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Uncertainty and sensitivity analysis of laboratory testdations using an
elastoplastic model

Fernando Lopez-Caballero & Arezou Modaressi-Farahmasmh®
Laboratoire MSS-Mat CNRS UMR 8579, Ecole Centrale ParianEe

ABSTRACT: The focus of the present paper is on Monte Carla@gghes to uncertainty and sensitivity anal-
ysis of laboratory test simulations. The soil behaviourimsutated using an elastoplastic multi-mechanism
model. The Fourier amplitude sensitivity test (FAST) metimperformed in order to assess the influence of
input parameters on the response of the model followingraél@ading paths. According to the sensitivity
indices derived by FAST method, each parameter has an iangadle following both the loading path and the
strain range.

1 INTRODUCTION Carlo simulation techniques (e.g. Fourier amplitude

The role played by the soil behaviour is fundamentafSensitivity test, FAST) will be presented.

in geotechnical analyses. The factors that constitute The elastoplastic multi-mechanism model devel-
the essential elements of a well modelling besides @ped atEcole Centrale Parisknow as ECP model,
powerful method to solve the boundary value problen(Aubry et al. 1982, Hujeux 1985) is used to repre-
are: necessary data, an appropriate constitutive modeent the soil behaviour. This model can take into ac-
and adequate model parameters. The necessary d&eunt the soil behaviour in a large range of deforma-
are obtained by laboratory tests or/and in-situ meations. Thus, the impact of several parameters concern-
surements. In the case where they are not availabl#)g both the elastic and plastic behaviour of the soil
correlations can be used. will be studied.

In some geotechnical problems, the use of mod-
els based on the elastoplasticity theory to represerd CONSTITUTIVE MODEL
the complex behaviour of soils is always suitable asThe ECP’s elastoplastic multi-mechanism model is
they represent a rational mechanical process (Pandgritten in terms of effective stress. The representa-
& Pietruszczak 1986). Unfortunately, one of the ob-tion of all irreversible phenomena is made by four
stacles in using such kind of models is the difficulty coupled elementary plastic mechanisms : three plane-
in identifying their parameters added to the lack ofstrain deviatoric plastic deformation mechanisms in
knowledge of soil properties. Thus, the uncertaintythree orthogonal planes and an isotropic one.
associated with their parameter determination should The model uses a Coulomb type failure criterion
be considered simultaneously to the variability ofand the critical state concept. The evolution of hard-
geotechnical data. ening is based on the plastic strain (deviatoric and

A good understanding of the simulation of soil be-volumetric strain for the deviatoric mechanisms and
haviour could be addressed through local or globalolumetric strain for the isotropic one). To take into
sensitivity analyses, that is, the assessment of the imaccount the cyclic behaviour a kinematical hardening
pact of individual input parameters or sets of inputbased on the state variables at the last load reversal is
parameters on the response of the model. used.

In this paper, a probabilistic analysis is performed The model is written in the framework of the incre-
in order to illustrate the effect of uncertainty in both mental plasticity, which assumes the decomposition
soil properties and model parameters on the responses the total strain increment in two, elastic and plas-
of simulated soil laboratory tests. These analyses arkc, parts. In what follows, a brief overview of the es-
performed for modelling both monotonic and cyclic sential aspects of the constitutive model for primary
tests. A number of sensitivity indices based on Montdoading paths is given.



The elastic part is supposed to obey a non-lineawith :
elasticity behaviour, where the bulk and the shear

(G) moduli are functions of the mean effective stress i .
(p/) : Tiso = &y, c De (9)

o\ o\ whered is a model parameter representing the dis-
K = Kyef ( ) and G = G,y <—> (1) tance between the isotropic consolidation line and the
Pref Pref critical state line in theq— Inp’) plane and:,,,. con-

whereK,.; andG,.; are the bulk and shear moduli trols the volumetric hardening. _ _
measured at the mean reference presspte)(and In the model, an associated flow rule in the devia-
n. is the degree of non-linearity. toric plane §) is assumed, and the Roscoe’s dilatancy
Adopting the soil mechanics sign convention (com-fule (Roscoe et al. 1958) is used to obtain the incre-
pression positive), the deviatoric primary yield sur-ment of the volumetric plastic strain of each devia-

face of thek; p|ane is given by tOI’iC meChanism SO that .
filoetry) = ay —singp, - pi-Fe-me (2) e = N oy - ag(re) (Sin - q_ic) (10)
with: Pr
P, 1y is the characteristic angle ang a constant param-
F, = 1—bln (p—) (3) eter.

