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Chalk shows a pronounced water-weakening effect, which can be attributed to the microscopic
physicochemical interactions between the pore fluid and the chalk matrix. In this paper a conceptual
elastoplastic model is developed for describing the chemo-mechanical behaviour of chalk based on the
framework of the modified Cam Clay model. Central to the model is the concept of intergranular
stresses, introduced as the substitute for Terzaghi’s effective stress to describe the chalk behaviour. In
this context, the microscopic physicochemical interactions are characterised by introducing a
macroscopic surface force potential. The composition and significance of pore water pressure are
analysed, and the intergranular stress tensor is explicitly defined. To address the hardening effect of the
microscopic physicochemical interactions, the preconsolidation pressure function is modified by
introducing the intrinsic intergranular pressure as an additional hardening variable that accounts solely
for the chalk–fluid interaction. It is shown that the proposed concept of intergranular stresses can
address the effects of osmosis, adsorption and capillarity on the chalk behaviour in a consistent and
systematic way. Comparisons between the theoretical simulations and experimental results demonstrate
that the proposed model is capable of capturing the main features of the chemo-mechanical behaviour
of chalk saturated with an individual or two (miscible or immiscible) fluids.
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INTRODUCTION
Seawater injection used to be an important approach to
re-pressurising the oil reservoirs in the North Sea, in order to
alleviate the seabed subsidence problem induced by oil
production. This method also proved to have great potential
for enhancing oil recovery. Unfortunately, however, significant
enhanced reservoir compaction and seabed subsidence could
occur during the injection of seawater into some oil reservoirs
(Keszthelyi et al., 2016). It has been well recognised that the
problem can be attributed to the water-weakening effect of
chalk, which is a constituent material of the reservoirs (e.g.
Newman, 1983; Risnes et al., 2003; Keszthelyi et al., 2016). In
the north part of the North Sea, manyoil reservoirs are mainly
composed of chalk, which is a type of carbonate rock, built up
of the fragments of calcite skeletons originating from
planktonic algae called coccolithophorids (Risnes et al.,
2003). Because of its unique lithological composition and
structural features, the chalk material generally has a rather
open structure, with a porosity ranging from 40 to 50%. In
addition, the small size of the individual grains also results in a
large specific surface area of chalk (about 2 m2/g).

In the past three decades, considerable research efforts
have been made to study the mechanical behaviour of chalk.
In particular, an extended experimental testing programme
has been performed to investigate the interaction between
water and chalk (Delage et al., 1996; Risnes & Flaageng,
1999; Hellmann et al., 2002; Risnes et al., 2003; Taibi et al.,
2009; Omdal et al., 2010; Lawrence et al., 2013). It has been
well recognised that a water-saturated chalk is mechanically
weaker than a dry or oil-saturated chalk (Duperret et al.,
2005), and skeletal deformation occurs whenever the chalk is
exposed to water (Newman, 1983; Heggheim et al., 2005;
Risnes et al., 2005; Madland et al., 2006). Specifically,
the mechanical parameters of chalk such as the Young’s
and bulk moduli, pore collapse yield stress and cohesive
intercept decrease with the increase of water saturation,
whereas other parameters (including Poisson’s ratio, plastic
volumetric hardening modulus and friction angle) remain
practically constant (Papamichos et al., 1997; Talesnick
et al., 2001).
Several mechanisms have been proposed to explain the

water-weakening effect of chalk. One of the most-cited
mechanisms is associated with intergranular pressure sol-
ution. Hellmann et al. (2002) discussed in detail such a
mechanism and presented a thermodynamic model of the
pressure solution process. It is shown, however, that although
the pressure solution is a time-dependent process (Risnes
et al., 2005), the solubility of calcite in water is generally too
low to suggest that such a mechanism is dominant (Stumm&
Moyan, 1981). The capillarity effect provides another
explanation for the water-weakening effect of chalk (Delage
et al., 1996). It is suggested that the influence of unsaturation
on pure chalk of a high porosity is similar to that on partially
saturated soils, and the water–oil menisci can pull the
grains together, increasing the cohesion force of the material.
As a consequence, when seawater is injected into the chalk
pores, the capillary menisci collapse and the chalk becomes
weaker. The capillary effect has also been introduced
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by several other researchers to explain the reduction of
chalk strength with an increase of water saturation (Delage
et al., 1996; Papamichos et al., 1997; Risnes et al., 2003,
2005).

Although the capillary effect can partly account for the
water weakening of chalk, it is clearly not the only
mechanism activated in the pores during water injection.
Lord et al. (1998) performed thermal decomposition–mass
spectrometry analyses on reservoir chalks and found that
dry chalks did not contain sufficient adsorbed water to
support water–oil menisci and activate the capillary mech-
anism. In addition, Risnes & Flaageng (1999) conducted
a series of experiments on chalk samples saturated with
water–ethylene glycol mixtures, which are completely mis-
cible. These authors showed that the water-saturated chalk
was considerably weaker than the chalk saturated by
methanol, although the capillary force was absent. Thus, it
is clear that the capillary mechanism alone (i.e. capillary
menisci collapses) is insufficient to explain the water-
weakening effect of chalk. Based on experimental results,
Risnes et al. (2003) pointed out that the activity of water
was a key parameter in water weakening of chalk, and the
intensity of the water-weakening effect depended upon
the strength of adsorption of fluid molecules onto the
calcite surface.

In addition to capillary forces, other physicochemical
interactions also exist between the chalk matrix and the
saturating fluid (De Gennaro et al., 2004). In general, a chalk
material is electrically charged, implying that an electric
double layer can develop around chalk grains. In fact, a
strong interaction of an electrostatic nature has been
observed in the zeta potential of chalk samples saturated
with different fluids (Risnes et al., 2003). The overlap of
the double layer may create repulsive forces when two
neighbouring grains are close enough to each other
(Gonçalvès et al., 2010). In addition, owing to the electrically
charged nature of chalk material, disjoining pressure can
develop in the pore water in the interstices between two chalk
grains. Hiorth et al. (2010) calculated the surface charge and
the disjoining pressure for different aqueous solutions.
Megawati et al. (2013) pointed out that the reduction of
yield stress associated with the water weakening of chalk
could be explained using the concept of the disjoining
pressure.

