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Abstract: The study of the clay tensile behaviour is on¢heftopics which require a specific lighting espéigiwhen we give a closely

attention to the pathology of the works built withon the clays submitted to significant tensilersgth. Therefore, failure or damage of
clay can be related especially to tensile limit antito shear limit overtaking. It is the case ofpacted clay liners in wastes landfill cover
or for embankments built on high compressible sditsorder to study the tensile compacted clayabihur, a series of laboratory bending
tests were carried out. On the basis of the testitse different numerical simulations using DiserElement Method were engaged. Two
numerical bending tests were carried out: a thi@atp bending and a four points bending. A comparibetween the two numerical

protocols is given. Four analytical models (claalsilasticity, bimodular elasticity, differentialagel and struts-tie method) are used in
order to interpret bending tests results and angpeoed with the numerical simulations. At the samme, the validity of the assumptions

relative to the four models was discussed. To teatthese results, a study and adjustment of nualesitd micromechanical parameters
were carried out. It was demonstrated that therBiscElement Method has a strong correlation witibaratory tests and can contribute

somewhat to the understanding and discussion ovelidity degree of the kind of indirect tests arfdheir interpretation.

Keywords: tensile strength; bending test; Discrete Elemktathod; tensile failure; analytical model.

1 INTRODUCTION brazilian test or beam test) is often necessarythadlirect

tension test is not commonly conducted in laboyator
The compression behaviour study of clay soils vaagdly
investigated. Indeed, by the confined compressistst
various behaviour laws are proposed and validalde:
post-failure and the bifurcation phenomenon wese alell
studied.

According to several flatten and classical Branili@sts’
results, various conclusions on the rocks (Kakhsl al.,
2005) or on the concrete (Manoj and al., 2005) Haesen
noted. The first one is that, the indirect tentalgt is simple
and it can lead to have a convenient tensile streogly if

However, the tensile clay behaviour is poorly stddi

the initiation of cracking is localised at the aenbf the

Indeed, only few aspects of the clay behaviour aresample. The major disadvantage related to thestéisat the

investigated such as the reliable experimental gtore to
determine the tensile elastic parameters and exss the
failure such the limit tensile strength.

Moreover, the behaviour of rigid materials suchaa®cks
and a concrete, under tensile load conditions wkively
well established, although, the question to findefficient
experimental protocol leading to reliable tenstieersgth is
not completely resolved.

For example for rock materials; according to dfar
authors (Cai and al., 2004; Claesson and al., 20#h0j
and al., 2005) the recourse to indirect tensilecl{sélat

shear stresses induced at the vicinity of the loagilatens
prevents the tensile stresses to develop. Secdmel,
difficulty is to have a convenient model in order lave
reliable tensile characteristics. Indeed, the bintad
elasticity behaviour must be considered: i.e. tenand

compression rigidities are different. And the homoous
tensile zone at the centre must be required fagrdehing

the true strain-stress characteristics of soil. geone authors
this latter condition is related to the dimensidrhe critical

loading angle, which corresponds to the flat enQsZ

Wang and al., 2004).

Another alternative indirect test was used, like bdending
beam tests, which is easily to carry on in parécubn
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compact materials. Unfortunately, it remains dejremnaen
the experimental protocol and on interpretation hodt
Indeed, the results depend on the sample dimensiorthe
sample shape and on the type of the bending besin{3e
points or 4 points bending tests) (Satyanrayana and
1972).

The relevance of the interpretation of this tegteshels on its
instrumentation, in particular the stress measunt¢raed
the corresponded strains at the tensile zones. t@hgle

failure deduced from bending tests depends on the

assumptions validity of the models (Ajaz, A. and 4975)

In conclusion, for rocks or for concrete, all thifficulties
are related to indirect tests interpretation. Tlaeg more

significant for the clay soils and are more and enor

important for the water content increasing (Addaankd al.,
1974).

Due to the experimental and theoretical analydfgcdities,
alternative numerical technique was developed dewoto
determine the tensile strength and to examine éweral
proposal analytical models for the bending tests.

