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This paper presents a theoretical and experimental work aiming at understanding the mechanical behav-
iour of Bituminized Waste Product (BWP). This material is considered for this purpose as a mixture of
bitumen and crystals of sodium nitrate. For BWP, both bitumen and crystals contribute to the creep
deformations. In this study, an attempt is made to develop an elasto-viscoplastic model that describes
the creep behaviour of BWP considering the constituents’ creep behaviour.

An experimental program has been set up to get insight in the material response. The elasto-viscoplas-
tic constitutive model has been implemented into a finite element program. The modelling results have
been compared with the experimental data.
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1. Introduction

Since the late 1960s, bitumen has been applied by the nuclear
industry as a matrix for the immobilisation of low and intermedi-
ate level radioactive wastes, amongst others because of its good
binding capacity, its low solubility and low permeability to water,
and its good chemical and biological inertia. Depending upon the
nature of the confined waste and in consequence to the chemical
pre-treatment process, the bituminized waste contains important
quantities of soluble salts.

The intermediate-level bituminized radioactive waste called
Eurobitum has been produced at the EUROCHEMIC/BELGOPRO-
CESS reprocessing facility (Mol-Dessel, Belgium), to immobilise
precipitation sludge and evaporator concentrates originating from
the chemical reprocessing of spent nuclear fuel and cleaning of
high-level waste storage tanks. Eurobitum typically contains be-
tween 20% and 30% in weight of sodium nitrate (NaNO3) and about
60% in weight of hard bitumen Mexphalt R85/40. The remainder of
the BWP consists of sparingly soluble salts such as CaSO4, CaF2, and
Ca3(PO4)2, and oxides and hydroxides of Al, Fe, and Zr. Radionuc-
lides are estimated to be present but for some 0.2 wt.% at most [1].

The current reference solution of the Belgian Agency for the
Management of Radioactive Waste and Fissile Materials (OND-
RAF/NIRAS) envisages the direct underground disposal of this
waste in a geologically stable clay formation. In Belgium, the Boom
Clay is studied as a potential host formation because of its favor-
010 Published by Elsevier B.V. All
able properties to limit and delay the migration of the leached
radionuclides to the biosphere over extended periods of time.

Under geological disposal conditions the main factor that affects
the long term behaviour of the material is water uptake, which is
expected to take place at an extremely low rate given the low per-
meability of the waste and the surrounding multibarrier isolation
systems. At the long term conditions, when the water reaches the
waste, the hygroscopic soluble salts incorporated in the BWP (i.e.
NaNO3) will take up ground water resulting in dissolution and sub-
sequent leaching of these salts. The material progressively becomes
porous and permeable, but the rate of this process is controlled by
the mobility of the water and solute. Moreover, it is well known that
porous materials containing salts may undergo swelling by water
uptake induced by osmotic flows [2]. As mechanical effects are ex-
pected, it is necessary to investigate the deformation properties of
this waste and its possible interaction with the multibarrier system,
especially with the host rock.

For bitumen, creep deformations are expected and these de-
pend in a nonlinear way on stresses and temperature [3,4]. In addi-
tion, several factors like chemical composition and structure of the
bitumen, time, temperature, radiation and exposure to oxygen
might induce a change of the rheological properties of bitumen
with time (a phenomenon called ageing). As bitumen ages, it be-
comes harder and increasingly brittle [5]. When other viscoplastic
constituents are introduced into it, the creep behaviour of the
resulting multi-component material (mixture) may be influenced,
as is the case of the BWP.

Another characteristic of the BWP is the presence of pores in-
side the bitumen matrix, which affect the creep behaviour, and
which requires a specific numerical treatment when building the
rights reserved.
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constitutive law. A good understanding of the mechanical behav-
iour of the BWP is thus an absolute prerequisite for understanding
the overall behaviour of such a complex mixture material. The
objective here is to develop a model capable of predicting the over-
all creep strain of a mixture of bitumen and salt crystals. The model
will be used later for the analysis of swelling tests in which the
material is allowed to attract water in a short time period.
2. Experimental aspects

To investigate the mechanical behaviour of the BWP, two types
of tests have been performed: (1) unconfined compression tests
and (2) confined compression tests (oedometer tests).

2.1. Unconfined compression creep tests

The experiments are focused on the creep behaviour of the
studied materials. Several bitumen/salt mixtures were tested [6].
Tests were also conducted on pure bitumen samples, for reference.
The description of the samples is shown in Table 1.

The experimental set-up is shown in Fig. 1. The diameter of the
sample was smaller than that of the cell, thus allowing lateral
deformation (unconfined condition). The cell itself was put in the
oedometer frame for application of the vertical stress. An oedome-
ter frame is an apparatus to apply stress, by means of weights and
a lever, on a cell that usually contains a confined porous sample.
Different constant loading steps were applied on the samples. Each
loading step was applied instantaneously and maintained for about
30 min. The vertical displacement for each loading step was re-
corded as a function of time. Meanwhile, the temperature inside
Table 1
Description of samples tested.

