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Abstract

A fluid inclusion is an idealized form of a defect in a geomaterial. This paper examines the development and decay of pressure

within a fluid inclusion, with a spheroidal shape, located in an extended fluid saturated poroelastic medium. In the modelling of the

mechanical behaviour of the poroelastic solid, attention is also focused on the possible development of stress-induced damage that

can alter the elasticity and permeability characteristics of the porous skeleton. The paper develops a computational approach to the

study of the spheroidal fluid inclusion problem and examines the influence of the triaxial stress state, the geometry of the inclusion

and damage-induced alterations of the poroelastic response on the celebrated Mandel–Cryer effect for a poroelastic solid. This effect

relates to the delayed rise and decay of the fluid pressure in a poroelastic material subjected to three-dimensional stress states.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Poroelasticity refers to the study of the mechanics of

porous elastic materials that are saturated with com-

pressible fluids. In classical poroelasticity, the elastic

behaviour of the porous skeleton is assumed to be linear

and the transport of the saturating compressible fluid
through the pore space is governed by Darcy’s law [1].

The classical theory is one of the noteworthy develop-

ments in continuum mechanics of multiphase media that

has been successfully applied to examine time-dependent

transient phenomena applicable to a variety of fluid-

saturated geologic materials [2–13]. The assumption

of linear elastic behaviour of the porous skeleton is

recognized as a limitation in the applicability of the
classical theory of poroelasticity to a wider class of ge-

omaterials, with invariably non-linear phenomena in the

constitutive response of the porous skeleton or the po-

rous fabric. One way of overcoming this limitation is to
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incorporate elasto-plastic material behaviour in the

constitutive response of the porous fabric. This type of

approach has been successfully applied in the modelling

of the consolidation behaviour of geomaterials such as

soft clays and other saturated soils, which display dis-

tinct attributes of failure, described by criteria for ini-

tiation of failure and constitutive laws that govern the
post-failure behaviour [11,14–18]. Of related interest are

models of fluid-saturated media where changes in the

constitutive properties are accounted for through

changes in void ratio of the medium [12,19,20]. There

are, however, other classes of geomaterials such as rocks

and heavily over-consolidated geomaterials that tend to

display brittle elastic behaviour. This can lead to the

degradation in the elastic stiffness of the porous skeletal
constitutive response. Stiffness degradations of this type

can occur at stress states well below the combined stress

states required to initiate complete failure or fracture

of the porous skeleton in a brittle manner. This form of

degradation can be a consequence of the development of

micro-cracks and micro-voids in the porous fabric of the

geomaterial, which would continue to maintain its

elastic character. Accordingly, the behaviour lends itself
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to modelling through continuum damage mechanics. The

damage evolution is assumed to maintain the applica-

bility of both the linear elastic constitutive behaviour

and Darcy’s law, but a damage evolution law, formu-

lated either through micro-mechanical considerations or
obtained through experimental means, will now govern

the evolution of the deformability and fluid transport

parameters. The modelling of poroelastic behaviour of

geomaterials by recourse to damage mechanics consid-

erations is suggested by observations of the mechanical

behaviour of brittle geomaterials such as granite, sand-

stone, claystone, limestone, etc., that exhibit elastic

stiffness reductions and hydraulic conductivity increases
well in advance of the pre-peak stress state. For exam-

ple, the experimental investigations [21–26], point to the

load-induced degradation of elastic moduli of rocks.

The effect of micro-crack and micro-void generation on

the evolution of hydraulic conductivity of saturated

geomaterials has also been observed by [27–31]. This

suggests the possibility of extending the classical theory

of poroelasticity to include the effects of micro-void
generation by appeal to a theory such as continuum

damage mechanics. By adopting a damage mechanics

approach, the influences of micro-void generation in the

porous medium are accounted for in a phenomenolog-

ical sense. The anisotropic damage model developed in

[32] examines the poroelastic behaviour of saturated

geomaterials, without consideration of hydraulic con-

ductivity alteration during the damage process. The ar-
ticles [33,34] document the computational modelling of

the axisymmetric poroelastic contact problem where

both elastic stiffness reduction and hydraulic conduc-

tivity alteration during damage evolution are consid-

ered. The former study deals with the purely

axisymmetric computational modelling and the latter

deals with a complete three-dimensional modelling of

the axisymmetric contact problem.
In this paper we consider the problem of an ex-

