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Abstract—We present a formulation for mechanical modeling of the interaction between fracture and fluid
flow. Our model combines the classic Biot poroelastic theory and a damage rheology model. The model provides an internally consistent framework for simulating coupled evolution of fractures and fluid flow together
with gradual transition from brittle fracture to cataclastic flow in high-porosity rocks. The theoretical analysis,
based on thermodynamic principles, leads to a system of coupled kinetic equations for the evolution of damage
and porosity. A significant advantage of the model is the ability to reproduce the entire yield curve, including
positive and negative slopes, in high-porosity rocks by a unified formulation. A transition from positive to negative values in the yield curve, referred to as a yield cap, is determined by the competition between the two thermodynamic forces associated with damage and porosity evolution. Numerical simulations of triaxial compression tests reproduce the gradual transition from localized brittle failure to distributed cataclastic flow with
increasing pressure in high-porosity rocks and fit well experimentally measured yield stress for Berea sandstone
samples. We modified a widely used permeability porosity relation by accounting for the effect of damage
intensity on the connectivity. The new damage–permeability relation, together with the coupled kinetics of
damage and porosity evolution, reproduces a wide range of realistic features of rock behavior. We constrain the
model variables by comparisons of the theoretical predictions with laboratory results reporting porosity and
permeability variation in rock samples during isotropic and anisotropic loading. The new damage–porosity–
permeability relation enables simulation of coupled evolution of fractures and fluid flow and provides a possible
explanation for permeability measurements in high-porosity rocks, referred to as the “apparent permeability
paradox.”
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1. INTRODUCTION
The coupled evolution of damage and porosity in
porous rocks is fundamental to a variety of practical
geological problems, including fluid flow in fractured
sedimentary basins, nucleation of deformation features,
the effective strength of the faulted crust, and the role of
pore fluid pressure in earthquake failure and dike propagation. Previous studies have shed light on particular
aspects of these geological problems and a certain coupling between them [Aydin and Johnson, 1978, 1983;
Rice, 1992; Rubin, 1993; Wong and Zhu, 1999]. Further progress in this direction depends on researchers'
ability to incorporate various aspects of rock deformation. A thermodynamically based continuum mechanics approach enables researchers to explicitly include
the physics of fracture growth and facilitates better
understanding of the effect of fracture growth mechanisms on the connectivity and flow characteristics of
fracture systems.
In this paper, we present results of modeling the
mechanical interaction of porous rock with pore-filling
fluids, with a focus on understanding the fundamental
1 The

processes that control relations between damage evolution during localization to fault zones and fluid flow
characteristics.
1.1. Porous Rock Deformation
The fracture process in low-porosity crystalline
rocks is associated with sharp localization of
microfracturing into a narrow fault zone (e.g., [Lockner et al., 1992]) and with a monotonic increase in the
yield stress under increasing confining pressure. The
fracture process in high-porosity rocks is considerably
more complex, featuring different modes of failure
ranging from brittle failure to cataclastic flow [Wong
et al., 1997]. The mode of failure of high-porosity rocks
strongly depends on the confining pressure. At low
pressures, failure is associated with nucleation and dilation of microcracks and the rock fails along a localized
deformation zone [Lockner et al., 1992; Wong et al.,
1997]. With an increase in the confining pressure,
rather than microcracks being dilated, shear bands are
dominated by porosity loss due to compaction and
grain crushing [Menendez et al., 1996; Wong et al.,
1997]. The band material becomes mechanically stron-
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ger than the surrounding host rock, leading to a locking
of developed bands and migration of the deformation.
Therefore, a further increase in loading leads to the
sequential development of a relatively wide shear zone.
Such shear zones often contain sets of narrow shear
bands and are widely observed in the field as well as in
the laboratory (e.g., [Aydin and Johnson, 1978; Mair
et al., 2000]). Under high pressures, failure is accompanied by bulk sample compaction and a transition to
nonlocalized cataclastic flow [Wong et al., 1997; Wong
and Zhu, 1999]. The yield stress of high-porosity rocks
at low pressures increases with pressure (a positive slope
of the yield curve) until it achieves its maximal value at
intermediate pressures. At relatively high pressures, the
yield stress decreases with pressure (a negative slope of
the yield curve). This transition from positive to negative
values of the slope is related to the different modes of failure in high-porosity rocks, i.e., the transition from brittle
failure to cataclastic flow [Wong et al., 1997].
Failure in porous rocks affects not only the distribution of damage and the local mechanical properties, but
also the fluid flow and the permeability of fractured systems. A fracture network is an important component of
many subsurface aquifers. Over the last three decades,
numerous studies have shown that the flow and transport of fractured rocks are controlled by the geometry
and connectivity of fractures (e.g., [Zhu et al., 1995;
Renshaw, 1995, 1996; Bour and Davy, 1997; Seront
et al., 1998]). Fractures of all scales in granite open and
close in response to increases in pore pressure and tectonic stress and usually have a high connectivity even
when the rock has been mechanically compressed
[Brace et al., 1968]. In sedimentary rocks, a significant
permeability reduction may result from compaction.
The compaction or reduction in porosity is most generally modeled as a given function of the effective pressure or the difference between the confining pressure
and the fluid pressure (e.g., [Fowler and Yang, 1999]).
A compilation of laboratory data by David et al. [1994]
shows that permeability κ as a function of porosity φ
can usually be fitted by an empirical power-law relation
of the form
κ = κ 0 ( φ/φ 0 ) ,
n