No. Reference Descriptions

1 Mexphalt R85/40 Pure bitumen without salts
2
3 BWP 0-2//CR15/16//08 Reference Eurobitum with 28 wt.% NaNO3

4 BWP 0-4//CR15/15//09 Reference Eurobitum with 28 wt.% NaNO3

5 BWP 0-3//CR15/9//08/18 Eurobitum with 18 wt.% NaNO3

6 Mexphalt R85/40 Pure bitumen without salts
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and outside the cell was carefully monitored in order to check its
possible influence on the measurement. The results allow inter-
preting the creep behaviour of the bitumen and the mixtures (bitu-
men/salt) at various stress levels.

The result of the constant stress creep test is displayed in
Fig. 2a. Here the steady state strain rate is plotted against the stress
for six specimens. For reference, Fig. 2b shows the results obtained
by Cheung and Cebon [3], which indicate that the creep of pure
bitumen is well represented by a power law equation relating
strain rates with the power of the stress. Although the results show
some scattering, it can be seen that the behaviour of the pure bitu-
men and the BWP can be represented by a creep power law, in a
similar way as reported in the literature [3,4] for other bitumens.
The incorporation of salt crystals decreases strain rates. This is ex-
pected as the crystals deform at slower rates as compared with
bitumen material.

2.2. Confined compression tests

A confined compression test consists of a series of steps of uni-
axial deformation under confined conditions, i.e. with lateral defor-
mations not permitted. This test, often referred to as oedometer
test, is quite standard in mechanics of porous materials, and it
was originally developed in the field of soil mechanics. An oedom-
eter test produces vertical deformations which imply volumetric
deformations (evolumetric = evertical) and deviatoric deformations
(edeviatoric = (2/3)evertical).

A series of confined compression tests was performed on non-
radioactive samples taken from drums of Eurobitum produced
about 25 years ago, during the inactive start-up phase of the bitu-
minisation plant. The production method and composition of this
non-radioactive reference BWP are entirely similar to that of the
radioactive BWP, except for the presence of radionuclides. The
samples had a diameter of 38 mm and were 10 mm in height,
and were artificially aged before the tests (by gamma irradiation
in the absence of oxygen) [5].

The tests were performed using a conventional oedometer cell,
with sintered metal filters above and below the samples, so that
the material could be hydrated in a later phase (water-uptake test)
(Fig. 3). It is assumed that the samples were dry before the com-
pression tests. However some condensed water could have reached
the pores.
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Fig. 2. (a) Steady state creep behaviour in compression for Eurobittum. (b) Steady
state creep behaviour of a different bitumen (Cheung and Cebon [3]).
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A series of seven experiments was performed on non-radioac-
tive BWP in a laboratory with controlled temperature (about
22 �C). The oedometric tests were performed under dry conditions.
The tests mainly consist in the loading and unloading events which
finally lead to a material which was practically incompressible
(Fig. 4). Because the compression is irreversible, it is deduced that
initial porosity is at least of the order of these irreversible deforma-
tions. In absence of porosity, the incompressibility of the material
would not permit irreversible deformation under oedometric con-
ditions. The soft nature of the bitumen permits to assume that
porosity reduces during compression.

It has to be kept into consideration that this series of tests were
performed in order to obtain mechanical properties of the studied
materials. The stress level applied is close to the expected in situ
stress conditions.

3. Mechanical constitutive model

The bituminized waste is considered as a homogeneous suspen-
sion of soluble NaNO3 salt crystals in bitumen (Fig. 5a). As men-
tioned above, the hygroscopic soluble salts incorporated in the
BWP will take up water from the surrounding host formation
resulting in dissolution, but this is expected at a very low rate in
geological disposal conditions. Therefore, the bitumen matrix pro-
gressively becomes porous and permeable. Fig. 5b shows the
development of a porous layer at the surface of a sample exposed
to water.

From a mechanical point of view, both bitumen and salt crystals
show significant creep deformation that may control the response
of the mixture. The complex mechanical behaviour of such a mate-
rial requires an adequate mechanical constitutive model to de-
scribe its elastic and viscoplastic behaviour.
For a material presenting elastic-viscoplastic behaviour, the to-
tal strain tensor can be described by:

eij ¼ ee
ij þ evp

ij ð1Þ

where ee
ij; e

vp
ij denote the elastic and viscoplastic strain components,

respectively.

3.1. Constitutive model for creep deformation

In general the BWP can be envisaged as composed of a porous
bituminized matrix embedding crystals (Fig. 6).

The total volume of the medium (Vt) can be decomposed into
the volume occupied by the crystals (Vc), the pores (voids: Vv)
and the bitumen (Vb), i.e. Vt = Vc + Vv + Vb. The volume of the pores
varies as the consequence of dissolution of the crystals and may be
occupied by water or air.