tended, damage susceptible poroelastic medium, which

is bounded internally by a fluid-filled cavity in the

shape of a spheroid, or a fluid inclusion. The notion of

a fluid inclusion can also be a model for a poroelastic

region containing an excessively degraded but encap-

sulated intrusive zone with deformability characteris-

tics substantially lower than those of the surrounding
poroelastic medium and with permeability character-

istics substantially higher than those of the sur-

rounding poroelastic solid. Although such inclusion

zones generally have a three-dimensional form, in this

paper we model the fluid inclusion as either an oblate

or a prolate spheroid. The damage susceptibility of the

poroelastic medium takes into account both altera-

tions in the elastic stiffness (usually a decrease) and
the attendant alterations in the permeability (usually

an increase). Also, such alterations are considered to

be non-reversible. The poroelastic medium is subjected
to a triaxial stress state in the far field. The applica-

tion of this stress state induces pore pressures in the

fluid within the cavity. With time, the pore pressure

field in the cavity increases due to the compatible

interactions between the pore fluid and the deforma-
tions of the porous solid skeleton. This phenomenon,

the celebrated Mandel–Cryer effect, has been predicted

both theoretically and observed experimentally for

ideal poroelastic solids. The existence of the effect and

its mathematical verification are given in articles

[35,36], where the poroelastic response of a cubical

element loaded under plane strain conditions is ex-

amined. The effect was also observed [37,38] in con-
nection with the problem of a poroelastic sphere

loaded by an external radial stress field with provision

for complete fluid drainage at the boundary. The

phenomenon also occurs in the mathematical model-

ling of the study of time lag in the pore pressure re-

sponse in rigid porous piezometer tips embedded in

poroelastic media [39,40]. Experimental verifications of

the Mandel–Cryer effect have been observed in the
response of saturated clay [41,42]. The physical ex-

planation for the phenomenon is derived from the

observation that in the initial stages of the poroelastic

response, the volume changes associated with consol-

idation will occur almost invariably in regions at close

proximity to surfaces that allow drainage. The re-

duction in volume of these regions due to consolida-

tion results in a compression of the interior regions;
this stressing action leads to the development of ad-

ditional fluid pressures at the interior regions. The

proof of the existence of the Mandel–Cryer effect in

fluid inclusions in poroelastic media is therefore an

outcome of these observations. Further references to

studies in this area are given in the review articles

cited previously [2,3]. The investigations in [37] point

to the fact that the amplification and subsequent de-
cay in the pore pressure depends on the elastic mod-

ulus and hydraulic conductivity characteristics of the

poroelastic medium. It is therefore of interest to ex-

amine the extent to which the Mandel–Cryer effect can

materialize in poroelastic media that are susceptible to

damage, with time- and stress-dependent evolution of

both the elastic stiffness of the porous skeleton and its

permeability. This paper addresses this question
through the computational modelling of the problem

of an extended medium that is bounded internally by

a fluid-filled spheroidal inclusion. The factors that are

investigated include the triaxiality of the far field stress

state, the stress state-dependency of the damage pro-

cess, the influence of damage on the evolution of

elastic stiffness and permeability characteristics and the

shape of the spheroidal fluid inclusion in terms of its
geometric aspect ratio. The accommodation of all

these effects can be accomplished only through a

computational scheme. Therefore the presentation of
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numerical results is restricted to specific situations that

are sufficient to demonstrate key facets of the influ-

ence of damage evolution within the elastic range on

the pressure generated in the fluid inclusion. Of re-

lated interest is the problem of a fluid-filled spherical

cavity that was considered in [43], where the compu-

tational modelling of the problem was restricted to

include only effects of an isotropic far-field stress state

and without the consideration of the influence of

stress state-dependency on the elastic stiffness and

permeability evolution.
2. Classical poroelasticity

The constitutive equations governing the quasi-static

response of a poroelastic medium consisting of a porous

isotropic linear elastic soil skeleton saturated with a

compressible pore fluid, take the forms

r ¼ 2Geþ 2Gm
1� 2mð Þ r � uð ÞIþ apI; ð1Þ

p ¼ bfv þ ab r � uð Þ; ð2Þ
where r is the total stress dyadic, p is the pore fluid
pressure, fv is the volumetric strain in the compressible