The Distinct Element Method (DEM) was calibratedhwi
direct compressive tests and applied to bendingnbtests.
This paper describes the experimental protocol Hrel
numerical approach calibration.

Basing on numerical bending tests, a comparisowdsat
three points bending and four points bending resulas
done. This comparison between the two numericabpobs
must lead to conclude about the basic difference.

2 A BENDING EXPERIMENTAL PROTOCOL

Experimental tests were carried out in Lirigm ladiory
with a plastic clay soil provided from I'Aptien riem and
with the following characteristics:

Physical Characteristics: Mechanical Characteristics

Kaolinite: 50%, lllite: 40% Undrained friction aregt
@=24°

% < 2um : 50 % Undrained cohesion= 30kPa

% 2 um until 80pum: 48 % IPI=11-12

Dry density = 21 kN/m) Ip= Permeability = 18 m/s - 10"

24%, void ratio=0,56 m/s

Table 1: Physical and mechanical clay characteristics

The four bending tests were selected and condusttd
field displacement measurements by two ways. Th& fi
way corresponds to a three displacement transdudsch
are used; two are placed on the two support rbesthird is
placed in the middle of specimen. The second way (f
which the results are not presented in the pamergsponds
to the post-graphic technique using a softwardrtreat.

initial conditions like the water content and thy density,
the Proctor optimum parameters are fixed (theahitiater
content is near the 16%= optimum water content +).2%
Figure 7 shows the force-displacement curve.
Unfortunately, it was difficult to have at same diraxactly
initial water content and initial density for eadbst.
Consequently, the little water content variatiorswatified
and it effect was estimatefigure 7).

Figure 1: Beam test and cracking mode

According to the whole of the experimental results,
numerical simulations of the bending test wereiedrput
and some micro-mechanics parameters are calibrated
different experimental compression and bendingsteBhe
calibration is illustrated in the section 3.2.

3 A DISCRETE ELEMENT APPROACH FRAMEWORK

3.1 A principal of DEM approach

In the last few years the Discrete Element Methsodrie of
the emerging numerical techniques used to invdstitee
failure and the fracture behaviour of complex tasti
materials. The interest of this approach is to imrssimple
individual laws for contacts between the particlésr the
numerical software used (PEY, these laws relate the
relative displacement with contact forces and itigd

1).3):

RN (0=Kk"U;i"(t)ny (1)
ARS=-KS5AU® )
ReM=R (t-1+ARS ®)
Where:R"andR® are respectively the normal and

tangential forces in contact (i) between two péticwith
normal N, and U;" and AUS the normal and relative
tangential displacements in contact (i). Alsoigt)a time
step in the particle movement.

The distinct element scheme is based on the sddendon
law of motion. Force displacement law at contact tfee

Figure 1 shows the beam test carried on a sample of 10 cniranslation motion (4) and moment-rotational moment

x 10 cm x 40 cm and the cracking mode. The tersdek

thickness is more important at the bottom and it is

developed progressively to the top of the specinTéns
indicates that the failure is essentially localisedtensile
zone at the bottom of the beam. In order to keegarae

relation for the rotation motion (5).
F=m(%-9i)
Mi(3)=li (34 (3)

(4)
(%)



3

Where: m;j is the particle’s massy; the acceleratiory; the
volumetric gravity force of particle ()Mj(3) ,lj(3) and

For all following simulation tests the retained mic
mechanical properties of the Discrete Element Methe:

@ (3) respectively the resultant moment, the principal the normal and shear stiffness, kK= 14 MN/m; the
moment of inertia of the particle and the angular friction coefficient 4 = 0.8; the normal and shear bon@< and

acceleration about the principal axe 3.

The contacts are defined by five rheological patanse
normal and tangential stiffnesses'{ and K°), normal and
shear cohesiongY"and C%) and friction coefficient f). It

assumed that the parameters of the two contactnimgrs

act in seriesfigure 2). With the micromechanics parameters

the real contact condition between all particles adjusted
step by step. And all reliable contacts are redlized
according to these two conditions (6) and (7).

