy is
directly link to the stiffness parameters. Relatim@iween both is linear. A weak rigidity returns
a more soft material. Fop and g values, it should be noted that the direct terggilength is not
influenced by the microscopic tangential adhere@gethe other hand, the direct tensile strength
decreases when the local microscopic normal adberaefecreases. The micromechanical
parameters retained for the clay layer are thogengin Table 4. The contact law used it law
number 2.



Table 4. Micromechanical parameters of the capicove

kn (KN/m) 10.16
ke (KN/m) 10.16
an (KN/m) 100
as (KN/m) 400
n (%) 15.93
VI 0.2

3. APPLICATION TO A REAL CASE

For the silty sand, the numerical granular assentbiyade of 2000 clusters. For the clay, the
granular assembly is made of 8000 discs. The nealegeometry is similar to the real case.
Particles are set up at a given porosity by udieg8RDF method. The particles are subjected to
gravity and then stabilized just before the simatatThe boundaries conditions of the numerical
modelling are obtained by walls. Bursting test lisained by the displacement of the horizontal
wall at a constant speed rate. The resulting l@ptinmeasured continuously. Images of the
simulation are used to analyze the damage proEepsé 8 and Figure 9).

The curve of the loading of the plate versus théicad displacement is presented in Figure 7.
The vertical ascending branch of the curve cornedpdo the weight of the materials. The linear
part of the curve corresponds to the elastic belnmwof the model. At the end of the linear part
of the curve the first crack appears (Figure 8)e Tihal part of the curve corresponds to the
propagation of the crack into the clay layer. Thaximum load (Figure 7) is obtained when
cracks form distinct blocks. The propagation ofcksais represented on Figures 8 and 9.
Numerical results are in good accordance with erpartal observations. The initialisation of
the first crack (Figure 8) corresponds to a disphaent of the plate equal to 1.7 cm again 2 cm in
the field test. At the end of the tests, resultmading are in the same order (40 kN/m2 again 42
kN/mz in the field test). Moreover, damage mechasisire very similar (Figure 9) with a tensile
crack in the middle part of the clay layer and simgadamage around. No crack is observed in
the silty sand layer (Figure 2 and Figure 9).
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Figure 7. Numerical simulation of the burst figddt.



Figure 8. Initialization of the first crack (rednpicles).

Figure 9. End of the simulation (displacement =ff).

3. CONCLUDING REMARKS

Experimental studies on unsaturated clay are diffito lead. A numerical approach using a
discrete method is proposed. Different contact lanes used to describe the behaviour of a
cohesive material. This first approach allows timeusation of a plastic clay under tensile tests.
The numerical results are in good accordance wiffeemental data and make it possible to
consider the simulation of a cap cover of compasig¢erials under deflection.
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