Mechanically, high-porosity chalks behave like frictional
materials, which fail in a shear mode at low mean stresses.
However, the open structure of rock matrix causes another
failure mechanism, often referred to as pore collapse
(Halleux et al., 1990; Schroeder & Shao, 1996; Homand &
Shao, 2000a, 2000b; Collin et al., 2002; De Gennaro et al.,
2004). More recently, a number of constitutive models have
been proposed for describing the mechanical behaviour of
porous chalks. Most of them were based on the frameworkof
the classic elastoplastic models used in soil mechanics.
Homand & Shao (2000a, 2000b) developed an elastoplastic
model with two yield surfaces to describe the chalk behav-
iour, which treated the water-saturated chalk and oil-
saturated chalk, separately. This model included two sets of
material parameters, corresponding to the two different
saturating fluids, respectively, and introduced an additional
plastic potential to describe the water-induced plastic
deformation. Following a different approach, some consti-
tutive models were developed by considering of the effect of
capillary pressure (e.g. Schroeder et al., 1998). In particular,
in the European Commission (EC) research programme
PASAChalk, a constitutive model was derived from the
Barcelona basic model (Alonso et al., 1990) of unsaturated
soils, in which the matric suction was introduced to account
for the water sensitivity of porous chalk (Collin et al., 2002;

De Gennaro et al., 2003). These models considered the
capillary effect as the only water-weakening mechanism of
chalk, and excluded the effect of the physicochemical
interactions between the chalk matrix and the saturating
fluid. The model by Papamichos et al. (1997) uses the degree
of water saturation as an internal variable to describe the
water-weakening effect (on the stiffness and strength) of
chalk in a phenomenological way. In this model, all the
physicochemical effects are lumped into an internal variable;
that is, the degree of saturation.
The paper is organised as follows. The capillary and

physicochemical effects are first characterised, and an
explicit expression for the surface force potential is
developed; then the concepts of pore water pressure, the
generalised osmotic pressure and the intergranular stress
are explicitly defined. In this context, a chemical–
mechanical coupling constitutive model is developed for
describing the mechanical behaviour of chalk. The proposed
model accounts for osmosis, adsorption and capillarity
in a consistent and systematic way, providing better
understanding of the mechanisms behind the chalk–water
interactions.

CHARACTERISATION OF CHALK–FLUID
INTERACTIONS
Physicochemical interactions between pore water and
chalk matrix
Chalk matrix is negatively charged at natural pH values, as

inferred from the negative of zeta potential (Risnes et al.,
2003). Thus it is expected that significant physicochemical
interactions occur among mineral surfaces, water dipoles and
electrically charged species. These interactions make the pore
solution behave differently from its free bulk state, in that the
former is under the influence of surface forces (Nitao & Bear,
1996). These surface forces include the surface tension on the
interface between two immiscible bulk phases coexisting in
the pores, and the adsorptive forces stemming from the
physicochemical interactions among different bulk phases,
including electrostatic forces, van der Waals attraction,
double-layer repulsion, and so on (Mitchell & Soga, 2005).
All these interactions can modify the potential energy of pore
fluids, so that a pore fluid has a potential energy different
from its counterpart free of the surface forces under the same
thermodynamic condition.
To characterise the microscopic interactions associated

with interfaces, Wei (2014) showed that the free energy of the
pore solution can be decomposed into two components,
namely, the free energy of the pore solution free of surface
forces and the surface force potential accounting for the
surface forces. The surface force potential Ωl is defined as the
negative specific work done against the surface forces during
the movement of an infinitesimal amount of fluid, in
a thermodynamically reversible manner, from a reservoir to
the chalk at the same state (characterised by temperature T,
the mass density of the pore solution ρl and mass fraction
of species Cli). Potential Ωl has two contributions,
namely, capillarity and adsorption, which can be specified
as a function of temperature T, liquid volume fraction nl and
concentration Cli. Explicitly, Ωl is given by

nlρlΩl ¼ ϕρlΩl
0 þ

ðϕ
nl

sM � ΠDð Þ dnl ð1Þ

or equivalently

Srρ
lΩl ¼ ρlΩl

0 þ
ð1
Sr

sM � ΠDð Þ dSr ð2Þ

MA, WEI, CHEN AND LI2

Downloaded by [] on [11/07/18]. Published with permission by the ICE under the CC-BY license 



where nl is the volume fraction of the liquid phase, equal to
the porosity ϕmultiplied by the degree of water saturation Sr;
ρl is the mass density of the pore solution, and for a dilute
solution, it approximately equals to ρ⊕

lH2O (=1·0 g/cm3),
which is the mass density of pure water (for simplicity, ρl

and ρ⊕
lH2O will be used interchangeably in the following);

sM(¼ pg� pW
l) is the matric suction, where pg is the pore air

pressure or oil pressure and pW
l is the measuredwater pressure

(i.e. the pressure of the equilibrium solution, as defined later);
Ω0
l is the surface force potential at full saturation; and ΠD is

the Donnan osmotic pressure.
To evaluate the pore water pressure in a chalk, it is

instructive to introduce the concept of ‘equilibrium solution’,
which is defined as the chalk solution (in a reservoir) in
contact, and in equilibrium, with the pore water in the chalk.
Owing to the electrically charged nature of chalk, the
equilibrium solution is different from the pore water in that
they have different concentrations, although both may have
the same components (the semipermeable membrane effect).
This phenomenon is usually called Donnan’s effect (Mitchell
& Soga, 2005), as schematically shown in Fig. 1(a). Donnan’s
effect can induce an osmotic pressure between the equili-
brium solution and the pore water, that is, Donnan osmotic
pressure. It can be shown that the Donnan osmotic pressure
is given by (Wei, 2014)

ΠD ¼ RTρ
lH2O�

MH2O
ln

a
lH2O

R

a
lH2O

P

 !
ð3Þ

where R is the universal gas constant; T is the Kelvin
temperature; MH2O is the molar mass of water; and aR

lH2O and
aP
lH2O are the activities of the solvent (i.e. water molecules) in

the equilibrium solution and the chalk pores, respectively.
Equation (3) implies that ΠD depends on the fixed charge
density cfix, the concentration of the equilibrium solution c0
and the volume fraction of liquid phase nl, as well as the
nature of chalk–water interaction. Figures 1(b) and 1(c)
schematically illustrate the variations of ΠD with cfix and c0,
respectively. A quantitative demonstration of the relationship
between ΠD, c0, cfix and nl for a clayey soil saturated with
sodium chloride solution can be found in Ma et al. (2016).
Equations (1) or (2) imply that Ωl can be determined using

the water retention curve, provided that the functional
dependence of ΠD on nl (or Sr) is given. For oil-saturated
chalk, the oil–chalk interaction is generally weak, so that Ωl

is vanishingly small. However, when the chalk is saturated
with water, the strong water–chalk interaction makes the
value of Ωl significantly different from that of the oil-
saturated chalk.

