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Abstract 
This paper is devoted to modeling the creep behavior of 
argillaceous rock and a comparison with experimental and 
numerical results from literature. The proposed time depend-
ent modeling is based on a numerical homogenization method, 
matrix-inclusion material microstructure and a creep micro-
mechanical model. The nonlinear viscosity of the argilla-
ceous matrix is described by the creep model “Modified Time 
Hardening”, while classical linear elasticity is applied for the 
calcite and quartz inclusions. The simulation accuracy was 
analyzed under single and multistage creep test. A satisfac-
tory agreement between the simulation and the experimental 
results are obtained by assuming the main mineral phases 
of the Callovo-Oxfordian argillite.  It was found that better 
agreements could be obtained when the multi-scale modeling 
is performed on sample with a given mineralogical compo-
sition and much more precisely volume fraction. The results 
show how numerical homogenization method is capable of 
effectively modelling macroscopic creep deformation.

Keywords
creep, numerical homogenization, micromechanics, clay-
stone, experimental validation

1 Introduction
The creep behavior of geomaterials (soils, rocks, concrete, etc.) 

is one of crucial interest to engineers and researchers. Beyond tra-
ditional projects and classical geotechnical problems (e.g., roads, 
dams, foundations…), the long-term behavior of these materials 
is widely studied for more ambitious advanced applications such 
as tunnel excavated through rocks [1], underground storage of 
radioactive waste [2], and geothermal energy [3].

In this very complex context, it is necessary to be able to 
predict long-term irreversible deformations in order to ensure 
the durability and safety of the various structures. Argilaceous 
rock known as Callovo-Oxfordian argillite is one of the geo-
materials particularly studied in order to understand creep 
behaviour for the storage of radioactive waste because of its 
low permeability (around 10-20 m2) [4] and used for the storage 
of radioactive waste. This rock has been the subject of several 
investigations as: experimental studies by Zhang and Roth-
fuchs [5] who examined the influence of some factors on the 
long term behaviour (material anisotropy, scale effect, water 
content and sample origin). Fabre and Pellet [6] who analyzed 
the time dependent behavior of three rocks characterized by a 
high proportion of clay particles, and Gasc-Barbier et al. [7] 
who were conducted a testing program that focused on creep 
tests under triaxial and uniaxial compressive tests over differ-
ent temperature conditions. Yang et al. [8] and Chen et al. [9] 
studied the creep behavior of other rocks. In addition, model-
ling of long term behaviour is most often based on macroscopic 
approaches through rheological models [10] [11] and constitu-
tive models [12] [13] [14]. Time-dependent crack growth and 
rock damage during the viscous process were also modeled in 
[15] and [16]. Modeling investigations on the deferred behav-
ior are generally based on the Perzyna’s Theory [17]. This is 
the case of the elastoviscoplastic behavior model developed 
by Laigle and Kleine Model (hereafter L & K). Based on this 
model, Plassart et al. [18] modeled creep for two successive 
stress stages based on triaxial tests. However, these models do 
not take into account the heterogeneous microstructure and 
mineralogical composition of the rock material, which have 
a significant effect on its mechanical properties [19]. Creep is 
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caused by many and different complex mechanisms that are 
still not fully understood [20].

Ghasempour [21] emphasize the importance of the micro-
mechanical modelling for considering rock more realistically. 
The micro-macro modelling has been widely used to integrate 
intrinsic properties of the material microstructure such as the 
porosity [22], the mineralogical composition [23] and micro-
crack growth [24]. Abou-Chakra Guéry et al. [25] proposed 
a modified incremental homogenization method in which the 
elasto-viscoplastic behavior of the argillaceous rock was of the 
Perzyna type with a Drucker Prager plasticity criterion. This 
model was then extended by the same authors [26] in order to 
predict the macroscopic behavior in relation to the mineralog-
ical composition. Recently, other contributions have enriched 
the micromechanical modeling of time dependent behavior, 
such as: Huang et al. [27] with a new micromechanical model 
that takes into account porosity and mineral grains at two 
different scales. Also, Bikong et al. [28] who proposed a new 
model in which creep strain is induced by the time-dependent 
propagation of anisotropic microcracks inside the clay matrix. 
To the same end, Huang et al. [29] considered other specific 
properties of geomaterials such as the compressibility-dila-
tancy transition and influence of confining pressure.