These volumes permit to define the volume fraction of the dif-
ferent components (/c and /b) and the volume fraction of pores,
i.e. the porosity (/). These variables are defined as:

/c ¼
Vc

Vt
; / ¼ Vv

Vt
; /b ¼

Vb

Vt
ð2Þ

Vt ¼ Vc þ Vv þ Vb; 1 ¼ /c þ /þ /b ¼ /c þ /m

/m ¼ /þ /b

The sum of the porosity (/) plus the volume fraction of the bitu-
men (/b) is defined as the volume fraction of the porous bitumen
matrix /m, i.e. /m = / + /b.

In this way, 1 � /m = /c is the volumetric fraction occupied by
the crystals.

Creep of crystalline materials is modelled with the so-called
creep power law [7], which relates deviatoric strain rates and devi-
atoric stresses, in a linear or nonlinear way. In addition, tempera-
ture effects and hardening or softening responses can be
incorporated. Creep deformation of solids and viscous response of
fluids are expressed with the same mathematical equation. In case
of fluids it leads to Newtonian or non-Newtonian behaviour,
respectively, for linear or nonlinear response. For Newtonian mate-
rials, the shear strain rate is proportional to the shear stress. The
constant of proportionality is known as the viscosity. For non-New-
tonian materials the linearity is lost and the strain rate is usually
written as proportional to a nonlinear function of the shear stress.

Crushed rocks, metal powders and other porous materials like
the porous bituminized matrix, made of viscous components,
require constitutive equations with significant volumetric contri-
bution as compared to crystals which are practically incompress-
ible. Olivella and Gens [8] have developed a model for porous
crushed salt that combines the power law and a simple geometric
representation of grains and pores. The model has been applied to
simulate an in situ test in the Asse salt mine performed during
more than 10 years [10]. The crushed salt model converges to the
model of rock salt as porosity vanishes. The fundamentals of the
model developed by Olivella and Gens [8] are included in an
Appendix. This model is used as the basis for the development of
a model for the mixture of bitumen and crystals, both materials as-
sumed to deform with elastic and creep contributions. A brief
description of the model part that is used here has been included
in an Appendix.

In the model presented here, the strain rates of a mixture can be
obtained from the properties of the components under shear condi-
tions assuming a weighted geometric average. This represents a
combination of mechanisms in series and/or in parallel. Series
would imply that the more deformable material dominates while
parallel would imply that the stiffer material dominates. In contrast,
the arithmetic average seems more appropriate for volumetric
deformations, which represents more a combination of mecha-



Fig. 3. Confined compression test set-up (combined with water-uptake test).
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nisms in series in this case. Actually the crystals are more or less
floating in the bitumen matrix. Under these assumptions, the visco-
plastic strain of the mixture (BWP) would be defined as follows:

devp
d

dt
¼ dem

d

dt

� �/m dec
d

dt

� �/c

ð3Þ

devp
v

dt
¼ /m

dem
v

dt

� �
þ /c

dec
v

dt

� �

where em and ec denote, respectively, the viscoplastic strain of the
bitumen matrix and of the crystal, and the subscript ‘‘d” stands
for deviatoric (shear) while the subscript ‘‘v” corresponds to volu-
metric. These assumptions imply that the crystals have more effect
on deviatoric deformation than on volumetric. Other possibilities
could be investigated. As will be shown below, assuming these
combinations permits to obtain the form of the equivalent parame-
ters for power and viscosity in a relatively simple way.

As explained above, the creep of crystalline materials is gov-
erned by a power law, so the following equation is considered
for the crystals:

dec
ij

dt
¼ Acqnc

@q
@rij

ð4Þ

where Ac(T) is a temperature dependent parameter, nc the power of
the deviatoric stress of the creep law of the crystal, and q the devi-
atoric stress. It is important to notice that this law does not allow
volumetric creep deformation.
The description of the mechanical behaviour of the porous
bitumen matrix requires constitutive equations with significant
volumetric creep contribution. As indicated above, Olivella and
Gens [8] developed a model to represent the creep behaviour of
porous salt aggregates. Creep for this kind of materials is ex-
plained with the theory of dislocations (Dislocation Creep defor-
mation), which refers to intracrystalline mechanisms, and is
characterized by a power law. In contrast, the bitumen used for
the bituminized waste is an amorphous polymer material [3],
but its creep can also be described with a power law in the range
of stresses and temperatures considered in this research. So the
common point is the creep power law, which is referred to also
as a non-newtonian fluid equation. While crystalline rocks are so-
lid materials, bitumen has a behaviour that is closer to that of
fluids.

The mechanical model was based on an idealized geometry
(polyhedrons representing the particles) that was used as a basis
for calculating strain rates and to obtain macroscopic laws (see
Appendix). It should be noticed that all geometrical variables were
only a function of porosity (actually: void ratio). In that model, it
was assumed that volumetric deformation was produced by the
deviatoric deformation of the solid phase (example: a packing of
incompressible spheres may reduce its porosity if the spheres
change their shape).