Intergranular stress
Traditionally, the effect of physicochemical forces has been

excluded in Terzaghi’s effective stress, although it can
generally exert significant controls over the deformation
and strength of clayey soils (Sridharan & Venkatappa Rao,
1973). These physicochemical forces exist in both saturated
and unsaturated states. The true effective stress should be able
to account for the effects of both the external forces and the
surface forces associated with microscopic solid–fluid inter-
actions and surface tensions (Lu & Likos, 2006).
Based on the requirements for thermodynamic equili-

brium, it has been shown (Wei, 2014) that the true water
pressure, pl, can be decomposed into (Fig. 2)

pl ¼ plW þ Π ð4Þ
where pW

l is the pressure of the equilibrium solution; Π is the
generalised osmotic pressure, which accounts for the

physicochemical interactions between the pore water and
the solid matrix; and

Π ¼ ΠD � ρ
lH2O� Ωl ð5Þ

Clearly, the generalised osmotic pressure includes two
contributions: one is due to the Donnan osmosis, and
the other is associated with the surface forces stemming
from the microscopic solid–fluid interactions and surface
tensions.

[Na+] = c0

[Cl–] = c0

[P–] = cfix

[Cl–] = x

[NA+] = cfix + x 

[PΠD

ΠD

Semipermeable membrane 

(a) 

(b) 

(c) 

cfix

ΠD

c0

Fig. 1. (a) Schematic illustration of Donnan’s effect, where x depends
on the fixed charge density cfix, and the concentration of the
equilibrium solution c0; (b) relationship between the Donnan
osmotic pressure and the fixed charge density cfix; (c) relationship
between the Donnan osmotic pressure and the concentration of the
equilibrium solution c0
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Based on the true pore pressure as given by equation (4),
an explicit formulation is developed for the intergranular
stress tensor, that is

σ′′ ¼ σ� pg1þ nl sM � Πð Þ1 ð6Þ
where σ′′ is the intergranular stress tensor; σ is the total stress
tensor; and 1 is the second-order unit tensor, with com-
ponents δij. At full saturation, Π¼ΠD� ρlΩl¼ sM¼AEV
and pg¼ pW

lþAEV, where AEV is the air entry value,
so that σ′′ ¼ σ� plW1� ΠD � ρlΩl

� �
1 ¼ σ� plW1� Π1, or

σ′′ ¼ σ′�Π1, where σ′ is Terzaghi’s effective stress and given
by σ′ ¼ σ�plW1. From the above derivations, it is clear that
the intergranular stress equation of unsaturated soil can
smoothly convert to that of saturated soil as the soil switches
from a partially saturated state to full saturation. A detailed
derivation of equation (6) can be found in the reference Wei
(2014). In Terzaghi’s effective stress formulation, Π is
dropped out, implying that the physicochemical effect has
been excluded.

In the following, the proposed intergranular stresses are
used as the substitute for Terzaghi’s effective stress to describe
the chalk behaviour. When the chalk is saturated with oil
(or glycol), there is no Donnan effect, so that ΠD¼ 0. Owing
to the weak interaction between chalk and oil, the contri-
bution of the surface forces in the oil-saturated chalk can be
neglected. Hence, the generalised osmotic pressure of the
oil-saturated chalk is zero, that is, Π¼ 0. For the water-
saturated chalk, the chalk–water interaction is pronounced
and the value of Π is non-zero. Therefore, the (compressive)
intergranular stress of oil-saturated chalk is larger than that
of water-saturated chalk, rendering the oil- (or glycol-)
saturated sample considerably stronger than the water-
saturated sample. Because the generalised osmotic pressure
depends upon the temperature, the intergranular stress is also
temperature dependent. In general, the intergranular stress
decreases, as the temperature increases, so that the water-
weakening effect becomes more pronounced at higher
temperature.

Owing to the small size of chalk grains, a very small
amount of water could be sufficient to coat completely all of
the chalk grains, so that the water-weakening mechanism in
the chalk is activated (Lord et al., 1998). This can be
explained by the intergranular stress formulation given
above. Indeed, it has been shown that the magnitudes of
intergranular stress at very low water saturation (say several
per cent) and at high saturation are quite similar (Wei, 2014).
Noticeably, sufficient experimental evidence has shown that
the process of water weakening is largely reversible. When
water-saturated chalk is dried, it more or less regains its
initial strength, indicating that the capillarity and

physicochemical interactions are the most important mech-
anisms for the water-weakening effect.

CONSTITUTIVE MODEL
For simplicity, the time-dependent effect is excluded and

only infinitesimal deformation is considered in the following.
It is also assumed that

(a) the fixed charge density cfix, which is defined as the total
number of fixed charges per unit mass of the solid
matrix, remains constant

(b) the solutions are ideal, so that the activity of a species is
equal to its molar faction

(c) plastic pore collapse and plastic shear strain are
independent properties

(d ) in addition, the de-cementation effect, which may result
in the softening behaviour of chalk at low confining
pressure, is not taken into account in the cohesion.

As usually assumed in the theory of elastoplasticity, the total
strain increment can be additively decomposed into an elastic
part and a plastic part, that is

dεij ¼ dεeij þ dεpij ð7Þ
The elastic behaviour is assumed to be isotropic, and

described by

dεeij ¼
1þ v
E

dσ′′ij � v
E
dσ′′kkδij ð8Þ

where σ′′ij are components of the intergranular stress tensor; E
and v are the elastic parameters, that is, Young’s modulus and
Poisson’s ratio, respectively. In general, the elastic properties
of chalks depend upon the degree of fluid saturation and the
type of saturating fluid. For simplicity, however, E and v are
assumed constant in the following.

