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On the time-dependent behaviour of unsaturated geomiateria

J.M. Pereira & V. De Gennato

Universié Paris-Est, UR Navieécole des Ponts ParisTech, Marne-la-\&a| France.
*presently at Schlumberger, EPRC-DCS, Pau, France.

ABSTRACT: In this paper a rate dependent model for unsatdrgeomaterials is presented. The constitutive
laws for the description of the time-dependent behaviowatfirated and partially saturated geomaterials gen-
eralize the isotach approach to the elastoplastic strasteheang based constitutive laws for partially saturated
soils. The formulation encompasses rate and creep effegeshter with suction dependency on creep. It con-
stitutes an extension of the work presented in (De Gennaaib @009; Pereira and De Gennaro 2009). Some
perspectives about the constitutive modelling of timeedwlent behaviour of geomaterials saturated by a single
or two fluids, including soft rocks are proposed. Practiggligations include modelling of (i) shallow quarries
submitted to humidity changes, (ii) oil reservoir formaisoor (iii) geological storage of COIn this study, the
formulation of the constitutive model is presented. Nuwedpredictions including explicit influence of suction
on time dependency of material's behaviour are comparegdibable experimental data on oil reservoir and
guarry chalks and discussed.

1 INTRODUCTION voir chalk (Pasachalk 2004; Priol et al. 2007) have
Mechanical behaviour of geomaterials usuall eX_been published. These works clearly show the effects
9 y of partial saturation states on the time dependent be-

hibit a time dependency. This dependency may b . . ]
distinguished on the basis of the deformational proglear\i/écl)sur (particularly on creep phenomena) of geoma

cesses which are involved. It is generally observe In this paper, a brief overview of the observed in-

a small dependency on applied strain rate of thefluence of partial saturation or fluid nature on the time

mgitﬁlr |arl1 osr?-]:r/insecsosusatelzgt]i?:llstsrg?r:gs(steheuz leaédo'?gnégdependency of the mechanical behaviour is depicted.
y -9- A elasto-visco-plastic constitutive model is then pro-

e: al. %307 a_nd_f‘!’ats?%ka 2039)' Regatrﬁling tmat?”%osed and validated on the basis of experimental data
strengin, a signiiicant dependence on e rat€ ot aty, v, gifferent chalks (from oil reservoir and a shal-
plied load or strain may be experimentally observedI ow quarry)

Irreversible deformation due to creep under constant
applied load are also generally observed. Experimerﬁ MODEL FORMULATION
tal creep curves classically show a proportionality of .

the strains to the logarithm of time, the proportional-z'1 Assumptions

ity coefficient being the secondary compression indextt is generally accepted that the elastic limit is related
C,, or )\, often used in engineering practice. to the strain rate at which the material is loaded (e.g.

. . Leroueil and Marques 1996):
These experimental observations concern a large

variety of materials, including sands, clays (Bjerrum o, = A+ alogé (1)
1967), rockfill (Oldecop and Alonso 2007), rocks and

soft rocks Guklje 1957; Pasachalk 2004; Priol et al. whereA anda are material parameters. As suggested
2007). Most of the preceding studies on this topicby Figure 1 in the case of a reservoir chalk, param-
are related to saturated materials. Actually, despitetersA and o depend on the nature of the fluid (in
a significant practical interest, only few studies haveparticular its wettability) saturating the porous space
focused on the couplings between partial saturatiomnd on the suction if the material is saturated by two
states and time effects on the behaviour of geomaterimmiscible fluids.

als. Recently, researches on partially saturated rock- In the remaining part of the paper, it will be as-
fill material (Oldecop and Alonso 2007) and reser-sumed that Eq. (1) is valid in the range of strain rates
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Figure 1:Evolution of yield stress of a reservoir chalk dur-  (a) Schematic representation of the evolution of the pre-
ing constant rate of strain oedometric tests, 0.2 MPa refers consolidation pressure with strain rate and coupled influ-

to oil-water suction (after Priol et al. 2007). ence of suction.

of practical interest in engineering (typically com- q (s = 0 plane)
prised between 10 to 10* s7!) and that the two pa- p

rametersAd anda are suction-dependent. Relation (1) .

ref
&

together with this latter assumption constitute the key
point of the time-dependent constitutive modelling of
unsaturated geomaterials proposed here. It is worth
noting that the elastic regime of the mechanical be-
haviour will be assumed to be inviscid as mentioned
in the introductory part of this paper.