pore fluid; m and G are the ‘‘drained’’ values of Poisson’s

ratio and the linear elastic shear modulus applicable to

the porous fabric and Ið¼ iiþ jjþ kkÞ is the unit dyadic.
In (1), e is the soil skeletal strain dyadic, defined by

e ¼ 1
2
ruð þ urÞ; ð3Þ

where u is the displacement vector and r is the gradient

operator. The material parameters a and b, which de-
fine, respectively, the compressibility of the pore fluid

and the compressibility of the soil fabric, are given by

a ¼ 3 mu � mð ÞeB 1� 2mð Þ 1þ muð Þ
b ¼ 2G 1� 2mð Þ 1þ muð Þ2

9 mu � mð Þ 1� 2muð Þ ; ð4Þ

where mu is the undrained Poisson’s ratio and ~B is the

classical pore pressure parameter attributed to Skempton

[44]. The effective stress dyadic r0 of the porous skeleton is
given by

r0 ¼ r� apI: ð5Þ
In the absence of body forces, the quasi-static equations

of equilibrium for the complete fluid saturated porous

medium take the form

r � r ¼ 0: ð6Þ
The velocity of fluid transport within the pores of the

medium is governed by Darcy’s law,

v ¼ �jrp; ð7Þ
where v is the vector of fluid velocity and jð¼ k=cwÞ is

the permeability, which is related to the hydraulic con-

ductivity k and the unit weight of the pore fluid cw as
indicated above. The mass conservation equation for the

pore fluid can be stated as an equation of continuity,

which, for quasi-static flows can be stated in the form

ofv
ot

þr � v ¼ 0: ð8Þ

Considering the thermodynamic requirements for a

positive definite strain energy potential (see e.g. [45]) it

can be shown that the material parameters should sat-

isfy the following constraints:

G > 0; 06 eB6 1; �1 < m < mu 6 0:5; j > 0: ð9Þ
The governing equations for the displacement vector u

and the scalar pore fluid pressure p can be reduced to the

following:

Gr2uþ l
1� 2mð Þr r � uð Þ þ arp ¼ 0; ð10Þ

and

jbr2p � op
ot

þ ab
o

ot
r � uð Þ ¼ 0: ð11Þ

To complete the mathematical formulation of the initial

boundary value problem it is necessary to prescribe

boundary conditions and initial conditions applicable to

the dependent variables u and p. The boundary condi-

tions can be interpreted in terms of the conventional

Dirichlet, Neumann or Robin boundary conditions. The
systems of partial differential equations governing quasi-

static poroelasticity are of the elliptic-parabolic type.

The availability of a uniqueness of theorem [46] ensures

that the classical poroelasticity problem is well-posed in

a Hadamard sense.
3. Damage in poroelastic media

The classical theory of poroelasticity pre-supposes

that the porous structure remains intact during defor-

mations of the poroelastic skeleton. This is indeed a

satisfactory and convenient assumption in many in-

stances where the associated stress levels do not induce

appreciable alterations in the poroelastic constitutive

responses. The more extreme examples of alterations in
the poroelastic behaviour can result from either the

development of irreversible plastic deformations in re-

gions of the porous soil skeleton to the development of

discrete fractures, shear bands and discontinuities.

These material alterations can introduce highly localized

non-linear phenomena, accompanied by significant al-

terations in the fluid transport characteristics of the

medium, particularly in the failure zones. While such
processes can occur in geomaterials that are subjected to

stress levels approaching the failure stress states

[14,15,18], we are primarily concerned with geomaterials

that maintain their pre-dominantly elastic behaviour but

suffer some degree of micro-mechanical damage. A
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and (b) after [28].
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result of such damage can be the inhomogeneous alter-

ation of the elastic behaviour of the porous skeleton and

the attendant alteration in the material characteristics of

the medium. Alterations of material characteristics can

be introduced in zones of a poroelastic medium that
experience continuum damage according to some pre-