Yielding and hardening
The stress–strain relationship is developed by generalising

the modified Cam Clay model (Roscoe & Burland, 1968), in
which the yield function is given by

f ¼ q2 þM2 p′′þ c=Mð Þ p′′� pcð Þ ð9Þ
where p′′ is the mean intergranular pressure, that is, p′′ ¼
σ′′kk=3; q is the deviatoric intergranular stress, that is, q ¼ffiffiffiffiffiffiffi
3J2

p ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið3=2Þsijsij
p

and sij ¼ σ′′ij � p′′δij ; M is the slope of
the critical state line; c is the apparent cohesion, that is, the
shear strength with zero normal stress on the shear plane;
and pc is the preconsolidation pressure. Experimental
observations have revealed that the preconsolidation pressure
or the yielding pressure increases as matric suction increases
(EC, 2004). Hence, the yield surface evolves as pc varies.
The yield and failure diagram is schematically illustrated in
Fig. 3, showing that the oil-saturated sample is much stronger
than the water-saturated sample.
In the modified Cam Clay model, the preconsolidation

pressure, pc, is assumed to depend upon the plastic
volumetric strain, εv

p. Apparently, such a hardening rule is
insufficient when modelling the hardening behaviour of
chalk materials. As discussed above, owing to the effects of
capillarity and chalk–water interactions, there exist
additional intergranular stresses in the chalk, which can
significantly enhance the hardening effect of the solid matrix.
To address these effects, one can introduce the intrinsic
intergranular pressure, which is equal to the intergranular
stress when the total stress is zero and the air pressure equals

Equilibrium solution

Water table

A

Π

Pore solution

ChalkReservoir

B

Fig. 2. Schematic illustration of the generalised osmotic pressure. The
reservoir contains an equilibrium solution, which is in contact and in
equilibrium with the chalk. Owing to the electrically charged nature of
the chalk, Donnan osmosis and adsorptive phenomena appear in the
chalk, and a generalised osmotic pressure Π is generated
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the atmospheric pressure. By its very definition, the intrinsic
intergranular stress is pi¼ nl(sM�Π). Clearly, pi can be
considered as an internal variable, which accounts for the
hardening effects of capillarity and chalk–water interaction.
Based on the above remarks, it is proposed that

pc ¼ pc0 εpv ;Π0
� �

h pið Þ ð10Þ
where pc0 is the preconsolidation pressure when the chalk is
fully saturated with water, which is a function of plastic
volumetric strain εv

p and the initial generalised osmotic
pressure of the fully saturated sample without capillary
effect Π0, that is, Π0 ¼ ΠD � ρ

lH2O� Ωl
0. The latter (i.e. Π0) is

used to describe the physicochemical effect on the mechan-
ical behaviour of the fully saturated chalk. Experimental
results show that pc0 increases as Π0 decreases. For the same
chalk matrix, the water-saturated sample has a larger value of
Π0 than the oil-saturated sample. Hence, it is assumed that

pc0 εpv;Π0
� � ¼ p�c0 exp

υεpv
λ� κ

� �
exp �βΠ0ð Þ ð11Þ

where p*c0 is the initial preconsolidation pressure of chalk; υ is
the specific volume, υ¼ 1þ e, and e the void ratio; λ and κ are
the slopes of the normal consolidation line and the unload-
ing–reloading line on the υ–ln p′′ plane, respectively; and β is
a positive parameter, representing the intensity of the effect of
the physicochemical interactions on the hardening behav-
iour. Experimental results indicate that both κ and λ depend
very slightly on the suction and the type of the saturating
fluid (Homand & Shao, 2000a, 2000b; EC, 2004). For
simplicity, it is assumed that both λ and κ remain constant.
Noticeably, Π0 vanishes when the chalk is dry or fully
saturated with an oil.
When the chalk becomes partially saturated, pc increases

as the saturation decreases. As a hardening variable, the
intrinsic granular pressure, pi, can be used to represent
the effects of both capillarity and chalk–water interactions.
For simplicity, the hardening function can be assumed as

h pið Þ ¼ exp βpið Þ ð12Þ
At full saturation, pi¼ 0 and h¼ 1, so that the proposed

constitutive model reduces into its fully saturated
counterpart.

Critical state line
Based on the principle of Terzaghi’s effective stress, both

the critical state and the failure lines are unique for the chalk
saturated with different fluids, provided that these lines are
presented using the proposed intergranular stress. Previous

experimental results indicate that the apparent cohesion of
chalk can be significantly influenced by the composition and
concentration of the pore fluid, although its friction angle
remains practically constant (Taibi et al., 2009). Thus it is
proposed herein that

q ¼ Mp′′þ cr ð13Þ
whereM remains constant and cr is the apparent cohesion of
the chalk at the reference state. The reference state can be
chosen as the state of the chalk when it is dry or oil-saturated,
at which the generalised osmotic pressure is zero, that is,
Π0¼ 0.
Remarkably, due to the uniqueness of the critical state

line, equation (13) provides a constraint which can be used
to evaluate the generalised osmotic pressure, Π. To illustrate
this, one may present the critical state line on the p′� q plane
(Fig. 4), where p′ ¼ σ′kk=3 and σ′ij are the components of
Terzaghi’s effective stress tensor. Explicitly, one can write
the critical state line as: q¼Mp′þ c, for the water-saturated
chalk, and q¼Mp′þ cr, for the oil-saturated or dry chalk.
Because Π¼ 0 for the oil-saturated chalk, the uniqueness of
the critical line requires that Π¼Δc/M, where Δc¼ cr�c.

Plastic flow rules
An associated flow rule is adopted to describe the

evolution of the plastic strain. That is, the incremental
plastic strains are given by

dεpij ¼ dλ
@f
@σ′′ij

ð14Þ

where dλ is the plastic multiplier, which can be determined by
way of the consistency condition.

Description of water retention properties
Thewater retention characteristics of chalk are represented

by the water retention characteristic curves that represents
the relationship between the degree of saturation Sr and
the matric suction sM. In general, this relationship shows
hysteresis behaviour during wetting/drying cycles, which
can be taken into account in a straightforward manner
(Ma et al., 2016). For clarity, however, the hysteresis is
neglected here, and van Genuchten’s model (van Genuchten,
1980) is adopted to describe the one-to-one relationship
between the degree of saturation and matric suction, namely

Sr ¼ 1
1þ sM=αð Þn
� �1�ð1=nÞ

ð15Þ

Water

cr

q

pc pc p''

Oil

M

Fig. 3. Schematic representation of the yielding surface and failure
line of chalk saturated by oil and water

Water saturated

Oil saturated

Π = Δc /M

c

cr

p'

q

M

Fig. 4. Schematic representation of the critical state lines for
oil-saturated and water-saturated samples
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where α and n are material parameters, related to the air entry
value and the slope of retention curve, respectively.