Considering the adopted geometry and making further assump-
tions of stress distributions in the solid mass, the model was ex-
pressed in the following generalized form (see Appendix):
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Fig. 5. ESEM observations of BWP: (a) observation of a dry sample of BWP after
Kursten and Van Iseghem [12] and (b) observation of a leached synthetic BWP after
Sercombe [9].
devp
ij

dt
¼ 1

g
UðFÞ @G

@r0ij
ð5Þ

where G is the viscoplastic potential to describe the flow rule, F is a
stress function, / is a scalar function and g is a viscosity parameter.
The application of the model to the bitumen matrix requires only
the use of the appropriate material parameters Am and nm (see
below).

Therefore, it is possible to write:

F ¼ G ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ p

ap

� �2
s

; UðFÞ ¼ Fnm ð6Þ

where ap was a function of viscosities, i.e.:

g ¼ gd; ap ¼
gv

gd

� �1= nmþ1ð Þ

ð7Þ

where gv and gd are, respectively, viscosities for volumetric and
deviatoric creep, defined as:

1
gv ¼ Amgvð/Þ; 1

gd
¼ Amgdð/Þ ð8Þ

where Am(T) is a temperature dependent parameter and nm is the
power of the deviatoric stress of the creep law of the bitumen ma-
trix. The definition of gv and gd is given in the Appendix. Both Eqs.
(4) and (5) are Perzyna type equations [7], respectively, for pure
deviatoric deformation (4) and for coupled deviatoric–volumetric
deformation (6). A main assumption here is that a material obeying
a creep power law and containing pores can be modelled with a
similar approach, irrespective of its micro structure (crystalline or
amorphous).

In order to extend this model to a mixture and to incorporate
the contribution of the salt crystals, the equivalent parameters
are defined in the following way:

1
gd

eqð/Þ
¼ Ad

eqð/Þ ¼ ðAmgdð/ÞÞ/m ðAcgdð0ÞÞ/c ¼ ðAmgdð/ÞÞ/m ðAcÞ/c ð9Þ

1
gv

eqð/Þ
¼ Av

eqð/Þ ¼ /mAmgvð/Þ þ /cAcgvð0Þ ¼ /mAmgvð/Þ

neqð/Þ ¼ nm/m þ nc/c

The form comes from the proposed assumption given above (Eq.
(3)) and provides some conditions that are described later. Without
loss of generality other assumptions could be considered, but the
ones chosen (arithmetic mean for volumetric and for the power,
and geometric mean for deviatoric) are a conjecture.

In this model extension, it is assumed that the crystals do not
have pores, this is why the functions corresponding to crystals
have been written for zero porosity. Actually this is equivalent
to: gv(0) = 0 and gd(0) = 1 (apply zero porosity or void ratio to equa-
tions in the Appendix). Therefore, the volumetric contribution is
due solely to the bitumen matrix deformation.
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Finally, the viscoplastic potential and the stress function are
written as:

G ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ p

ap

� �2
s

and F ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ p

nm
neq

ap

 !2
vuut and UðFÞ ¼ Fneq ð10Þ

ap ¼
gv

eqð/Þ
gd

eqð/Þ

� � 1
1þneq

1
gv

eqð/Þ
¼ Av

eqð/Þ ¼ /mAmgvð/Þ ð11Þ

g ¼ gd
eqð/Þ 1

gd
eqð/Þ
¼ Ad

eqð/Þ ¼ ðAmgdð/ÞÞ/m ðAcÞ/c

No threshold stress is defined, which implies that strain rates
develop at any stress level (this is also the case for salt rock).

The new model was developed to accomplish the following con-
ditions described below.

When the stress state is isotropic ((r1) = (r2) = (r3); the sub-
scripts 1, 2, 3 indicate the principal stress directions) only the
properties of the bitumen matrix play a role:

devp
v

dt
¼ /mAmgvð/Þpnm ¼ 1

gv
eqð/Þ

pnm ð12Þ

When pure shear conditions are reached ((r3) = �(r1) and
(r2) = 0) the equivalent parameters (power and viscosity) are
recovered for the calculation of strains:

devp
1

dt
¼ 3

2
Ad

eqðr1Þneq ¼ 3
2

1
gd

eqð/Þ
ðr1Þneq ð13Þ

Both viscosities gv and gd depend on the porosity (see Appen-
dix). The shape of these functions is crucial to describe adequately
the porosity influence on the creep deformations of the mixture.
The chosen functions for viscosities have been represented in
Fig. 7, considering the case of a porous bitumen matrix (/c = 0)
and of a bituminised waste (/c = 0.16), and using neq = 2. It shows
that gv tends to infinity as porosity vanishes. Therefore, at low
porosity the original power law (Eq. (4)) is recovered by Eq. (6).
The limiting values can also be easily verified from Eq. (10): f tends
to zero when the pore volume disappears (it tends to zero) and
consequently g tends to 1. The effect of porosity on the volumetric
creep is much larger than on the deviatoric creep, except for high
porosities (close to 0.40). Fig. 7 also shows that changing the crys-
tal volume fraction from 0 to 0.16 increases significantly the vis-
cosity for deviatoric creep.