scribed damage evolution law. The mechanism that is

most likely to lead to alterations in both the deforma-

bility characteristics and the permeability characteristics

of a poroelastic medium, and at the same time maintain

the elastic nature of the geomaterial skeletal response, is

the creation of voids or cavities within the skeleton. The

process of cavity generation in porous media is a phe-
nomenological concept introduced to simplify a rather

complicated set of processes associated with cavity nu-

cleation, cavity expansion, cavity coalescence, etc. The

creation of cavities is also largely governed by the stress

state in the geomaterial skeleton, and the defects them-

selves can exhibit a directional dependence. The exper-

imental evidence to date is insufficiently refined to

support the development of any sophisticated theory to
account for directional dependency in the defect evolu-

tion in a porous geomaterial fabric. Furthermore, the

evolution of defects will occur in a medium that already

has a void component. Therefore the meaningful intro-

duction of a directional dependency in the created voids

can be accomplished only by considering the charac-

terization of the initial anisotropy of the pore space. The

experimental verification of the pore space anisotropy is
a difficult procedure that is certainly non-routine. The

simplest approach for introducing the alterations in the

elasticity and hydraulic conductivity of an initially po-

rous geomaterial is to resort to the notion of continuum

damage mechanics. The introduction of continuum

damage mechanics is attributed to [47] and over the past

four decades it has become is a well-researched area. The

coupling of elasticity and damage modelling has been
discussed by a number of researchers including, [33,48–

55]. Attention is focused on the type of behaviour where

the geomaterial experiences isotropic damage defined by

a scalar damage variable D, which can be related to the

initial area A0 and the reduced area �A through the re-

lationship

D ¼ A0 � �A
A0

: ð12Þ

The damage variable varies between 0 and Dc, which is

the critical value corresponding to the development of

fracture of the material. (The critical damage parameter

can be viewed as a normalizing parameter against which

damage evolution can be estimated.) For isotropic

damage, the net stress dyadic rn is related to the stress

dyadic in the undamaged state r according to

rn ¼ r

ð1� DÞ : ð13Þ
Considering the ‘strain equivalence hypothesis’ pro-

posed by [56], the constitutive equation for the damaged

skeleton of the poroelastic medium can be written as

r ¼ 2 1ð � DÞGeþ 2 1� Dð ÞGm
1� 2mð Þ r � uð ÞIþ apI; ð14Þ

which implies the additional constraint that Poisson’s

ratio remains constant. The constitutive equation (14),

however, does not take into consideration the influence
of damage evolution on the pore pressure response that

will result as a consequence of the evolution of addi-

tional void space. A modification to (14) can be of the

form

r ¼ 2 1ð � DÞGeþ 2 1� Dð ÞGm
1� 2mð Þ r � uð ÞIþ apð1þ DÞI;

ð15Þ
which accounts for the increase in surface area due to

damage evolution. For the present, however, we shall

restrict attention to the constitutive relationship defined

by (14).

In addition to specifying the constitutive relations for

the damaged geomaterial skeleton, it is also necessary to

prescribe damage evolution criteria which can be pos-

tulated either by appeal to micro-mechanical consider-
ations or determined from experiments. For example,

based on a review of the results of experiments con-

ducted on rocks, it has been shown [30] that

oD
ond

¼ g
wnd

1þ ndð Þ 1

�
� D
Dc

�
; ð16Þ

where g and w are positive material constants and nd is

related to the second invariant of the deviator strain

dyadic and given by

nd ¼ 1
2
½ðtreÞ2 � tre2�; e ¼ e� 1

3
treI: ð17Þ

The evolution of the damage variable can be obtained

through an integration of (16) between limits D0 and D
where D0 is the initial value of the damage variable
corresponding to the intact state (e.g. D0 is zero for

materials in a virgin state). The deformability parame-

ters applicable to an initially isotropic elastic material

that experiences isotropic damage can be updated by



A.P.S. Selvadurai, A. Shirazi / Computers and Geotechnics 31 (2004) 285–300 289
adjusting the elastic constants in the elasticity matrix C

by its equivalent applicable to the damaged state Cd but

maintaining Poisson’s ratio constant. Using the result

(16), the evolution of D can be prescribed as follows:

D ¼ Dc � Dcð � D0Þ 1ð þ wndÞg=wDc exp ð � gnd=DcÞ:
ð18Þ

In relation to (14), the damage variable reflects the
average material degradation, which accounts for an
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equivalent shear strain. When damage in poroelastic

media results in the creation of defects such as micro-

cracks and micro-voids, it is likely that these defects

will also lead to alterations in the permeability char-

acteristics of the poroelastic medium. The literature on
permeability evolution in porous media tends to focus

on experimental evaluation of alteration in the per-

meability of geomaterials subjected to conventional

triaxial stress states. Results of permeability experi-

ments conducted on granite are documented in [27].