* ref 5
2.2 Constitutive model formulation 0 Po po” P
The elastoplastic model presented here, called RAS- (b) Evolution of the yield locus ifip, ¢) plane (un-
TRA, is a rate dependent model developed adopting  der saturated conditions).

the isotach approach proposed ®yklje (1957) and
Bjerrum (1967) within the framework of hardening
plasticity. It is an extension of the works presented
in (De Gennaro et al. 2009; Pereira and De Gennar . . .
2009). Besides the time dependent modelling, it als¢ECcts do notinfluence the elastic behaviour of the ma-
includes effects of partial saturation both on the timei€fial; the incremental elastic law of BBM is adopted
dependency itself and on the mechanical behavioutVithout modification:

These features have been developed on the basis of

Figure 2: Influence of the applied volumetric strain
rate on the yield locus.

k dp K ds

i del = — 2
the Well-[(nown Qam-clay model for saturated soils €y 1tep + 1+ €5+ purm (2)
and particularly its extension to unsaturated states
proposed by Alonso et al. (1990): the Barcelona Ba- 1
sic Model (BBM). For the sake of conciseness, BBM det = @dq (3)

will not be presented in detail here. As in (Alonso
et al. 1990), net stressr(= o — u,) and suction wheree; ande; are the elastic part of the volumetric
(s = u, — u,) have been considered as stress statand deviatoric strains respectively;and «, are the
variables & is the total stress tensat, andu,, arethe elastic stiffness parameters for changes in mean net
air and water pressures). It is worth noting that as fastress and suction, respectivelyjs the shear modu-

as stress state variables are concerned other choices; p.:,. is the atmospheric pressure taken as a refer-
are possible (see e.g. Pereira et al. 2005). Only triaxence datum andis the void ratio.

ial stress states are considered in the following. The Concerning the plastic behaviour of unsaturated
mean net stregsand deviatoric stresgare thus clas- soils, the key feature of BBM is the introduction of
sically introduced. Since it is assumed that time ef-an apparent suction hardening within the definition
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of the preconsolidation pressure, which defines the

elastic limit under isotropic conditiongg = po(£?, s). 0.6
The proposition made in this paper extends this mode
to include rate effects by assuming that the precon
solidation stress also depends on the strain éate 0.6
po = po(ek, é,,s). Considering expression (1), exten- T o058

0.62r

)

sion of BBM to |rTcIude rate effects is introduced in 2 0.56 increasing strain ra
the following way: =
S 054
*( Y ) 15037” E
. Po\&y, € s 0.52
po(eh, €y, 8) = pe (*”) (4)
yZ¢ 0.5+
where the saturated preconsolidation pressure reads  0.48
. «a 0.4 . L
wip o _ ref [ Ev l+e , 10 10° 10"
Po (eh,€0) = Py zrel exXp N — K“Ev (5) Mean net stress, p (MPa)
v

Figure 3:Simulation of constant strain-rate isotropic com-
As suggested by experimental observations reportegression tests under various volumetric strain rates show-
in Fig. 1 and the schematic interpretation depicted iring isotach behaviour (two following curves concern a vol-
Figure 2(a), the parameteris assumed to vary with umetric strain rate increase by a factor 10).
suction. In a first approach, a simple linear relation is
introduced:
a(s) =ag—bs (6) 0

Only three parameters related to the modelling of rate
effects and their couplings with partial saturation have |
been introduced in the proposed model with respectt T

BBM, namely:"¢/, a, andb. pi/ corresponds to the
preconsolidation pressure of the undeformed materiz
under saturated conditions if the material is loaded a
the reference strain ratée/. In practice,pgef will be
deduced from Eq. (5) ip; that is the saturated pre-
consolidation corresponding to a given strain rate at
reference (undeformed) state is given (see Figure 2).
The elastic domain is then delimited by defining the

yield surface in triaxial stress space as follows: 0.1

flo,p0) = ¢ — M?*(p+ps)(po—p) =0
) , , Figure 4:Simulations of constant rate of strain (CRS) oe-
wherep, is the tensile strength for the material at agometer tests at various strain rates (all simulations ere p
given suctions. As in the original BBM,p; is as-  formed at a constant suction of 2 MPa).
sumed to depend linearly upon suction:

Ps = ks (8)

Creep stage

Vv

straing
o
o
N

Acceleration

Volumetric

0.08 NG
0.1, ™.

5 10 15 20 25 30 35
Vertical stressy (MPa
@) , (MPa)

Table 1: Model parameters used in the simulations of
Estreux and Lixhe chalks.

wherek is a material parameter. It is worth noting

that the yield locus associated to increases in suction Parameter Unit Sizt_rf UX5 i.(l))flze
(called Sl in the original work by Alonso et al. (1990) Rs - 0‘ 005 0 004
is not introduced in this work. ;m) - 0.1 015
The model is completed by giving the plastic flow ~ 0-94 0-9
rule. As in original BBM, it will be non-associated " MPa! 0.5 0.95
and chosen asy, being a function of parametergd, g MPZ 0002 0oL
A(0) andx, see (Alonso et al. 1990) for more details): 1 v 0185  0.185
of of gref s 0.5 0.5
To=digy + F=odig O P MPa 155 155
: : o . Qg - 0.108 0.108
wheredy, > 0 is the plastic multiplier which can be b MPa—! 0.106 0.106

obtained using the consistency conditi¢in= 0.