‘FS‘ 2F> (6)

Fh>cn )
S _ n n

Fax = max(,u‘F C) (8)

The major difficulty to use this approach for rapplication
is to assign the good micro-properties to have ttoue
relationship between micro-properties and macrgiies.
A preliminary parametrical numerical study is nedde
order to fit the micro-parameter.

Normal stiffness Kk,
hear stiffness kg

Friction coefficient 1
Contact bonds C, , Cg

Figure 2: A rheological model on the DEM method

3.2 The micro-macro relationship in the simulation
approach

The fitting between the micro and macro parameters

made by carrying out various numerical direct cozspive
tests. In this case, the macro- homogeneity candits
traduced by the good prediction of the experimeatave.

Figure 3 shows the results of an experimental prediction of
unconfined compression tests. The experimental ecurv

corresponds to the average tests data.

140 1
numerical / experimental compression test
120 A

100 4 kS
1
1
80 H

oc (kPa)

60

40 4 —o— experimental test
— & —numerical simulation

20 i&%

0

L
3
)
4
4
4
4
4

0 1 2 3 4 5 6
(%)

Figure 3: An experimental prediction of unconfined
compression

c® defined as:

n

=C, " min(rad (b, ), rad CH) )

And c® = ¢ ® min(rad (5, ), rad ;) (10)

Where Cfn :CfSZSOO kN/m ; rad() and rad() are the

radius of the two balls (i) and (j) acting in thentact (in
two-dimensional problem the balls are considered as
cylinders).

4 EVALUATION OF NUMERICAL AND
EXPERIMENTAL RESULTS

To illustrate how the numerical approach has a tgrea
potentiality to predict the indirect test resultseveral
numerical tests in different conditions are carriedt.
Systematic  comparison  between  numerical
experimental results with a qualitative and a qjtzinte
analysis is given.Figure 4 shows the identical failure
mechanisms between experimental and numericaltsestl
direct compressive tests and improves how the DEM
approach can reproduces perfectly the sliding mode.

and

-

Figure 4:
Experimental
(a) and
numerical (b)
unconfined
compression
tests

(b)

Figure 5: Numerical bending test failure

Figure 5 shows similarly failure mode with its experimental
equivalent bending tesfigure 1). The difference between
the x-coordinate failure sections between expertaieand
numerical is not significant while deflexion momeist
constant between the two rods for transferring doakhe
guantitative results are illustrated in figure 7.



4

In general it is admitted that for the validity the essential

5 ANALYSIS OF DIFFERENT MODELS WITH THE DEM

assumptions of the beam’s theory, the twinge mwst b rResuLTs

greater than 10. However, for the clay soil the dieg
experimental system is designed for low twingest,&)-
Hence, in order to quantify the effect of low twéngn the
interpretation of the laboratory bending tests,umerical
study has been done with several twinge val&égure 6
shows that the effect of the beam’s twinge is mgriifcant
on limit tensile strength calculated with elastiedry.

70 4
-
80 e
50 o N N
+ normalized tensile stress
% 404 | mean value of normalized tensile stress
30 1 . .
o, : bending tensile strength
oy : confinement stress
20 §
10
[a]
3 5 7 9 11

twinge :L/h

Figure 6: effect of twinge of the sample in bending test

FOUR POINTS EXPERIMENTAL BEAM TEST

L

F*=F(L-)ib

250 e @=15.70% . 70l=17.40 KN/m’*

—=— ©=16.49% , yd=17.45 KN/m’
200 -
o @=17,27% , yd=17,00 KN/m®

150 4 — — ©=17,33%,7d=17,19 kKN/m’

= numerical simulation

F*(N)

100
b : beam width

50 4

: | A

0 1 2 3 4
displacement of transferring load rods (mm)

Figure 7: Experimental and Numerical bending tests
simulations

As shown infigure 7, the reproducibility of experimental
tests is conditioned by the possibility to keep tadue of
the initial water content to a constant. This ctiodi
remains difficult and usually conducts to repeat th
experience many times.