The parameters of the model concern both the elas-
» tic and plastic behaviour of the soil. We propose to
Pe = Peo eXP(Be7) (4) classify the model parameters with respect to their es-

where, ¢/, is the friction angle at the critical state. timation method. In this scope, the parameters used

The parametelr controls the form of the yield surface I the elastoplastic model are separated in two cate-
in the (/,¢) plane and varies fromh = 0 to 1 pass- 90ri€s: those that can be directly measured from ei-

ina from a Coulomb tvpe surface to a Cam-Clay typeth€rin-situor laboratory test results and those which,
g yb y YP cannot be directly measured (Table 1).

one.s is the plasticity compression modulus gng

represents the critical state stress corresponding to the o _

initial voids ratio. Table 1. Classification of the Elastoplastic model parame-
The internal variable;, called degree of mobi- €S

lized friction, is associated with the plastic deviatoric

Directly Not-Directly

- : ; : measured measured
strain. This variable introduces the effect of shear
hardening of the soil and permits the decomposi- Eg|astic Kyefs G
tion of the behaviour domain into pseudo-elastic, hys- Ne, Pref
teretic and mobilized domains, its evolution law is
given by: Critical State B B b
and Plasticit cor d
b o= o) (5) ' '
L Flow Rule and P a1, ag, Quyp,
. ) o ) Isotropic hardening M, Cmon
where)! is the plastic multiplier ok mechanism.
Threshold reta, phys
a = a+ (a'2 - afl) ak(rk) (6) domains Tmob Tgla
where :
ar =0 if eles <y < Y
hys m
= < ;fo;rk:ys> if ' <py<pmed (7)) 3 FASTMETHOD
pmob_ T o . —
ap =1 if rmob <y < 1 The global sensitivity analysis is a method used in or

der to decompose the uncertainty in the output of a

wherea,, a; andm are model parameters amévs ~ Computational model according to the input sources
and ™ designate the extend of the domain whereof uncertainty (Gatelli et al. 2009). In this kind of sen-

hysteresis degradation occurs. The isotropic yield surSitivity analysis, the space of the input factors is ex-
face is assumed to be - plored within aninfinite region (Saltelli et al. 1999).

Fourier amplitude sensitivity test (FAST), (Cukier
fiso = V| —dperiso (8) etal. 1973, Saltelli et al. 1999) is one the most robust



global sensitivity analysis techniques (Jacques 2005f the model concern both the elastic and plastic be-
Helton et al. 2006, Xu & Gertner 2008, Mara 2009). haviour of the soil and they were determined with
In this technique, all input parameters are sampledhe methodology explained in Lopez-Caballero et al.
from a periodic function with a different characteris- (2003, 2007). The behaviour of the sand is studied by
tic frequency. Thus, the output model becomes a perisimulating drained triaxial tests, drained cyclic shear
odic function. The Fourier spectrum is then calculatedests and undrained stress controlled cyclic shear tests.
on the model output at specific frequencies so as tdll tests are simulated with the same set of parame-
obtain the first-order sensitivity indexy) of eachz;  ters. They are summarized in Table 2.

parameter.