Evaluation of constitutive parameters
In the constitutive model, both the capillary effect and the

physicochemical chalk–fluid interaction are taken into
account. These effects can be considered in a systematic
and consistent way by using the intergranular stress, which
is used as the stress state variable. The proposed model
can smoothly transit between two extreme states, that is,
the water-saturated and the oil-saturated (or dry) states.
In the intermediate state between the two extreme states,
the proposed model can describe the behaviour of the
partially saturated chalks with any degree of water saturation.
In addition, the proposed model is capable of simulating
the mechanical behaviour of samples saturated with brines.
Remarkably, in all the simulations, the proposed model
includes a unique set of constitutive parameters (although
they assume different values for different materials).

The constitutive parameters can be divided into the
following three groups

(a) mechanical parameters, including E, v, λ, κ, M, cr
and p*c0

(b) water retention characteristic parameters, including
n, α and nl

(c) physicochemical parameters, including cfix, Ω0
l and β.

Compared with the modified Cam Clay model, the new
model explicitly considers the effect of the reference
cohesion, cr, which is the initial cohesion of the oil-saturated
chalk (Π0¼ 0). In the simulation, all the mechanical
parameters are assumed constant, that is, independent
of the saturating fluid, and they can be determined in the
same way as those in the modified Cam Clay model.
Parameter cr can be obtained by determining the intersection
of the critical state line of the oil-saturated chalk with the
q axis. The retention characteristic parameters can be
determined by fitting van Genuchten’s equation with
experimental data.

Among the physicochemical parameters, cfix is related
to the cation exchange capacity (CEC) of a chalk,
cfix¼ 10 CEC� ρd, where ρd is the dry density of the
sample (g/cm3). For porous media saturated with a dilute
solution of a simple salt (say a dilute sodium chloride
solution), if cfix is given, the concentrations of species can be
calculated by Donnan’s theory (see the Appendix). In this
case, the solution is assumed ideal, so that the activity of a
species in the solution is equal to its molar fraction (denoted
as mlα). In particular, for a dilute sodium chloride solution,

a
lH2O

A ¼ m
lH2O

A � 1� 2c0 and alH2O ¼ mlH2O � 1� clNaþ � clCl� ,
where clα is the molar concentration of species α, and
clNaþ¼ clCl�¼ c0 in the equilibrium solution. Then Donnan’s
osmotic pressure ΠD is calculated from equation (3).

To evaluate Ω0
l , one first notes that ρ

lH2O� Ωl
0 ¼ ΠD � sM at

full saturation (Wei, 2014). At the full water saturation, sM is
simply equal to the AEV, which can be obtained from the
water retention curve. Then Ω0

l can be calculated by
combining AEV and ΠD. Given ΠD and Ω0

l as well as
sM(Sr), the surface force potential can be calculated from
equation (2). Finally, the generalised osmotic pressure Π can
be calculated from equation (5).

Parameter β controls the rate of the increase of the chalk
yield pressure with the internal pressure, which can be
determined by fitting equation (10) with the experimental
data about the variation of the preconsolidation pressure
with the internal pressure.

MODEL PERFORMANCE
Uniqueness of failure line
In this section, the uniqueness of the failure line is

examined by virtue of the proposed intergranular stress.
To address the problem of chalk–fluid interactions, Risnes
et al. (2003) performed a series of experiments on chalk
saturated with glycol and sodium chloride solutions of
various concentrations. These experimental data are used
to validate the applicability of the proposed intergranular
stress. Fig. 5(a) shows the results of the ‘Brazilian’ tests on
the chalk saturated with different fluids. It is clear that
the glycol-saturated chalk is considerably stronger than the
water-saturated chalk. In particular, the tensile strength
showed a clear dependency on the concentration and ionic
strength of salt. When the salt content increases, the tensile
strength of the chalk increases. Such an effect becomes more
pronounced if a higher ionic strength solution is used.
As in the oil-saturated rock, the rock–fluid interaction in

the glycol-saturated samples is generally weak, so that the
glycol-saturated chalk can be assumed as the reference state,
at which Π¼ 0. In contrast to the oil, however, glycol is
completely miscible with water so that any capillary effect is
ruled out. The generalised osmotic pressure, Π, can be used
to determine the shear strength difference between two chalk
samples saturated with different solutions. To determine Π,
one has to evaluate the Donnan osmotic pressure (i.e. ΠD)
and the pressure associated with the surface force potential
(i.e. ρ

lH2O� Ωl
0), as evident by equation (5).

To proceed it is necessary first to note that a brine with
700 g/l calcium chloride is close to the solubility limit
of calcium chloride. This implies that, in this particular
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Fig. 5. Failure lines of chalks saturated with different fluids: (a) in the
p′–q plane; (b) in the p′′–q plane
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case, ΠD should be very small, compared with ð�ρ
lH2O� Ωl

0Þ, so
that Π � �ρ

lH2O� Ωl
0. Hence, the pressure associated with the

surface force of the chalk saturated with 700 g/l calcium

chloride can be calculated as (see Fig. 4): �ρ
lH2O� Ωl

0 ¼
Δc=M ¼ 0 � 445MPa, where M assumes a value of 1·2
based on the experimental data (Risnes et al., 2003). In
general, the initial surface force potentialΩ0

l at full saturation
could be influenced by both the type and concentration of
ions in the saturating fluids. Unfortunately, the experimental
data in this regard are simply lacking. Here, it is assumed for
convenience that the effects of the type and concentration of
the saturating fluids on Ω0

l are negligible. As such, in the
calculations, the pressure associated with the surface

force potentials (i.e. ρ
lH2O� Ωl

0) assumes the same value of
� 0·445 MPa.
To evaluate the Donnan osmotic pressure ΠD, it is

necessary to determine the fixed charge density of the
chalk. The CEC of chalk is approximately equal to 0·4
(eq/l rock) (Andersen et al., 2012), from which the fixed
negative charges density is inferred as cfix¼ 400 mol/m3.
Now the Donnan osmotic pressure, ΠD, for the chalks
saturatedwith different salt concentrations (except for 700 g/l
calcium chloride) can be calculated using equation (3) (see
the Appendix). Noticeably, the chalk matrix may contain
a small number of dissoluble ions. Thus, the equilibrium
solution of the water-saturated chalk may have some initial
concentration. Because no experimental data are available
about such an initial concentration, it is assumed ad hoc as
1·25 mol/l in the calculations.
Once both ΠD and ð�ρ