In conclusion the DEM approach leads with practway to
predict different bending beam tests with differemtial
conditions. Indeed, it allows simulating the effe€twinge
of specimen and the experimental protocol effagts. also
demonstrate that if the calibration of the microgmaeters is
well established this numerical scheme can enatalieict
or direct tensile computation. Basing on the nuoatiests,
this approach is a convenient tool to give an aateur
interpretation of the experience and can be useamine
and to improve a convenient model.

Numerous analytical models were used in order terpmet
the bending tests. For some authors (Ajaz, A. and @75),
the bending tests (for three or four points systesajlts can
not be analysed in the elastic theory frameworke Ho
validity of the theory was attributed to bi-modutar
behaviour (Stimpson, B., Rui Chen, 1993). In tlase; the
use of identical stiffness values for tension anchgression
analysis of clay structure is not justified (Ajak, and al.,
1974). In order, to verify this property an invgstion in
terms of total stress is concerned with both stséissn
behaviour and limit strength condition which leaddimit

strength diagranfigure 10).

5.1 Four points bending system

In the section all comparisons are given for the stress,
which is defined as a normal stress to the vertdeation. It
has been positive in compression and negativensilée

5.1.1 Numerical calculation

The numerical calculation af,, stress is given by equation
(11). Indeed,oy, stress values are calculated using the
discrete-particles efforts according (11) by theasueement
circles figure 8):

I
! D v(p)
Np

Nz %)q(c)_)q(p)ni(c,p)Fj(C) (11)
pNe

Where the summations are taken over peballs with
centroids contained within the measurement cirolethie
specimen and over the contacts of these balls.

-n %s the porosity within the measurement circle;

- V\PJis the volume of particle (p), taken equal to theaa
of particle (p) times a unit-thickness;

- % P) and >q(°) are the locations of a particle centroid and its
contact, respectively;

-n\®PJis the unit normal vector directed from a particle

centroid to its contact location;

- F-(C) is the force acting at contact (c)

In order to assure the convenient failure stresspeaation,
different sections are considered in area compyisgtween
the two points for transferring loadkigure 9 shows the
stress field homogeneity and the independence atetof
x-coordinate of section in this area.

Figure 8: positions of measurement circles



DISTRIBUTION OF NORMAL STRESS IN DIFFERENT SECTIONS
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Figure 9: Normal stress curves in different sections

If a mono-modularity elasticity model is appliebettensile
stress is calculated as in equation (12). Wherehia

equationoyy is the tensile and the compression stress at top

and at bottom of the bearkigure 10 shows that equality
between the normal
(designed stress by the equation (12)) is notfijedtiand

that the difference between the two values inceasith

strain. Hence, it leads to conclude that at faildhe

compressive strength of clay is higher than thesiken
strength. At failure the stress diagram differsnirahe

tension curves obtained by the standard elastidibgn
theory. For Troloppe D. L., and Chan, C. K. (196

considerably irregular stress-strain behaviourcfompacted
clay was also observed.

NCORMAL STRESS EVOLUTION DURING THE TEST

Ge

(mm)
@ =
3 S

2 @
S, ©

Y_COORDINATE

w
=3

ot

. . : . o=
Figure10: Numerical Tensile and compressive stress curves — &ctét 55t[ bh?

For each loads which are applied incrementally, nbe

linearity tensile stress diagram increases witldilogrand in

extreme tensile fibre. It seems that the numeriesallts

improve the stress diagram obtained by differentiathod

(Ajaz, A. and Parry; R. H. G., 1975,-b-). Never#sd, the
other bending theories (which are presented foligwi
briefly) use other formulations of the compressiand

tensile stresses. The aim in this section is to paym

between the numerical simulations and the modetslits.

5.1.2 The elastic bending method

The elastic bending theory method leads to equati@)
which based on the assumption that the Young's togdu

compression and tensile stressgc=—=

has the same value for the material in tension ras i
compression:

6M
oct=—>5 (12)

bh?