Let us consider a computer model” = Table2. ECP model’s parameters for simulated sand
f(z1,...,z,), where p is the number of inde- Elasticity
pendent input parameters. The parametric curve K,ef[MPa] 628 Ne 0.5
assigned to each input parameter is defined as: Gref[MPa] 290  p..f[MPa] 1.0
Critical State and Plasticity
/ [o
zi(s) = % + % arcsin(sin(w; - s))  (11) ﬂpp[ ] gg Z (2)2
plo[kPal 40
with z;(s) € [0,1]7 ands = 2 - 7T]N Vi=1,...,N. Flow Rule and Isotropic Hardening
TheY model is then evaluatel times over the sam- Y[°] 30 o 1.0
ple of sizeN. If the model output” is expanded with a 0.0001 a 0.005
a Fourier series, the marginal variané® ¢an be ob- Cmon 0.004 m 1.5
tained as: Threshold Domains
rele 0.03 rhys 0.04
i A+ BY) (12) ymob 0.8 rela 0.02

where A; and B; are the Fourier coefficients defined  In our elastoplastic model, the variability on these
as: laboratory test results is obtained assuming that the
1 = following parameters K.y, Gcf, Peos 35 @, U rhs,
A = — / F(X(S)) cos(js)ds (13)  ¢mon @nday have a random character, whlle the other
21 Jor model parameters are held constant. This set of pa-
| rameters has been chosen because, as recalled before
B, = — f(x(s)) sin(js)ds (14) (Section§ 2), they concern both physical and numer-
2w J—x ical parameters and both the elastic and plastic be-
haviour of the soil (Table 1).

It is necessary to remark that in order to keep a
Poisson’s ratiox) value constant, the model parame-
ter K, is assumed perfectly correlated wéh, ; and
computed using the following relation from the elas-
s ) ticity : Kyey = (2-Grep- (14v))/(3-(1—2-v)).Re-
Z w; T Bpw (15) gardingy parameter, it represents the limit between
p=1 contracting and dilating behaviours in sands, which is

combining equations 12 and 15, the first-order sensikNOWn as the “phase transformation state” (Ishihara

tivity index (S;) of eachs; parameter is defined as: 1993). The value of this parameter may be equal or
less thany;,,. In this work; it is assumed that= ¢, ..

v The mean values of random parameters used in the
Si = % (16) computations are given in Table 2. For the sake of
brevity, all random parameters have a coefficient of
Refer to Saltelli et al. (1999) and Xu & Gertner variation (/) equal to 20 and it is assumed that all
(2008) among others for further details about theof them are characterized statistically by an uniform
FAST method. distribution. Other studies such as the effects of prob-
ability distribution type and other variation coefficient
4 PROBABILISTIC MODELLING OF MATE- values on the model response are not deemed in this
RIAL PROPERTIES paper. They will be considered in further works.
The sensitivity analysis method is illustrated through Using the Monte Carlo approach (MCS) and the
its application to a loose sand (i.e. a relative denFAST method described before, it is possible to take
sity D, < 50%) model parameters. The parametersinto account the variability of random model param-

The marginal partial variance of an individual input
parameter \(;) is obtained from the Fourier coeffi-
cientsA,,, and B, atthe harmonics ofv; as fol-
lows:



eters and thus to generate the uncertainty laboratorv

test curves. :

In the following figures, the mean, the one stan- o0
dard deviation and the range of several test curve °*
determined by MCS are showed. These summarize ZZ

curves involve 1000 sample computations. An initial =,
confinement pressugg = 50k Pa is used in all sim- " *
ulated tests. Figure 1 shows the response obtained [ o4
the model in simulated drained triaxial tests. The re- 3

sponse is showed in the— ¢; ande, — ¢ planes. 02 [ T PE = 2.5 and 97.5%
L —M i
ot --M:\::c
140 ‘ ‘ ‘ ‘ ‘ 100’6 107° 10 107 107
120} e .
100+
g iz " Data - PE = 2.5 and 97.5% F
T 6ol ’ 0.9f | —Mean :jI,
B --Mean+o E
08
404 o7t ’ :;f
20 {“Data - PE = 2.5 and 97.5%)| | ZC’ 0.6r Strain-controlled ;';,’ ,'I:
P, =50 kPa o m:s ‘o 5 05 cyclic triaxial test ':'
% 5 10 15 20 25 30 W04 N=10cycles -
& %l > 0.3 P’y =50 kPa
0.2
a 0.1
0
0 ‘ ‘ ‘ 10° 107
3 I"“Data - PE = 2.5 and 97.5%
-05 —— Mean
--Meanzto
l b
-15 k ‘5 ] Figure 2. Simulated probabilistic a)7/G e — v and b)
S o e Ap,, /pl, — 7 curves.
29 e of triaxial test (Fig. 3a), even if all random input pa-
-3} e rameters have the sariig value, the variation coeffi-
a5 p,=s0kPa " cient obtained foe, varies from 35% to 20% when
increases. This is in contrast with the value forg,
o 5 S T which remains approximatively constant (re20%).
1 0