3.2. Elastic behaviour

Elastic volumetric deformations of the BWP are described by an
appropriate nonlinear law which is a logarithmic relationship often
found in constitutive models for soils.
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dee
v ¼

k
1þ e

dp0

p0
¼ dp0

K
; K ¼ p0ð1þ eÞ

k
ð14Þ

where p0 (MPa) is the mean effective stress (defined as
p0 = (r1 + r2 + r3)/3), e and k are, respectively, the void ratio and
the slope of the unload/reload curve in the (e � ln p0) diagram.
K(p0) is the nonlinear bulk modulus.

For a given initial stress, paths for which dp0 > 0 lead to com-
pression and paths for which dp0 < 0 lead to expansion. Since the
above defined logarithmic law does not allow tension, an addi-
tional condition is considered as follows:

K ¼max
p0ð1þ eÞ

k
; Kmin

� �
ð15Þ

In this equation, Kmin is a lower bound of the stiffness modulus,
which may be small but positive. It is used for low stress confine-
ment and also for tension conditions.

3.3. General formulation for elasticity plus elasto-viscoplastic creep

In summary, a general formulation for elasticity plus creep
(elasto-viscoplastic) law for the studied BWP can be written in
the following way:

deij

dt
¼

deelastic
ij

dt
þ

devp
ij

dt
¼

deelastic
ij ðrijÞ

dt
þ

devp
ij rij; T;/
� �

dt
ð16Þ

which has a particular form for the isotropic case:

dev

dt
¼ a1

1
p0

dp0

dt
þ 1

gvðT;/Þp
0nm ð17Þ

where a1 is a parameter for the nonlinear elastic contribution de-
fined as:

a1 ¼
k

1þ e
ð18Þ

Although the isotropic part is used here for the description of
the model equations, the model is used for a general stress state,
including a Poisson ratio for the elastic part and the full viscoplas-
tic formulation for the creep part as given above.

As it has been written above, the model does not allow exten-
sion behaviour. In that case, when the material is subjected to ten-
sion stresses, Eq. (17) becomes:

dev

dt
¼ 1

Kmin

dp0

dt
þ 1

gvðT;/Þ p0j jðnm�1Þp0 ð19Þ

The described model includes thus nonlinear elasticity plus
nonlinear creep. For elasticity the nonlinearity comes from the
mean effective stress dependence of stiffness (Eq. (14)). The non-
elastic part of the model is a power function of stress. As shown
in Eq. (11) viscosity functions also depend in a nonlinear way of
porosity.

4. Modelling of mechanical behaviour of BWP

The model described above has been implemented in the Finite
Element code CODE_BRIGHT. Several numerical simulations were
performed in order to explore the model ability to reproduce the
influence of the presence of the crystals on the creep behaviour
of the BWP. A numerical exercise is first shown, which permits
to consider assumptions to simplify the problem.

The numerical example concerns a simulation of a creep test
under oedometric conditions (vertical stress = 0.2 MPa). The model
parameters are summarized in Table 2. Fig. 8 displays the evolu-
tion of creep deformation with time for three cases: (1) porous
bitumen matrix, (2) mixture of bitumen and 16% in volume of



Table 2
Material parameters for the numerical example.

Parameters Symbols Values

Elastic model t 0.3
a1 0.0078

Creep model nm 2.1
nc 5

Initial porosity /0 0.06
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Fig. 8. Effect of crystal volume fraction on creep deformation for an oedometric test
under constant vertical stress of 0.2 MPa.
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NaNO3 (/c = 0.16), and (3) mixture of bitumen and 20% in volume
of NaNO3 (/c = 0.20). The plot shows that creep deformations de-
crease significantly when /c increases, at this stress level. This is
a consequence of the increase of the viscosity for deviatoric creep.

4.1. Modelling of compression tests under confined conditions

As explained in Section 2, a series of conventional oedometric
tests with cylindrical inactive gamma irradiated Eurobitum sam-
ples containing 28% in weight of NaNO3 were performed in the lab-
oratory of SCK�CEN. From the experimental results it is clear that
the material shows a nonlinear elastic behaviour (deformation var-
ies rather linearly with the logarithmic vertical stress). These re-
sults permit to determine the parameters for the mechanical
constitutive model described above in this paper.

An initial porosity of these samples for the oedometric tests was
estimated to have the value /0 = 0.06 according to the deformation
of the samples (a precise measurement would be envisaged). The
parameters have been calibrated to simulate the experiment per-
formed with cell 3 and cell 4 (Table 3), which are representative
of the series of tests and show little scatter of the test results.
The power of the creep power law for porous bitumen matrix
has been deduced form the results of pure bitumen given in Fig. 2.