The results of permeability tests conducted on sand-

stone [28] are shown in Fig. 1. The experimental results

given in [29] also indicate permeability alterations in
granite with an increase in stress/strain; it is not alto-

gether clear whether such observations could be at-

tributed to alterations occurring predominantly in

strain localizations zones.

In studies conducted to examine the indentation of a

damage-susceptible poroelastic halfspace by a rigid cy-

lindrical indenter with a flat base, the following ex-

pressions was proposed [33] for the evolution of
permeability j (expressed in m2) as a function of the

parameter nd;

jd ¼ 1
�

þ ~bn2d

�
j0; ð19Þ

where ~b is a constant and j0 is the permeability of the

undamaged material. The quadratic-dependency of the

permeability on nd is a plausible estimate that can be

substantiated particularly through the results for sand-

stone given in [28] and adopted here, strictly for pur-

poses of the exercise in computational modelling.
z

dd kE ,

00,kE

Aσ

Fluid inclusion

Aσ
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t t

Fig. 3. Oblate spheroidal fluid inclusion i
4. Computational modelling

The finite element method has been widely applied for

the analysis of problems in the classical theory of

poroelasticity and complete discussions of the compu-
tational aspects of poroelasticity are given in articles

[5,6,11,57–60]. The Galerkin approximation technique is

applied to transform the partial differential equations

into a discretized matrix form giving rise to the follow-

ing incremental forms for the equations governing

poroelastic media:

K C

CT � cDtHþ Ef g

� �
utþDt

~ptþDt

� �

¼ K C

CT 1� cð ÞDtHþ Ef g

� �
ut
~pt

� �
þ fFg; ð20Þ

where K is the stiffness matrix of the solid skeleton; C is

the stiffness matrix due to interaction between the solid

skeleton and the pore fluid; E is the compressibility

matrix of the pore fluid; H is the permeability matrix; F

are force vectors due to external tractions, body forces
and flows; ut and pt are, respectively, the nodal dis-

placements and the pore pressure at time t; and Dt is the
time increment. The time-integration constant c varies

between 0 and 1. The criteria governing stability of the

integration scheme given by [58] requires that cP 1=2.
Investigations documented in [11] and [60] suggest that

the stability of the solution can be achieved by selecting

values of c close to unity.
For the analysis of the poroelasticity problem that

incorporates influences of damage evolution, an incre-
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mental finite element procedure is developed, along the

lines outlined in [33]. This procedure accounts for the

alterations in both hydraulic conductivity and elasticity

parameters. It must be remarked that although there

are formal similarities between the hypoelastic non-
linear approach [15,61,62] and the damage-induced

degradation of the elasticity properties, the procedures

used here are within the context of a coupled fluid flow-

mechanical deformation problem, which requires the

evaluation of both stress and time dependent evolution
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of both the elasticity and fluid transport characteristics

of the medium. Furthermore we can identify two ap-

proaches to accommodate the influences of damage

evolution; the first allows damage-induced evolution of

the elasticity and hydraulic conductivity to be inde-

pendent of the ‘‘sense’’ of the stress state as defined by

the compressive or tensile character of the principal

stresses, and governed by the damage and permeability

evolution criteria described previously by (18) and (19)

respectively. The constitutive matrix C and the per-
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meability j are updated at the integration points, at

each time step, to account for evolution of damage.