merically performed by simply decreasing the strain

0 rate from the fast rate to the slow rate. It may be ob-
0.02- served that the creep phase effectively induces irre-
004 versible strains at constant vertical stress and that the
L acceleration of the strain rate allows the material to
& 006 . undergo higher stresses (strain rate hardening) before
g 0.08 plastic strains are generated again. Two simple com-
£ o1} pressions at fast and slow constant rates are also sim-
2 01 ulated for comparison purposes (dotted curves).
o
014 3.2 Validation from experimental data
0.16 A first comparison to experimental data is now pro-
018 ‘ ‘ posed. Figure 5 presents experimental isotropic com-
10° 10° 10" 10° pressions on Lixhe chalk at various loading rates, in-

Mean presurep (kPa) cluding creep stages. It appears that RASTRA is able
Figure 5:lsotropic compression at various rates, includingto reproduce not only qualitatively but also quanti-
creep stages: comparison between numerical simulationgtively the overall behaviour of reservoir chalk un-
and experimental data on chalk from Lixhe under constangier partial saturation. Changes in strain rate and creep

oil-water suction of 0.2MPa. phases are satisfactorily reproduced. It may be noted
that the experimental data seems to show a slight
3 PERFORMANCE OF RASTRA dependence of the elastic modulus upon strain rate

Numerical simulations using RASTRA model are (compare the initial slopes of the first parts of both

now presented in order to show the capabilities of thezompressions which are performed at two distinct ap-
model in terms of coupled modelling of time and par-plied strain rates). This observation is however not
tial saturation effects. The model parameters used iaccounted for in RASTRA and the model response
the simulations presented in the following part of thethus shows a unique response within the elastic do-

paper are summarized in Table 1. main (see also Figures 3 and 4).
Finally, an oedometer compression test on dry Es-
3.1 Isotach framework treux chalk (Nguyen et al. 2008) has been considered.

Preliminary tests are performed to illustrate the capaThe initial suction was estimated to 30 MPa. The stan-
bilities of the model to reproduce the main features redard multiple stage loading procedure was simulated
lated to the isotach framework and which correspondémposing an equivalent loading rate derived from the
to RASTRA added value with respect to the originalknown elapsed time of the test. During the test the
BBM. The parameters used in the “virtual” tests pre-mechanical loading was stopped at a total vertical
sented in Figures 3 and 4 correspond to those of Lixhetress of 20 MPa and water was then injected within
chalk in Table 1. the sample under constant vertical stress. The mate-
Figure 3 illustrates the isotach framework used inrial parameters corresponding to the elastoplastic part
RASTRA model. It shows the simulation of constantof RASTRA (that is those related to BBM) have been
strain-rate isotropic compression tests under varioupublished by Nguyen et al. (2008) and have been con-
volumetric strain rates and a constant suction valugidered for these simulations (Table 1). The missing
for all tests (equal to 2 MPa). The change from oneviscous parameters for Estreux chalk have been as-
curve to the following corresponds to an increase bysumed as a first estimate equal to the parameters ob-
a factor 10 of the volumetric strain rate at which thetained for Lixhe chalk. It should be noted that due
compression is performed. It can be observed that ato the particularly high value of suction at which the
increase of the volumetric strain rate results as exeedometer compression test is performed (30 MPa) a
pected in the increase of the yield point. The figurelower bound has been chosen fo(see Equation (6))
also shows that the elastic and elastoplastic slopes @ksumingao,,.;, = 0.035. The results of the simula-
the soil response are not affected by the inclusion ofions are presented in Figure 6. As it can be observed,
time dependency into the constitutive model. the instantaneous compaction due to water injection at
Figure 4 shows the effects of changes of the strainhe end of the compression is clearly underestimated
rate during an oedometric compression at constartty the model if viscous behaviour is neglected (Fig-
rate of strain (CRS tests). The numerical test consistare 6(a)). In other words, the mechanism of suction
in three compression stages at two distinct strain ratesardening proposed by BBM via the LC curve, fre-
(a fast strain rate corresponding to£0s™! and a quently used in unsaturated soil mechanics to simu-
slow strain rate, 10 times slower). After the first com-late instantaneous compaction under decreasing suc-
pression, a creep phase is simulated. The latter is naion (wetting) is not sufficient to predict such a large
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Numerical simulations have demonstrated the ca-

0.7 ‘ ‘ pabilities of the model to qualitatively and quanti-
tatively address fundamental aspects of the rate de-
0.65¢ 1 pendent behaviour of partially saturated geomaterials.
Foreseen improvements to RASTRA include a refined
T 0.6 dependency upon suction of the parametef Equa-
© oed | tion (6). This refinement could also include the wet-
2 tability of the saturating fluid to catch the behaviour
5 05f ] illustrated in Figure 1.
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