For the model prediction we have used the following values of
the temperature dependent parameter of the bitumen matrix and
the crystals:
Table 3
Material parameters for modelling of compressions tests.

Parameters Symbols Values

Elastic model t 0.3
a1 0.0078

Creep model nm 2.1
nc 5

Initial porosity /0 0.06

Crystal volume fraction /c 0.16
AmðTÞ ¼ 8 exp �22;900
RT

� �
ð20Þ

AcðTÞ ¼ 5� 10�6 exp �59;650
RT

� �

It should be recalled that these viscosity parameters are not
comparable as they correspond to power law creep equations with
different power.

For the bitumen matrix, the constant inside the exponential has
been taken from [3], while the pre-exponential constant has been
determined to obtain a good prediction of the experimental test
represented in Fig. 9. For the crystals, the adopted values corre-
spond to typical values for rock salt deviatoric deformation [8].
Evolution of the deformation versus time for the oedometric cells
together with the model results are shown in Fig. 9. The modelled
results show many similarities with the experimental data (taking
into account that the viscosity has been calibrated with these
tests). They are characterized, for each loading step, by instanta-
neous deformations followed by creep. Beyond a certain time, for
high stress levels volumetric creep deformations disappear be-
cause the volume of pores becomes negligible and the material
shows only a volumetric elastic response.

It must be noticed that gv tends to infinity as porosity vanishes,
which guarantees that the volumetric creep part disappears
progressively.

Some discrepancies are observed, however, between the exper-
imental and model results. The model does not predict very well
the large instantaneous deformations that occur immediately after
the first loading. These discrepancies could be attributed to uncer-
tainties that occurred during the experiment. In fact, it is unlikely
that the piston was totally in contact with the sample after first
0

0.01

0.02

0.03po
ro

0 10 20 30 40 50

Time (day)

Fig. 9. Vertical deformations and porosity profile as a function of time for cell 3 and
cell 4. Experimental results and model calculations. (a) Measured and calculated
deformations and (b) porosity evolution during compression.



N. Mokni et al. / Journal of Nuclear Materials 404 (2010) 144–153 151
loading (25 kPa), since the upper surface of the material was rough.
Therefore the first loading step produces a large deformation incre-
ment in the test which, as mentioned before, can be attributed to
accommodation of the piston on the material surface. In contrast
the model predicts the deformation increment corresponding to
the first loading step (from 0 to 25 kPa).
5. Simulation of other experiments under different conditions

In Section 4, the model was applied to 2 experiments and the
viscosity constant and elastic compressibility were calibrated.
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Fig. 10. Effect of crystal content in a multistep test (initial porosity 2.5%): (a) model
results for different crystal contents (weight percent) and (b) comparison of model
with experimental results for a test with 12% of salt content.
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Fig. 11. Simulation of a test on a radioactive sample (initial porosity 2.5%, viscosity
reduced by a factor of 1000).
The power of the creep law was maintained equal to the value
determined from unconfined compression. In this section, other
experiments are modelled. Fig. 10 shows the simulation of a mul-
tistep test under different conditions of crystal content and the
comparison with experimental results. The sample in this case is
assumed to have a low porosity (2.5%), as it was pre-compressed
to guarantee good contact at the initial loading step. No variation
of the model parameters has been carried out in this case. In addi-
tion, Fig. 11 shows the simulation of another multistep test for a
radioactive sample. The radioactive BWP was of different nature
as the material tested in experiments in Fig. 2: it was a less
deformable material, and the viscosity constant (A) had to be re-
duced by a factor 1000 to simulate the test results (two series
showing good repeatability).

Further experiments will be modelled in the future and special
attention should be paid to the initial conditions of the material be-
fore application of the stress levels.
6. Concluding remarks

According to the present Belgian radioactive waste manage-
ment program, Eurobitum bituminised radioactive waste will be
disposed of in a geologically stable underground clay formation.
The presence of the radioactive waste should not disturb the favor-
able properties of the host formation. The interaction of a BWP and
the host formation is complex due to the presence of hygroscopic
salts. To better understand the interaction between the swelling
Eurobitum and the host formation, coupled hydro-chemical–
mechanical constitutive laws have to be developed. An essential
part of the modelling approach is its mechanical response which
should be interpreted with a constitutive equation.

This paper presents the laboratory and numerical research on
the mechanical behaviour of a BWP. The material is considered
as a porous medium, i.e. a mixture of a porous bitumen matrix
and salt crystals. A model that predicts the overall creep behaviour
of the BWP, whose both constituents are viscoplastic, has been pre-
sented. The model has been included in a finite element program.
The influence of the crystals on deviatoric creep deformation has
been investigated. The results of the numerical test offer a preli-
minary evidence of the effect of the crystals on the creep deforma-
tion. It has been observed that there is a significant decrease of
creep deformation when the crystal volume fraction increases.
The creep model has been compared with the experimental data.
It has been observed that by volumetric deformation the bitumi-
nized waste evolves from porous conditions to an uncompressible
material.
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Appendix A. Constitutive model for nonlinear creep of porous
materials

In this Appendix derivation of the model for creep of porous
materials obeying power law developed in Olivella and Gens [8]
is included.