The discretized forms of the governing equations are

then solved to obtain the state of strain at each inte-

gration point using the updated values of these, de-
noted by Cd and jd, respectively. An iterative
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tails of the iterative procedure and the associated nu-

merical algorithm are summarized by [33]. In the sec-

ond approach we assume that the damage evolution is

dependent on the sense of stress state as defined by the
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various combinations of the principal strains. For ex-

ample, it is foreseeable that the process of void and

defect development in the poroelastic fabric is en-

hanced when the triaxial stress state is tensile and that
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such effects can be suppressed when the stress state is

compressive. Other combinations of principal stresses,

involving tensile and compressive stresses can induce

different magnitudes of damage evolution. Just as in

the development of yield criteria for geomaterials, the
characterization of stress state-dependent damage re-

quires the experimental determination of the material

response to differing stress or strain paths. Experi-

mental verifications of the stress-dependent damage

evolution in geomaterials are scarce, in the sense that

the database is insufficient to develop a comprehensive

theory applicable to the class of brittle geomaterials of

special interest to this paper. However, this limited
data does point to the observation that damage can

increase when the material experiences a volume ex-

pansion [63]. A plausible approximation is therefore to

assume that damage will initiate when the strain state

satisfies the criterion

I1 ¼ tre > 0; ð21Þ

where tensile strains are considered to be positive. These

two procedures can be regarded as two limiting re-

sponses associated with the damage-induced evolution

processes.
In contrast to the deterioration of elastic properties

during damage evolution under tensile loadings, there is

also the possibility that the elasticity properties will be

enhanced of as a result of void reduction or void closure

during compressive loading of the poroelastic medium.

Such phenomena have been observed during experi-

ments conducted on materials such as granite [64]. The

enhancement of the elastic properties is most likely to
occur when the defects have an elongated form such as

cracks or flattened cavities. This will also require the

consideration of the effects of oriented defects, which is

beyond the scope of the present paper. Since attention is
z
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Aσ
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Aσ
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Fig. 9. Prolate spheroidal fluid inclusion
directed to the isotropic idealization of damage model-

ling, we restrict attention to damage enhancement for all

states of strain that satisfy (21) and assume that the

porous fabric remains intact for any other state of

strain. Admittedly, this is only a plausible approxima-
tion, but since the intention of this study is to gain some

insight into the stress state-dependency of damage evo-

lution on the poroelastic response of the fluid inclusion,

the simplified assumption (21) is justifiable. Another

objective of the paper is to conduct a comparison of

results for the pore pressure response of the fluid in-

clusion for the different types of damage development

scenarios, so that attention is restricted to this relatively
elementary representation of stress state-dependent

damage and its influence on the evolving deformability

and permeability characteristics of the porous fabric of

the poroelastic medium. It should also be noted that the

alterations in the deformability and permeability prop-

erties of the porous skeleton achieved through damage

evolution are considered to be non-reversible (i.e. during

any time in the poroelastic analysis, the lowest value of

the deformability and the highest value of the perme-

ability governs the incremental poroelastic response).

The basic computational algorithm used in the numer-

ical computations is shown in Fig. 2. Again, the con-

vergence criterion adopted for the termination of the

computations is based on the norm of the evolution of

the damage variable in relation to a prescribed

tolerance.
5. The spheroidal fluid inclusion problem

We examine, separately, problems related to oblate

and prolate spheroidal fluid inclusions located in an

extended damage-susceptible poroelastic medium and
r
Rσ

Damaged zone

Porous media

in an extended poroelastic medium.
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subjected to a triaxial state of stress defined by a far-field

axial stress of rA and a far field radial stress of rR. Both
these stresses have a time-dependency that can be

characterized by a Heaviside step function of time. The

pore fluid pressures in the far field are maintained at
zero and attention is focused on the computational

evaluation of the excess fluid pressure generation and

decay in the spheroidal fluid inclusion as a result of (i)

damage-induced alterations of the elastic properties and/

or the fluid transport characteristics of the geomaterial

skeleton, (ii) influence of stress state-dependent damage
Fig. 10. Finite element discretization of the damage susceptible poroelastic

geometry and boundary conditions.
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evolution, (iii) the influence of the anisotropy in the far-

field stress state, and (iv) the geometric aspect ratio of

the spheroidal fluid inclusion. For the purposes of the

computational modelling, we select sandstone as the

damage-susceptible poroelastic material with the fol-
lowing properties [32]:

Elasticity parameters: E ¼ 8300 MPa; m ¼ 0:195;
mu ¼ 0:4999,
Failure parameters: rC ¼ 30 MPa (compressive);

rT ¼ 3 MPa (tensile),

Damage parameters: w ¼ g ¼ 130; DC ¼ 0:75,
medium bounded internally by a prolate spheroidal fluid inclusion:
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Fluid transport parameters: k0 ¼ j0cw=lv ¼ 10�6 m/s;
~b ¼ b� 105; b ¼ 3,

where cw is the unit weight of water and lv is the

dynamic viscosity of the fluid.