lH2O� Ωl
0Þ have been determined, the

generalised osmotic pressure, Π, can be calculated using
equation (5). The Π values obtained for all the chalk samples
saturated with different fluids are summarised in Table 1.
Fig. 5 illustrates the failure lines for the chalk samples
saturated with different solutions, which are presented in
both the p′–q plane and the p′′–q plane for comparison.
Clearly, the failure lines are very divergent when presented
with respect to Terzaghi’s effective stress (Fig. 5(a)), but they
converge into the vicinity of a single line when presented
using the proposed intergranular stress (Fig. 5(b)).
Risnes et al. (2005) studied the mechanical properties

of high porosity outcrop chalk (.40%) with mixtures of
water and glycol. Fig. 6 shows the variation of cohesion
with water content obtained from ‘Brazilian’ tests, where the
empty asterisk represents the cohesion obtained by Terzaghi’s
effective stress. The experimental results indicate that the
cohesion increases with the decrease of the water content.
Because water and glycol are fully miscible, the capillary
effect is ruled out, and the weakening effect is solely due to
the physicochemical interactions between the pore fluid and
the chalk matrix. In this case,Ω0

l of the sample saturatedwith
mixtures of water and glycol is contributed only by water,
which can be calculated by Ω0

l when the sample is fully
water saturated, multiplied by water saturation, that is,
Ωl

0ðwater and glycol saturatedÞ ¼ Ωl
0ðwater saturatedÞ � Sr,

and ΠD at different water contents can be calculated using
equation (3). When the generalised osmotic pressure is
obtained (by using equation (5)), the apparent cohesion is

obtained by c¼ cr�MΠ, where M is equal to 1·2, corre-
sponding to the typical value for a friction angle of 30°. The
results are given in Fig. 6. Clearly, in terms of the proposed
intergranular stress, the cohesion remains practically
unchanged as the volume fraction of water increases,
although a slight discrepancy can be seen at the intermediate
water content. The discrepancy is probably due to the
uncertainty about the dependence of the surface force
potential on the saturating fluid. Hence, in terms of the
proposed intergranular stress, the cohesion is an intrinsic
parameter, and the failure line can be considered to be
unique.
Taibi et al. (2009) studied the effect of suction on the

hydro-mechanical behaviour of two kinds of chalks under
low confining pressures. These authors found that the
apparent cohesion varied by a factor of 2 to 3 when the
state of chalk changed from dry to fully water-saturated.
At the natural water content, the behaviour of chalk is
intermediate between the dry and fully saturated states. Figs 7
and 8 show the variations of cohesion with water content
for Lewes and Seaford chalks, obtained from the uniaxial
compression tests, in which the empty asterisks represent
the cohesion obtained by the mean net stress (the total
stress minus pore air pressure). Similarly to the saturated
chalks, the cohesions of the two unsaturated chalks
increase with the decrease of the water content. By virtue
of the measured water retention curves, the intergranular
stress can be calculated by equation (6). It can be seen from
Figs 7 and 8 that when the experimental data are presented in
terms of the proposed intergranular stress, the apparent
cohesion remains almost unchanged as the water content
varies.
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Fig. 7. Variation of cohesion with water content for Lewes chalk (data
after Taibi et al., 2009)
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Fig. 6. Cohesion plotted against fluid composition (data from Risnes
et al., 2005)

Table 1. Generalised osmotic pressure in chalks saturated with
different fluids

Saturating
fluid

Glycol 700 g/l
calcium
chloride

250 g/l
sodium
chloride

Equilibrium
water

Π: MPa 0 0·445 0·568 0·89
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Suction-controlled oedometer tests
De Gennaro et al. (2005) studied the effect of suction on

the mechanical response of Estreux chalk by performing a
series of oedometer tests. The water retention curve of the
Estreux chalk was obtained by the osmotic technique
with vapour phase control (Fig. 9(a)). The experimental
data of the water retention characteristics were fitted using
van Genutchen’s model, and the capillary hysteresis effect
was neglected. Fig. 9(b) shows the results of three com-
pression tests performed on the Estreux chalk samples
with various degrees of water saturation, that is, fully
saturated, dry and partially saturated, under a controlled
matric suction of 1·5 MPa. The material parameters in the
simulations are summarised in Table 2. As expected for all
the partially saturated geomaterials, the yielding pressure of
the chalk with a varying degree of saturation is suction-
dependent; that is, with a decrease in matric suction or an
increase in water content, the chalk becomes weaker and
weaker. As shown in Fig. 9(b), when the water was injected
into the dry chalk under a vertical loading of 29·3 MPa,
collapsible deformation occurred in the chalk, and after
12 days of continuous infiltration, the final state of the chalk
attained the compression curve of the saturated chalk.
Comparison between the theoretical simulations and the
experimental results shows that the proposed model can
capture well the main features of the mechanical behaviour of
the chalk.
Homand & Shao (2000a) carried out a series of conven-

tional hydrostatic and triaxial compression tests on Ekofisk
chalk samples. The chalk samples were saturated with
water and oil, respectively. The experimental results and
theoretical simulations are given in Figs 10–13 for some
representative experiments, where the sensitivity of chalk
behaviour to the saturating fluid is clearly shown. The
material parameters in the simulations are summarised in
Table 3.
Figure 10 shows the stress–strain relationships obtained in

the hydrostatic compression tests performed on ‘oil-
saturated’ and ‘water-saturated’ samples, respectively. It can
be seen that the plastic yield stress is drastically reducedwhen
the chalk is saturated with water. In addition, it is shown that
the magnitude of the compression index is practically the
same for both the water-saturated and soltrol-saturated
Ekofisk chalks. The good agreement between theoretical
simulation and experimental data indicates that the water-
weakening effect of chalk has been very well described by the
proposed model.
Figure 11 shows the yield surfaces and the failure surfaces

derived from the triaxial tests on the Ekofisk chalk samples
saturated with two different fluids. It is noted that the initial
elastic domain is significantly reduced in the water-saturated
chalk. The water saturation seems to affect essentially the
plastic pore collapse mechanism. The slope of the failure

Table 2. Material parameters of Estreux chalk

λ κ p*c0: MPa β Π0: MPa N α cr: MPa M

0·12 0·008 15·3 0·77 0·8 2·61 0·89 2·0 1·0
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Fig. 9. (a) Water retention characteristic curves of Estreux chalk.
(b) The compression curves under different compression tests:
relationship between void ratio e and vertical intergranular stress, σ′′v
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Fig. 8. Variation of cohesion with water content for Seaford chalk
(data after Taibi et al., 2009)

Table 3. Material parameters of Ekofisk chalk

λ κ E: MPa υ p*c0: MPa β Π0: MPa cr: MPa M

0·16 0·003 4200 0·2 17·4 0·94 0·8 2·0 1·0
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lines is approximately the same for the two samples, which
can be assumed as M¼ 1·0. With the soltrol-saturated chalk
being the reference state, the generalised osmotic pressure of
water-saturated chalk can be obtained from the difference of
apparent cohesion between the two samples, that is,
Π0¼Δc/M, as shown in Fig. 11.
Figures 12 and 13 compare the simulated and experimen-

tal results of the triaxial compression tests on the water- and
oil-saturated Ekofisk chalk samples under different confining
pressures. Theoretical simulations are performed by using the
proposed chemo-mechanical coupling constitutive model.