In this paper, we propose to model the time dependent 
behavior of geomaterials on the basis of the macroscopic 
creep strain, using a numerical homogenization method. 
The approach adopted in this investigation is similar to [30], 
in which the authors attempted to consider the Argillite as a 
composite material (inclusion-matrix) using a finite element 
numerical approach. The essential difference between this 
investigation and previous works [26] [27] [29] [23] is that 
the local behavior of the clay matrix is described by a pri-
mary creep model for modeling the creep behavior as simply 
as possible. The modeling methodology, the micromechanical 
model and the parameter identification method were validated 
by using a wide range of experimental result published in the 
literature. The numerical homogenization method and the 
constitutive equations for the micromechanical model are pre-
sented in the following sections. The numerical macroscopic 
results are compared to those of other authors to show the 
accuracy of the simulation presented in this paper.

2 Modeling procedure
2.1 Description of materials, geometrical and 
boundary conditions

The material studied is taken from [25]. It is a sedimentary 
rock called Callovo-Oxfordian argillite which is a composite 
structure organized in the form of quartz grains, calcite and 
pores dispersed in a clay matrix [31] and [32].

The homogenization procedure consisted in identifying 
a periodic representative volume element (RVE) from the 
microstructural observations. The geometry of the RVE and 

the appropriate boundary conditions were guided by the study 
and simulations carried out by [30]. The RVE is a 3D repre-
sentation of a periodic cubic cell, with spherical inclusions of 
quartz grains and calcite, reduced to 1/8 because of the sym-
metry hypothesis Fig. 1. 

The mineralogical composition changes significantly with 
depth in the rock layers, as shown in Fig. 2. The average pro-
portions given in “Table 1” are calculated from the mineralog-
ical compositions on total rock from three different depths.

Fig. 1 Geometry and boundary conditions for RVE

Fig. 2 Volume fraction variation of clay matrix, calcite and quartz grains as 
depth, drilling EST-205 [25]

Table 1 Mineralogical compositions [20] [33]

Depth (m) Quartz (±10 %) Calcite (±5 %) Clay (±5 %)

490 23 20 57

503 25 27 48

522 26 28 46

Average 25 25 50

Modeling was conducted with the finite element code ANSYS. 
The mesh used consisted of SOLID187 tetrahedral elements 
(TET10, 10 nodes, 3 degrees of freedom at each node). It con-
tains 10223 elements and 15488 nodes, making it possible not 
to burden the calculation while ensuring good precision in 
the results. This choice is validated by mesh sensitivity study 
of finite element type and mesh density on the results. The 
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experimental solution was taken as reference and the error in 
the volume-averaged creep strain obtained in all other discret-
ization with respect to the reference value is plotted in Fig. 3.

Fig. 3 Influence of element type and mesh size on numerical results.

2.2 Constitutive behavior of components
The mineral inclusions (quartz and calcite) have a linear 

elastic behavior while the clayey matrix is described by a non-
linear model.  The choice of the best behavior model adapted 
for the clay matrix depends on the macroscopic response 
observed during the triaxial creep tests Fig. 4. In general, the 
standard response comprises three distinct phases:

•	 A first phase in which the creep strain increases rela-
tively fast but then slows down; this step is called pri-
mary creep.

•	 The second stage is secondary creep, in which a constant 
evolution of the deformation in time occurs; it is rela-
tively uniform and lasts longer. 

•	 In the third phase, called tertiary creep, the deformation 
accelerates, leading eventually to fracture of the material 
[36] and [37].

Fig. 4 Schematic different phases of time-dependent deformations for creep 
tests

The experimental curves used in this paper, taken from the 
studies [34] and [35] present only the first phase of creep. The 
behavior law chosen is that of Modified Time Hardening. It 
describes the primary creep associated with the viscosity of 

the clay matrix. This model is widely used for polycrystalline 
materials, and has shown its effectiveness in reproducing the 
experimental macroscopic response in several studies [36] 
[37] and [38]different modes of vessel failure may result in 
different regimes of melt release from the vessel, which deter-
mine initial conditions for melt coolant interaction and even-
tually coolability of the debris bed. The goal of this study is 
to define if retention of decay-heated melt inside the reactor 
pressure vessel is possible and investigate modes of the ves-
sel wall failure otherwise. The mode of failure is contingent 
upon the ultimate mechanical strength of the vessel structures 
under given mechanical and thermal loads and applied cooling 
measures. The influence of pool depth and respective transient 
thermal loads on the reactor vessel failure mode is studied 
with coupled thermo-mechanical creep analysis. Efficacy of 
control rod guide tube (CRGT . As with most models relevant 
to metals and polymers, we used this model to describe the 
behavior of the clayey matrix. The material is considered to be 
isotropic. The abbreviation MTH for Modified time hardening 
will be used for the following equation:

Where:
εcr: Creep strain 
Ci (i =1.4): Experimental material constants or parameters
σ : Equivalent stress (Von Mises)
t: Time
e: Natural logarithm
T: Temperature
Since the creep test is performed over a narrow range of 

temperatures the dependency on this variable can be neglected 
i.e. the coefficient C4 is considered zero. The time dependent 
creep equation is expressed as:

The creep model described by “Eq. (2)” is dependent on 
loading applied and time. The number of parameters can 
increase if additional factors are considered [39]. This model 
remains limited to the description of the single-stage behavior 
for a given loading increments and load duration. However, 
the calculation of the deformations induced by multistage 
loading requires other variables to be considered. Since the 
first loading stage produces a modification of the microstruc-
ture, inelastic deformation is an appropriate indication of the 
microstructural state of the samples [40]. It is therefore consid-
ered as a variable containing the whole history of the material.

In Fig. 5, the MTH creep law performs well in the descrip-
tion of the behavior until the end of the first loading (σ)1, when 
the initial state of the rock was well defined at point “A”. How-
ever, the evolution of the deformations from the second loading 
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stage becomes dependent on the inelastic deformation recorded 
at point “C” [41]. The macroscopic response from the second 
loading increment (σ)2 is determined by Ecr corresponding to the 
instant tC. This principle is retained in the present work, based on 
[42] [43] [41] in which the dependence on inelastic deformation 
seems effective for cases of multi loadings. This parameter is 
taken into account in the model during the homogenization step.

Fig. 5 Schematic evolution of the inelastic deformation for multiple-stage 
creep test

2.3 Homogenization technique
In this homogenization step, the macroscopic creep defor-

mations (Ecr) are computed as the average of the equivalent 
microscopic creep strain components (εcr):

Fig. 6 Numerical modelling algorithm

Numerical algorithm described in Fig.6. is used for sin-
gle-stage or  multistage loading. To model single-stage loading 
tests, the macroscopic components are (En

cr ) at (tn) correspond-
ing to the time interval 0 ≤ tn ≤ tn

f . To model multistage loading 
tests, the final components (En

f ) at (tn
f ) of the previous (creep) 

loading increment is used as the initial point for the following 
macroscopic components response: ( En

cr
+1 ) at (tn+1), on the time 

interval t t tn
f

n n
f< ≤+ +1 1 . 

The numerical homogenization of the problem was carried 
out by determining the components of the macroscopic defor-
mations computed as the volume average of microscopic com-
ponents as follows:

3 Result and discussion
The numerical homogenization method used and its ability 

to reproduce the creep behavior of argillite in various com-
positions and loading conditions, was assessed. The parame-
ters of the local behavior of the clay matrix were identified by 
an inverse analysis on the triaxial creep test EST 5698-5 [34], 
until the difference between the numerical result and experi-
mental curve was minimal “Table 2”.

Table 2 Material mechanical parameters

Mechanical properties Argillaceous matrix Calcite Quartz

Elastic 
parameters

E (MPa) 7000 84000 96400

n (-) 0,14 0,3 0,3

MTH model 
parameters

C1 (-) 1,7.10-6

C2 (-) 1,7

C3 (-) -0,625

The elastic properties are taken from a study of  Giraud 
et al. [44] The simulation results were then compared to the  
triaxial creep tests of the  Callovo-Oxfordian argillite whose 
confining pressure was 12 MPa [34].

Fig. 7 shows the validation of the numerical homogenization 
method taking into account the real mineralogical compositions 
as a function of their sampling depths and their loading condi-
tion. The RVE could be considered the mineralogical composi-
tions as three phase composite satisfy the unity partition: 

Where fm, fc and fqu stand for the volume fractions of 
clayey matrix, calcite and quartz inclusions, respectively.

It can be seen that there is usually a good agreement between 
experimental data and model predictions Fig. 7(a-d). The 
results indicate that the axial strain increases with the elapsed 
time, however accelerated creep leading to time-dependent 
failure process could not be taken into account, because only 
primary creep strains are considered. In addition, the changes 
of creep rate due to changes in mineralogical compositions are 

E E cr≅ ≅cr ε

ε εcr cr

VV
dV= ∫

1

fm fc fqu+ + =1

(3)

(4)

(5)
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Fig. 7 Triaxial single-stage creep test. Comparison between experimentation 
and simulation

presented (see Fig. 7(a) (c) and (d)). The main advantage of 
the model presented is the simulation of the creep behavior, 
based solely on the mineralogical composition variation with-
out any calibration of the input parameters in the calculation 
algorithm. The influence of equivalent stress on creep strains 
rate are also clearly reproduced in Fig. 7(b).

In order to evaluate the differences between the response of 
numerical homogenization procedure used in this work and lit-
erature micromechanical models, a comparison is illustrated in 
Fig. 8. 