Ideally, the computational model of the fluid inclu-
sion should be represented as a fluid element with in-

compressible behaviour. This entails the re-formulation
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of the computational procedure to account for the fluid

response. The procedures for the implementation of the

fluid element are available in the literature [65]. In this

study, however, the fluid inclusion is modelled by con-

sidering an alteration in the poroelasticity parameters
applicable to the inclusion region. This is considered

sufficient for purposes of illustrating the overall response
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of the fluid inclusion. Accordingly, the inclusion is

modelled as a non-damage-susceptible poroelastic me-

dium with a relatively low shear modulus (low in rela-

tion to the surrounding poroelastic medium) and a

relatively high hydraulic conductivity. The specific val-
ues of the poroelastic parameters chosen to model the

fluid inclusion are as follows:

Elasticity parameters: G ¼ 1 MPa; mf ¼ 0:4999,
Fluid transport parameters: k0 ¼ j0cw=lv ¼ 10�3 m/s.
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These values give a nearly uniform time-dependent fluid

pressure variation within the inclusion region, to within

an accuracy of 2% in the spatial variation. These fluid

pressures are determined using the pore fluid pressures

calculated at the specific locations of the element that
are applicable to the poroelastic element. A reduction of

G by an order of magnitude and the increase in k0 by an

order of magnitude does not result in a noticeable

change in the computed fluid pressures. The computa-
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tional results are verified at each stage to ensure that all

points within the inclusion have the same fluid pressure

at any given time.

5.1. The oblate spheroidal fluid inclusion

We first consider the problem of an extended, dam-

age-susceptible poroelastic medium bounded internally

by an oblate spheroidal fluid-filled cavity (Fig. 3). The

poroelastic medium is subjected to a far-field tri-axial

stress state defined by an axial stress rA and radial stress

rR that are each defined by a Heaviside step function of

time. Fig. 4 illustrates a typical three-dimensional finite
element discretization used in the finite element code

developed for this research and the associated boundary

conditions employed in the computational modelling of

the oblate fluid inclusion problem. The finite element

mesh is refined all around the inclusion in order to

model the variations in material parameters of the media

more accurately. Figs. 5–7 illustrate the range of re-

sponses for the time-dependent evolution and decay of
the pressure in the oblate fluid inclusion for the cases

where the extended medium exhibits (i) ideal poroelas-

ticity, (ii) poroelasticity with stress state-independent

damage that results in either alteration in the elastic

stiffness or permeability characteristics or the alteration

of both elasticity and permeability characteristics of the

poroelastic medium, and (iii) the geometry of the oblate

spheroidal fluid inclusion. These results demonstrate the
significant influence of the evolution of permeability in

the poroelastic medium on both the amplification and

decay of the pressure in the fluid inclusion. The results

also indicate that the geometry of the fluid inclusion

influences the amplification and decay in the fluid

pressure. As the oblate spheroid flattens, or as n ¼ b=a
becomes small, the changes to the elastic stiffness and

permeability characteristics of the poroelastic medium
induced by stress magnification in regions of high

boundary curvature of the inclusion results in both a

more rapid generation of the peak fluid pressure and its

decay. Fig. 8 presents comparisons for the pressure de-

cay in a flattened oblate spheroidal fluid inclusion cor-

responding to poroelastic materials that display stress

state-dependent and stress state-independent damage

phenomena and for a range of values of the parameter R
that accounts for the non-isotropy of the far-field stress

state. It is evident that for the fluid inclusion with an

oblate spheroidal shape, the influence of the non-isot-

ropy in the far field stress state on the pressure decay

response increases as R decreases.