Comparison with the experimental results shows that the
model can describe the main characteristic. The water-
saturated chalk under a ‘low’ confining pressure (say
,3 MPa) shows brittle behaviour, which cannot be captured
using the simple Cam Clay model. Hence, the comparisons
are performed only for those samples subjected to ‘high’
confining pressures (	5 MPa). It is remarkable that the
proposed model is capable of capturing the main features of
the mechanical behaviour of chalk at the two extreme states,
that is, ‘oil saturated’ and ‘water saturated’, using a single set
of material parameters.
Papamichos et al. (1997) conducted a series of experiments

on Pietra Leccese chalk with different degrees of water
saturation, and the results revealed that some material
parameters depend strongly on the water saturation and the
capillary suction. In these experiments, the chalk specimens
were sampled from two blocks of Pietra Leccese, named
batch I and batch II, which were quite different in terms of
their mechanical and petrophysical properties. Figs 14–16
show the results of these experiments and model simulations.
The material parameters are calibrated based on the
experimental results and shown in Table 4.
Figure 14 compares the model simulations and the

experimental results for the hydrostatic compression tests
on the chalk specimens batch I with the degree of saturation
of 1·3, 1·9, 4·7 and 100%. It can be clearly seen that only a
small amount of water injected into the pores could
significantly weaken the chalk material. This feature can be
captured well by the proposed model. To explore the
underlying mechanisms of the water-weakening effect, the
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Fig. 11. Yield and failure surfaces of soltrol- and water-saturated
chalk samples

–2 0
0

2

4

6

8

10

2 4 6
ε1: %ε3: %

8 10

q:
 M

P
a

Water saturated
5 MPa confining pressure
7 MPa confining pressure
Simulation

Fig. 12. Simulations of triaxial tests for different confining pressures
(water saturated)

1 10

e

0·64

0·68 Soltrol
Water
Simulation

0·72

0·76

100
p' : MPa

Fig. 10. Theoretical simulation and experimental results of
hydrostatic compression tests

–4 0
0

4

8

12

16

Soltrol saturated
7 MPa confining pressure
10 MPa confining pressure
14 MPa confining pressure
Simulation

20

4 8
ε1: %ε3: %

q:
 M

P
a

Fig. 13. Simulation of triaxial tests for different confining pressures
(soltrol saturated)

0
0

100

200

Sr = 100%
Sr = 4·7%

Sr = 1·9%

Sr = 1·3%

Simulation

0·1 0·2
εv

0·3

p'
': 

M
P

a

Fig. 14. Pietra Leccese batch I: theoretical simulations and
experimental results of hydrostatic compression tests on specimens
with various saturations: relationship between the volumetric strain εv
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intrinsic intergranular pressure pi is calculated for different
degrees of saturation, and the relationship between the
intrinsic intergranular pressure and the yielding pressure
(pc) is shown in Fig. 15. Clearly, as pi increases, pc increases,
that is, the chalk becomes stronger. Fig. 16 compares the
model simulations and the experimental results of the triaxial
compression tests on specimens from batch II with a degree
of saturation of 4·7 and 100%, where σ1 means the axial
net stress, the total stress minus the pore air pressure.
Noticeably, both the experimental and theoretical results
clearly demonstrate that the physicochemical interaction
between water and chalk matrix can exert a significant
influence on the mechanical behaviour of reservoir rocks.
Such a mechanism has been largely underestimated in the
petroleum industry.

Figure 17 demonstrates the effect of water injection on the
K0 compression of a chalk under constant axial stresses,
where σ1 means the axial net stress, the total stress minus the
pore air pressure. During the experiment, the chalk specimen
saturated with oil is compressed under the K0 condition until
a prescribed level of axial stress is reached; then, water is
injected into the sample under constant axial stress; when the

water injection ceases and the specimen is again compressed
under the K0 condition to a prescribed axial stress level, from
which the specimen is finally unloaded to zero stress.
Experimental results clearly show that the water injection
can induce significant deformation of chalk even under
constant axial stress. As clearly shown in Fig. 17, the
mechanical response of the chalk can be very well described
by the proposed constitutive model.

CONCLUSIONS
A conceptual elastoplastic model is developed for describ-

ing the chemo-mechanical behaviour of chalk, based on the
frameworkof the modified Cam Clay model and the concept
of intergranular stresses. To address the effect of the
physicochemical interactions between the pore fluid and
the solid matrix, a macroscopic surface force potential is
explicitly defined. It turns out that the surface potential
can be expressed as an integral function of matric suction
and the Donnan osmotic pressure. By enforcing the equili-
brium condition, the composition and significance of
pore water pressure is analysed, and in particular the
Donnan osmotic pressure is defined. An explicit equation
is given for the intergranular stress, which can be used as
the substitute for Terzaghi’s effective stress to describe the
chemo-mechanical behaviour of chalk. To address the
hardening effect of the microscopic physicochemical inter-
actions, the preconsolidation pressure function in the
modified Cam Clay model is changed by introducing
the intrinsic intergranular pressure as an additional hard-
ening variable that accounts solely for the chalk–fluid
interaction.
It is shown that the proposed concept of intergranular

stresses can address well the effects of osmosis, adsorption
and capillarity on the chalk behaviour in a consistent and
systematic way. Experimental results for chalk materials
saturated with different fluids are simulated to illustrate the
performance of the proposed model. Comparisons between
the theoretical simulations and experimental results clearly
demonstrate that the proposed model is capable of capturing
the main features of the chemo-mechanical behaviour of
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Fig. 16. Pietra Leccese batch II: theoretical simulations and
experimental results of triaxial compression tests at confining stress
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Table 4. Material parameters for Pietra Leccese chalk