A similar response is obtained in the case of cyclic
b tests (Fig. 3). Thé/- value forG,,.. increases (from
12% to 18%) whewry increases (Fig. 3b). On the other
hand, concerning th& value forAp,,, it presents a
peak fory ~ 1-10~%. According to Figure 2b, this de-
formation corresponds to the beginning of pore pres-
sure build-up in the test.

Figure 1. Simulated probabilistic drained triaxial testsja} €1,
b) Ey —€1-

The uncertaintyG/G,,.. — -y curves generated by
the simulations are shown in Figure 2a. Finally, for
the purpose of assessing the influence of rando
model parameters on the pore water pressure buildup, GLOBAL SENSITIVITY ANALYSIS
a strain controlled cyclic triaxial test has been sim-In this section, so as to assess the influence of the indi-
ulated. Figure 2b presents the results for the excesgdual input parameters on the output, the first-order
pore water pressure rati&/{ = Ap,,/p;) as a func- indices ;) obtained for all simulated laboratory tests
tion of ~ after ten loading cycles during the strain- are plotted in Figures 4 and 5. Figure 4a provides the
controlled cyclic triaxial test. £, dependent sensitivity analysis results for uncertain

Figure 3 illustrates the evolution of coefficient of ¢ curves. Accordingly, only thé; of the parameters
variation (/) as a function of deformation for each p.,, ¢,, anda, seem to be nonzero. The outcome
simulated test. It is interesting to note that in the casshows that among those parameters, for small strains
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Figure 4. First-order indices§;) as a function o, for uncer-
for a) ¢ ande,, b) Gyae andAp,,. g ) 1

tain : a)q and b)e, values. Drained triaxial test.

(e. 1-1072% < & < 1-107'%) the one with the ,.hus Beyond this deformation value, parametérs;
biggest influence is, followed by¢;,, andp,,. How- anda, have the biggest influence.

ever, as expected, for large strains > 1-10°%)
the most influential parameterdg,,. 6 CONCLUSIONS

Concerning the volumetric straim,{, it is noted A series of soil mechanics laboratory tests were sim-
that there is a strong relationship Pletwe@mn(_jpw ulated with the ECP’s elastoplastic multi-mechanism
parameter (Fig. 4b) foe, < 5-107'%. This iS t0  odel in order to understand the behaviour of the
be expected, because the paramgferepresents the  gdel and to assess how different parameters of the

initial state of the soil. From the same figure, it canmgde| interplay. In this work a technique for global
be also seen, that for large strains the most '”ﬂ”e“t'ag]ensitivity analysis is used to illustrate the effect of

parameters arg,, andas. each parameter following a particular loading path.
_ Regarding the effect on the shear modulus reduc- Thg main conclusions drawn from this study are as
tion G /G na. values, Figure 5a illustrates the evolu- 5 1ows:

tion of S; index as a function of shear stram)( This
shows thap,., parameter has a far smaller role inthe 1. According to the responses obtained with the

G /Gaq values. In fact, the model response is con-  model and for the particular case considered

trolled by G,..; at small shear strains and bathand in this work (i.e. model parameters and initial

¢y, for largesty values. state), it can be concluded that the parameters
Finally, the resulting.S; index values between with the biggest influence on the model response

model parameters and the pore water pressure buildup areG,.s, ¢, anda,.

(Ap,,) variable can be seen in Figure 5b. It is inter- P

esting to note that fory values between - 10~° and 2. As expected, the analyses showed that each pa-
1-10~* the most influential parameters akg.; and rameter has an important role following both the
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