WhereM is the flexion moment) andh are the width and
the height of the plane section.

5.1.3. The Bimodular elasticity method Ajaz, A.
and Parry; R. H. G., 1975,-b-).

The method is based on all the same assumptioribeof
elastic bending method, but the value of defornmatio
modulus in tension may differ from that in compress It
leads to equation (13-a) and (13-b):

_3M &c+et (13-a)
bh? ¢
_3M &ctét
= L (13-b)
bh? &t

Where gz and & are respectively the compression strain

top and the tensile strain at bottom of the beanthis case,
the compression and the tensile modulus gr@&VPa and
E= 44MPa.

5.1.4. The Differential method (Ajaz, A. and
Parry; R. H. G., 1975,-a- and -b-).

In opposition to the two previous methods, this elatbes
not assume a preferred relationship between staesk
strain. Indeed, the behaviour law is unknown. Thedeh
leads to equations (14-a) and (14-b).

_ 1 o[ M(era)? )
ecta ach t::h2 ] (14-2)
1 0 {M(fc”t)z] (14-b)

Hence, the compression and tensile stress arela@duby

the differentiating the quantitym (fc+ft)2 with respecte;
andg; . It is evidently, that the compression and tensile

stress values are calculated respectively witha)lat the
top of the bending sample and with (14-b) at itedra. We
make in the numerical calculations the assumptiat b
and h (beam dimensions) are constant.

5.1.5. Comparison between the numerical and
analytical methods

The table 2 summarizes the results of numerical thed
three analytical models. It appears that the nwakr’nd
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bimodular models give almost the same value of The numerical study carried out with the PR@ode

compression stress. Nevertheless, the tensilessttgained
by the numerical and elastic theory is lower thhnse
obtained by the other methods. Hence, it is diffido

conclude about the efficiency of the allowed assiong of
the analytical models. The use of direct test arabably
another indirect tests (like Brazilian tests) caipho give a
clearly conclusions.

Differential
method

Numerical | Bimodular | Elastic theory

o(kPa) | 45.00 47.42 53.92 53.95

o(kPa) | 50.00 62.46 53.92 68.34

Table 2 Compression and tensile stress from different
models

5.2 Three points bending system

In order to study the validity dftruts-tie model (J. C. Morel
and al., 2003)a numerical simulations by the DEM method
have been done. Therefore, in the section, we presdy
numerical results corresponding to the three pdietsding
tests.

J

10

<
<
C

10

Figure 11: principal stresses orientationstiuts zone (figures
11-a, 11-b and 11-c)

The figure 11 shows that basing to the principal stresses

distribution the validity ofstruts-tie method is improved only
until a limit distance between the tow support robsleed, in
order to interpret the behaviour at failure of anpoessed earth
block during a three points bending tdbie struts-tie method was
proposed by J. C. Morel and al. (2003) which supgbse it is
possible to deduce the tensile strength via thepcession stress
value developed in the struts. Hence, from numkriesults it
appears that modelling the three points bendintesysis a lattice
is valid only for limited distance between the tewpport rods
(figure 11-a). The orientation of the principalestses improves
this conclusion. Indeed, it is shown on figure IHatt the
compression direction as a lattice is not possiblbe distance
between the two support rods increases (figurels add 11-c).

6 CONCLUSION

improves the potential of this method which canetadke
place of many experimental tests. The comparisawesn
the four models improves also the validity of thisthod to
predict the macroscopic behaviour and leads tcstihey of
the limit tensile strength. The limitation of théasticity
method to predict the failure tensile strength wadso
improved. It seems that the differential methoddrarts to
the same numerical tensile stress diagram. Indéeal,
differential method is chosen for comparison beeaitiss
not based on a preferred behaviour law assumption.
The numerical simulations improve the bimodulasttiy
behaviour. Our future work also includes exploiting
numerical Brazilian and direct tensile tests to rioye the
ability of the DEM analysis to give a quantifiedlt tensile
strength of the compacted clay.
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