Rock type λ κ E: MPa υ p*c0: MPa β Π0: MPa cr: MPa M n α

Batch I 0·273 0·028 7800 0·2 34·6 0·0237 0·38 — — 0·17 1·69
Batch II 0·173 0·028 15 000 0·2 49·3 0·0149 0·38 2·5 1·8 0·416 1·912
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Klint chalk (data after Hickman (2004))

pi: MPa

p c
: M

P
a

0
0

40

80

120

160

Experimental data
Simulation

20 40 60

Fig. 15. Pietra Leccese batch I: relationship between internal pressure
and yield pressure

MA, WEI, CHEN AND LI10

Downloaded by [] on [11/07/18]. Published with permission by the ICE under the CC-BY license 



chalk saturated with an individual or two (miscible or
immiscible) fluids. Although the proposed model is devel-
oped for chalk materials, it is generally suited to simulate the
mechanical behaviour of partially saturated porous media, in
which physicochemical effects come into play.
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APPENDIX. CALCULATION OF DONNAN
OSMOTIC PRESSURE

Consider a thermodynamic system composed of a solution-filled
reservoir and a body of water-saturated chalk (see Fig. 2), where the
water solution in the reservoir remains in contact, and in
equilibrium, with the pore water in the chalk. Suppose that the
chalk has a fixed negative charge density of cfix [moles/m3], which
represents the total number of electric charges fixed in a unit volume
of the chalk. It is assumed that both the equilibrium solution in the
reservoir and the porewater are composed of a solvent (water (H2O))
and two charged species, Xm� and Ynþ, whose valence number is
�m and n, respectively.

Consider point A in the equilibrium solution in the reservoir,
which is at the same elevation as point B in the chalk. The condition
of electrical neutrality requires that

nclYnþ
A ¼ mclXm�

A ¼ c0 ð16Þ

nclYnþ ¼ mclXm� þ cfix
nl

ð17Þ

where c0 [moles/m3] is the molar concentration of equilibrium
solution; clYnþ and clXm� are the molar concentrations of Ynþ and
Xm�, respectively, in the pore water; and subscript ‘A’ indicates point
A in the reservoir.

The equilibrium condition requires that (Wei, 2014)

μliA ¼ μliB; i ¼ H2O;Xm�;Ynþ ð18Þ

where μA
li and μB

li are the chemical potential of species i at point A
and point B, respectively

μ
lH2O

A ¼ μ
lH2O� ðT ; pl0Þ þ

ð plA � pl0Þ
ρ
lH2O�

þ RT
mH2O

ln a
lH2O

A ð19Þ

μ
lH2O

B ¼ μ
lH2O� ðT ; pl0Þ þ

ð pl � pl0Þ
ρ
lH2O�

þ RT
mH2O

ln alH2O þΩl ð20Þ

μ
lγ
A ¼ μ

lγ
�ðT ; pl0Þ þ

plA � pl0
ρ
lγ
�

þ RT
mγ

ln alγA ð21Þ

μ
lγ
B ¼ μ

lγ
�ðT ; pl0Þ þ

pl � pl0
ρ
lγ
�

þ RT
mγ

ln alγ þ Ωl þ Fξνγ
mγ

ð22Þ

where γ¼Xm�, Ynþ; p0
l is the pressure of pure water at some

reference state; μ⊕
lH2O is the chemical potential of pure water; and ρ⊕

lγ

and μ⊕
lγ are the mass density and chemical potential, respectively, of

species γ at the pure state.
By substituting equations (21) and (22) into equation (18), one can

prove that (Wei, 2014), for a dilute solution

mlXm�� �n
mlYnþ
� �m¼ mlXm�

A

	 
n
mlYnþ

A

	 
m
ð23Þ

where mlYnþ and mlXm� are the molar fractions of Ynþ and Xm�,
respectively. Now equations (16), (17) and (23) can be solved
simultaneously for clXm� and clYnþ. Provided that c0, cfix and nl are

specified, the Donnan osmotic pressure can be obtained by

ΠD ¼ RTρ
lH2O�

mH2O
ln

m
lH2O

A

mlH2O

 !
ð24Þ

where m
lH2O

A and mlH2O are the molar fraction of the solvent in the
reservoir and in the pores, respectively.

NOTATION
ali activity of specifies li
Cli mass fraction of species li
c apparent cohesion
c0 molar concentration of equilibrium solution
cfix fixed charge density
cli molar concentration of species li
cr apparent cohesion of the chalk at the

reference state
dεij, dεij

e, dεij
p total, elastic and plastic strain increments

dλ plastic multiplier
E Young’s modulus
e void ratio
F Faraday’s constant
f yield function

M slope of the critical state line
MH2O molar mass of water

mli molar fraction of species li in the solution
nl volume fraction of the liquid phase
pc preconsolidation pressure
pc0 preconsolidation pressure when the chalk is fully

saturated with water
p*c0 initial preconsolidation pressure of chalk
pg pore air pressure or oil pressure
pi intrinsic intergranular pressure
pl true water pressure
p0
l pressure of pure water at some reference state

pW
l measured water pressure of the equilibrium solution
p′ mean Terzaghi’s effective pressure
p′′ mean intergranular pressure
q deviatoric intergranular stress
R universal gas constant
Sr degree of water saturation
sij components of deviatoric stress
sM matric suction
T Kelvin temperature
w water content

α, n van Genuchten model parameters
β hardening parameter
εv
p plastic volumetric strain
ε1 axial strain

λ, κ slopes of the normal consolidation line and the
unloading–reloading line on the υ–ln p′ðIÞ plane,
respectively

μli chemical potential of species li
μ⊕
li chemical potential of species li at the pure state
ν Poisson’s ratio
ξ local electrostatic potential
Π generalised osmotic pressure

ΠD Donnan osmotic pressure
Π0 initial generalised osmotic pressure of the

water-saturated sample
ρd dry density of the sample
ρl mass density of the pore solution
ρ⊕
li mass density of species li in pure state
σ total stress tensor
σ′ Terzaghi’s effective stress tensor
σ′′ intergranular stress tensor
σ1 axial net stress
υ specific volume
ϕ porosity of the chalk
Ωl surface force potential
Ω0
l surface force potential at full saturation
1 second-order unit tensor, with components of δij
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