5.2. The prolate spheroidal fluid inclusion

The computational modelling is now applied to ex-

amine the problem of an extended poroelastic medium,

bounded internally by a prolate or an elongated fluid in-
clusion (Fig. 9).A typical three-dimensional finite element

discretization of the poroelastic domain used in the

computational modeling of the prolate fluid inclusion

problem is shown in Fig. 10. Figs. 11–13 show the time-

history of pressure development in the prolate fluid
inclusion for the cases where the poroelastic medium

exhibits (i) ideal poroelasticity, (ii) poroelasticity with

stress state-independent damage resulting in either alter-

ation in the elastic stiffness or permeability characteristics

or alteration of both elasticity and permeability charac-

teristics of the poroelastic medium, and (iii) the geometry

of the prolate spheroidal fluid inclusion. Again, these re-

sults indicate the relative importance of the influence of
the elastic stiffness reduction, permeability enhancement

and variations in the geometry of the elongated spheroid,

on the pore fluid pressure evolution in the elongated fluid

inclusion. As the prolate fluid inclusion approaches a

needle-shape, both the time to attain peak fluid pressure

and the time for complete dissipationof the fluid pressures

that are generated are reduced. In Fig. 14 the results

demonstrate the influence of the non-isotropy of the far-
field stress state on the generation and decay of the pres-

sure in the fluid inclusion. As the far-field axial stress rA
increases in relation to the far-field radial stress rR, the
time to attain the peak fluid pressure in the damage-in-

duced cavity and the time for decay of this fluid pressure

are both considerably reduced. In contrast to the results

obtained for the oblate or flattened spheroid, the influence

of the non-isotropy of the far-field stress state is dominant
when the R increases. Again, the stress magnification that

results from both the shape of the inclusion and the axial

stress state contributes to increased damage in the highly

stressed regions thereby altering the amplification and

decay processes of the pressure in the fluid inclusion.
6. Concluding remarks

The development of mechanical damage in fluid-satu-

rated porous geomaterials is of considerable interest in

many geomechanics and geoenvironmental applications.

In contrast to complete failure of the geomaterial, the

development of damage in a fluid-saturated brittle geo-

material usually results in the reduction in its elasticity

characteristics and an attendant increase in the perme-

ability characteristics. In fluid-saturated porous geologic

media, these alterations directly influence the coupling

processes and consequently the time-dependent response

of the poroelastic geomaterial. The theory of continuum

damage mechanics offers a convenient framework for

examining the influences of pre-peak damage evolution

on the mechanics of the poroelastic medium. This paper

considered problems of idealized spheroidal fluid inclu-
sions, demonstrating the influences of damage-induced

evolution of elasticity and permeability on the pressure

transients in such fluid inclusions. The choice of the fluid
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inclusion problem is dictated by the possibility of ob-

serving the delayed fluid pressure rise in the damage sus-

ceptible poroelastic medium as documented, in classical

poroelasticity, by the Mandel–Cryer effect. The compu-

tational modelling of the fluid inclusion problem is
achieved through consideration of plausible criteria,

available in the literature, for the evolution of both the

elasticity andpermeability characteristics. It is shown that

the pressure transients that develop in the fluid-filled in-

clusion can be significantly influenced by the evolution of

damage and the accompanying alterations in the elasticity

andpermeability characteristics of the deformable porous

medium, the geometry of the inclusion and the non-isot-
ropy of the far-field stress state. Themost noticeable effect

is the rapid decay experienced by the pressure in the fluid

inclusion when permeability evolves with damage. In a

sense this is to be expected; the investigation, however,

presents a methodology for an assessment of the phe-

nomenon.This observationhas important implications to

other areas of application; for example, the mechanics of

fault regions and other discontinuities in fluid-saturated
brittle geologic media can be influenced by micro-me-

chanical damage initiated in the vicinity of the disconti-

nuity, leading to the modification of the fluid pressure

response in the contact zone [7,8,66]. This can inhibit the

generation of excessive fluid pressures in geomaterial

discontinuities and lead to an enhancement in the stability

of the discontinuity. Further applications of the influence

of damage-inducedmechanics on poroelastic problems of
a geomechanical nature could arise in the study of tunnels,

shafts, excavations and other openings in fluid-saturated

geomaterials, where the time-dependent effects can have

an influence on both the deformations and stability of

such facilities.
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