The most common way to write the creep power law is:

deij

dt
¼ Aqn @q

@rij
ðA1Þ
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in the generalized case, ðq ¼
ffiffiffiffiffiffiffi
3J2

p
Þ refers to the deviatoric stress,

(J2) is the second invariant of the deviatoric part of the stress tensor.
A(T) is a temperature dependent parameter, and n is the power of
the creep law. It is important to notice that this law does not allow
volumetric creep deformation. This power law is combined with an
idealized geometry to obtain a law for porous materials.

Yet, another form of the power law can be obtained if the gen-
eralized one is particularised for the principal directions (i):

dei

dt
¼ 3

2
Aqn�1 ri � pð Þ ðA2Þ

where p refers to the mean stress. It does not matter if effective or
total stress is used here because deviatoric stresses do not depend
on pore pressure and this law does not contain volumetric contribu-
tion. Therefore, for porous materials, net stresses (r0ij ¼ rij � Pf dij in
which Pf refers to the fluid pressure) will be considered in what fol-
lows. Assumptions are necessary to develop a macroscopic law,
these are: simple stress distribution in the solid phase, the solid
phase changes its shape without volume change, creep power law
is valid to calculate the creep deformation of the solid phase. The
macroscopic equations of the model will be built in three steps:
(1) adoption of a stress distribution in a grain, (2) calculation of
strain rates along the principal directions, and (3) generalization
of the model to a tonsorial form.

A simplified geometry for solid phase and pores was considered
with the following derived functions:
Porosity (/) and void ratio (e) are two different ways to measure
the void volume in porous materials. While porosity is the void
volume divided by the total volume, the void ratio is the void vol-
ume divided by the solid volume. They are related by:
e ¼ /

1�/ and / ¼ e
1þe. Therefore the model can be written in terms

of void ratio or porosity without loss of generality.
For the geometry of polyhedrons adopted, a simplified stress

distribution inside the solid phase was considered:
ðr0iÞc ¼ ðr0iÞðd

2
=x2Þ which simply establishes that the stresses in

the contact increase as the area of the contact decreases. Consider-
ing the principal directions normal to the faces of the solid phase
volumetric element, the strain rate for each principal direction
can be calculated:

dei

dt
¼ 1

d
dd
dt

� �
i
ffi 3

2
Aqn�1

i ðr0iÞc � p0i
� � ffiffiffi

2
p

s
d
þ 3

2
Aqn�1 r0i � p0

� � x
d

ðA3Þ

where p0i and qi are mean net stress and deviatoric stress in the zone
of the solid phase near to the contact, i.e. computed with, r0i

� �
c ,
r0j
� �

c
and r0k

� �
c; while, p0 and q are mean net stress and deviatoric

stress in the internal zone of the solid phase, i.e. computed with
r0i
� �

, r0j
� �

and r0k
� �

. In this equation, the first term corresponds to
the strain of the area near contacts and the second term corre-
sponds to the strain in the core of the solid phase. As porosity tends
to zero, the first term vanishes, and the original creep power law is
obtained. A simple relationship is obtained if the stress state is con-
sidered isotropic, i.e. r01

� �
¼ r02
� �

¼ r03
� �

:

dev

dt
¼ de1

dt
þ de2

dt
þ de3

dt
¼ 3A ðp0Þc � p0

� �n
ffiffiffi
2
p

s
d

¼ 3A
ð1þ eÞ

ð
ffiffiffiffiffiffiffiffiffiffiffi
1þ e
p

�
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2e=kv

p
Þ2
� 1

 !n ffiffiffiffiffiffiffiffiffiffiffiffiffi
2e=kv

p
ffiffiffiffiffiffiffiffiffiffiffi
1þ e
p p0ð Þn

¼ 1
gDC

v ðe; TÞ
ðp0Þn ðA4Þ

As an opposite state to isotropic, pure shear stress state is con-
sidered, i.e. r03

� �
¼ � r01

� �
and r02

� �
¼ 0:

de1

dt
¼ 3

2
AðTÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ g þ g2

p� �n�1 2g þ 1
3

� �
f þ ð

ffiffiffi
3
p
Þn�1 1ffiffiffi

g
p

� �
r0n1

ðA5Þ

The reason for these two particularizations (isotropic and pure
shear) is to obtain simple relationships for volumetric strain rate
and deviatoric strain rate. If a general stress state was assumed
without any restrictions, these forms would be more complex
due to the nonlinear (power) dependence of strain rate on stress
for this mechanism. From (A4) and (A5) the following viscosities
for volumetric and deviatoric creep can be obtained:

1
gv ¼ AðTÞgvðeÞ ðA6Þ

1
gd
¼ AðTÞgdðeÞ

where

gvðeÞ ¼ 3ðg � 1Þnf ðA7Þ

gdðeÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ g þ g2

3

r !n�1
2g þ 1

3

� �
f þ 1ffiffiffi

g
p

g ¼ 1

ð1� f Þ2
¼ d2

x2 f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2e
3ð1� e3=2Þð1þ eÞ

s
¼ s

ffiffiffi
2
p

d
ðA8Þ

A(T) and n come directly from the creep power law, i.e. the non-
porous material. The functions gv(e) and gd(e) depend on the ideal-
ized geometry and in turn on void ratio. However, because the
creep law has a power, a dependence on n remains in these
functions.

Eq. (A3) has been developed on the basis of the idealized geom-
etry adopted. However, it lacks generality because it has been writ-
ten for strain rates along principal directions. One way to
generalize (A3) is to use a flow rule. In this procedure, (A4) and
(A5) are very useful to identify how this generalized form should
be. The following general form, based on viscoplasticity theories
for geological materials [11], was proposed:

deij

dt
¼ 1

g
UðFÞ @G

@r0ij
ðA9Þ

In this equation, a viscosity parameter is included, G is a visco-
plastic potential, F is a stress function and / is a scalar function of
F.

In Eq. (A9) the functions G and F should be taken as functions of
stress invariants. The following form was proposed:
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F ¼ G ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ p

ap

� �2
s

ðA10Þ

UðFÞ ¼ Fn

where n is the power of the creep law and ap is a material function.
Since / (F) is always positive, no threshold is considered in this law.
This is consistent because creep materials develop viscous deforma-
tions under any stress level.

In order to exploit the theoretically derived Eqs. (A4)–(A8) this
generalization of the model is complemented with definitions for g
and ap. By comparison of A4 and A5 with the results obtained using
A9 and A10 under the same stress state (i.e. isotropic and pure
shear) it is obtained that:

g ¼ gd ap ¼
gv

gd

� � 1
nþ1

ðA11Þ

when void ratio (or equivalently porosity) vanishes ap tends to
infinity and the volumetric term disappears.
References

[1] E. Valcke, A. Mariën, M. Van Geet, The methodology followed in Belgium to
investigate the compatibility with geological disposal of Eurobitum
bituminized intermediate-level radioactive waste, in: Mater. Soc. Symp. Proc.
vol. 1193, 2009, pp. 105–116.

[2] N. Mokni, S. Olivella, X. Li, S. Smets, E. Valcke, J. Phys. Chem. Earth (2008),
doi:10.1016/j.pce. 2008.10.008.

[3] C.Y. Cheung, D. Cebon, J. Rheol. 41 (1996) 45–73.
[4] C.Y. Cheung, D. Cebon, ASCE J. Mater. Civil. Eng. (1997) 117–129.
[5] E. Valcke, F. Rorif, S. Smets, J. Nucl. Mater. 393 (2009) 175–185.
[6] Yongfeng Deng, Anh-Minh Tang, Yu-Jun Cui, A study on the creep behavior of

bitumen using unconfined compression test, Final test report, UR Navier/
CERMES, Ecole des Ponts – ParisTech, 2009.

[7] P. Perzyna, Adv. Appl. Mech. 9 (1966) 346–377.
[8] S. Olivella, A. Gens, Int. J. Numer. Anal. Mater. Geom. 26 (2002) 719–746.
[9] J. Sercombe, B. Gwinner, C. Tiffreau, B. Simondi-Teisseire, F. Adenot, J. Nucl.

Mater. 349 (2006) 96–106.
[10] S. Olivella, M. Luna, A. Gens, Thermo-mechanical analyses of a large scale

heating test in salt rock, in: E. Oñate, D.R.J. Owen, (Eds.), VII International
Conference on Computational Plasticity, COMPLAS VII, CIMNE, Barcelona,
2003.

[11] C.S. Desai, D. Zhang, Int. J. Numer. Anal. Methods Geomech. 11 (1987) 603–
620.

[12] B. Kursten, P. Van Iseghem, In situ corrosion experiments, Final report for
1995–1996, SCK�CEN-R-3247, SCK�CEN, Mol, Belgium, 1998.

http://dx.doi.org/10.1016/j.pce.2008.10.008

	Deformation of bitumen based porous material: Experimental  and numerical analysis
	Introduction
	Experimental aspects
	Unconfined compression creep tests
	Confined compression tests

	Mechanical constitutive model
	Constitutive model for creep deformation
	Elastic behaviour
	General formulation for elasticity plus elasto-viscoplastic creep

	Modelling of mechanical behaviour of BWP
	Modelling of compression tests under confined conditions

	Simulation of other experiments under different conditions
	Concluding remarks
	Acknowledgments
	Constitutive model for nonlinear creep of porous materials
	References