Fig. 8 Comparison between predictions of micromechanical models

The comparison shows a spindle within which the major part 
of the mechanical response of the M/H-M rock is located. The 
two models proposed by Huang et al. [27] and [29] form the 
lower boundary of the spindle, from 0 ≤ t ≤ 190 days for [27] 
and 190 ≤ t ≤ 383 days for [29]. They have two different shapes 
and produce fewer deformations than other models. The simula-
tion results established by the models of Abou-Chakra Guéry et 
al [26], and Bikong et al. [28] agree on the result of the proposed 
model and together form the upper limit of the spindle.

Fig. 9 Influence of inclusion’s volume fraction on the creep behavior of the 
argillaceous rock 

The sensitivity change of the inclusion volume was also 
analyzed by triaxial test simulations Fig. 9. The curves (defor-
mations-time) obtained shows that the creep deformation 
decreases as the volume fraction of the inclusion increases. 
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In the second part, the multistage triaxial creep tests was 
modeled, by the numerical algorithm as described in Fig. 6. 
The appropriate mineralogical composition of the RVE is not 
taken into account because the triaxial multistage creep test 
from [35] lack information on the depth of sampling. In this 
case, the average volumetric fraction of inclusions is used 
“Table 1” and the ability of the model to simulate rock behav-
ior during multistage loading was evaluated in Fig. 10.

Fig. 10 Triaxial multistage creep test of the Callovo-Oxfordian argillite: 
comparison between experimentation and simulation

The comparison in Fig. 10 shows a satisfactory agreement of 
the results with differences that are smaller than 5%. These dif-
ferences can be justified by the fact that the input parameters of 
the model were based on the mineralogical composition, which 
varies with depth as given previously. In this case, satisfactory 
results could be obtained if the volumetric fraction of constit-
uents were known. These results admit that all the mechanical 
parameters depend on the mineralogical composition [46]. How-
ever, more multistage creep tests need to be conducted to further 
investigate and improve the proposed numerical algorithm.

Fig. 11 Comparison with the L&K macroscopic model

The comparison with the result established by the macro-
scopic model of L & K [18] in Fig. 11, shows  that the differences 
found by the proposed numerical homogenization method are 
less important than those observed in the case of macroscopic 
model L & K. This is mainly due to the coupling between the 
elastoplastic and viscoplastic mechanisms involved in the L & 

K [39], compared to the MTH model which is used mainly of 
the primary creep behavior (main behavior of this research).

4 Conclusions
The aim of this article was to propose a numerical modeling 

procedure using numerical homogenization and primary creep 
model to describe the clay matrix behavior for Argillite. 

The numerical simulation provided by the proposed method 
have been compared with experimental data for both single 
stage and multistage creep test. In qualitative manner, the RVE 
configured according to the mineralogical composition gives 
macroscopic response adapted to the appropriate experimen-
tal curve. Some differences have been obtained in the case 
of triaxial multistage creep test. Probably this difference is 
due to  the lack of precise information on the volume fraction 
and water content of sample. The numerical homogenization 
requires further characterization of mineralogical composition. 
It was clearly observed that the increase in the mineral grains 
proportions led to a decrease in creep strains. The paper makes 
comparison between simulated results and literature models. 
As expected, the proposed numerical homogenization method 
gives closer results to those of the micromechanical models, 
than those given by Plassart et al’s mechanical  L & K model. 
It is concluded that the numerical homogenization and the ana-
lytical micromechanical models provide the most accurate pre-
diction.  The proposed procedure is able to model the creep 
behavior of the clay rock and can be extended to include other 
factors influencing the behavior of geomaterials as microc-
racks, imperfect interfaces, saturation state and temperature.

Nomenclature
General terms
E		  Young’s modulus
E		  Macroscopic strain
T		  Temperature
t		  Time
X,Y,Z		  Element coordinate
Ci (i=1-4)		  Experimental material constants
V		  Total volume of the unit cell
Greek symbols
ε		  Microscopic strain tensor
ν		  Poisson’s ratio
σ		  Equivalent stress
Superscripts and subscripts
cr		  Equivalent creep component
f		  Final component 
n		  Time/strain step under (s)n
n+1		  Time/strain step under (s)n+1
Other symbols
< >		  Volume average of microscopic tensor
(  )1		  First stage creep loading
(  )2		  Second stage creep loading
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Abbreviations
RVE		  Representative volume element
MTH		  Modified Time Hardening
L & K		  Laigle and Kleine Model
fc		  Volume fraction of calcite inclusion
fqu		  Volume fraction of quartz inclusion
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