(1)

where the power index n varies between 2 and 11 with
a preferable value of n ≈ 3 at high porosities. In addition
to mechanical compaction, significant chemical compaction-controlled dissolution–precipitation and diffusive mass transfer may also lead to a reduction in rock
porosity and affect the permeability (e.g., [Zhang et al.,
1994; Olsen et al., 1998; Dijk and Berkowitz, 1998]).
However, Tenthorey et al. [1998] reported a permeability reduction under constant porosity in a hot anisotropic loading test on quartz–feldspar sand. Moreover,
Main et al. [2000] discussed an apparent paradox of a
negative porosity–permeability correlation during
shear-enhanced deformation in porous sandstone. A
model that accounts for permeability change under

constant porosity should explicitly include relations
between permeability and pressure (e.g., [Rice, 1992;
Wong and Zhu, 1999]) or relate permeability to a state
variable representing rock fracture. The latest option
for modeling of a permeability reduction caused by
healing of microcracks is discussed in this paper.
1.2. Rheological Modeling of Poroelastic and Faulting
Processes
Biot [1941] was the first to approach poroelastic
media via thermodynamics. His now-classic theory
supplements the elasticity equations for a poroelastic
solid with a compressibility condition. A particularly
useful case is the consolidation equation that relates the
evolution of pore pressure to the stresses in a onedimensional solid skeleton. Significant progress has
been made in developing constitutive and field equations for linear poroelastic media (e.g., [Biot, 1955,
1956; Nikolaevski et al., 1970; Nur and Byerlee, 1971;
Rice and Cleary, 1976; Rice, 1992; Detournay and
Cheng, 1993]). A thermodynamic approach allows construction of nonlinear models for viscoelastoplastic
porous media (e.g., [Biot, 1973; Coussy, 1995]).
A realistic rheological model of the faulting process
should include subcritical crack growth from the very
early stages of loading, material degradation due to
increasing crack concentration, macroscopic brittle
failure, postfailure deformation, and healing. Suitable
variables should be defined to characterize the above
aspects of deformation quantitatively in a framework
compatible with continuum mechanics and thermodynamics. Among such approaches are Robinson’s [1952]
linear cumulative creep damage law, Hoff’s [1953] ductile creep rupture theory, Kachanov’s [1958, 1986] brittle rupture theory, Rabotnov’s [1959, 1988] coupled
damage creep theory, and many modifications of these
theories.
Continuum damage mechanics uses the approach of
irreversible thermodynamics [Onsager, 1931; Prigogine, 1955; deGroot and Mazur, 1962]. This approach
was successfully applied to kinetics of chemical reactions and phase transitions (e.g., [Fitts, 1962; deGroot
and Mazur, 1962]) and was used as a basis for variational methods of modeling continuous media (e.g.,
[Sedov, 1968; Malvern, 1969]). Following this framework, Mosolov and Myasnikov [1965] formulated a
variational model of viscoplastic media (see also
[Ekland and Temam, 1976]). Lyakhovsky and Myasnikov [1985] used the balance equations of energy and
entropy to establish a thermodynamic foundation for a
rheological model of damaged material [Myasnikov
et al., 1990; Lyakhovsky et al., 1993, 1997a]. Lyakhovsky and Myasnikov [1984, 1985] and Lyakhovsky
et al. [1997a, 1997b] developed a scalar damage model
that accounts for nonlinear elasticity by adding to the
free energy function of an elastic solid an additional
second-order term and connected the evolving elastic
moduli to a single damage variable. Hamiel et al.
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[2004a, 2005a] generalized the framework to a viscoelastic damage model with a power-law relation
between the damage variable and the effective elastic
properties and provided additional experimental verification of the model. A similar approach was also used
as the basis of other damage models (e.g., [Valanis,
1990; Papa, 1993; Hansen and Schreyer, 1994; Kachanov, 1994; Krajcinovic, 1996; Allix and Hild, 2002]).
Fiber bundle models of damage [Newman and Phoenix,
2001; Turcotte et al., 2003] have similar ideas, with torn
fibers corresponding to cracks. Frictional frameworks
have an analogous physical concept phrased in terms of
the contact area. This allowed Lyakhovsky et al. [2005]
to develop quantitative connections between the
observed phenomenology of the RS friction and the
damage rheology model of Lyakhovsky et al. [1997a]
and Hamiel et al. [2004b]. Hamiel et al. [2004a, 2005a]
combined the damage rheology model with Biot’s
poroelastic theory to describe coupled evolution of
damage, porosity, and fluid flow in porous rocks.
2. POROELASTIC DAMAGE MODEL
2.1. General Thermodynamic Relations
In this section, we briefly summarize the main features of the poroelastic damage model (for the detailed
derivation of the governing equations, see [Hamiel
et al., 2004a, 2005a]). Following Biot’s theory of
poroelasticity [Biot, 1941] and damage rheology theory
(e.g., [Lyakhovsky et al., 1997a]), the free energy of a
unit volume of a poroelastic solid F is a function of its
state variables,
F = F ( T , ε ij, ζ, φ, α ),

The balance equations for the densities of the internal energy U and entropy S have the form (e.g., [Malvern, 1969; Coussy, 1995])
d
dU
------- = ----- ( F + TS ) = – ρ f ∇ i ( q i h f ) + σ ij e ij – ∇ i Q i , (6)
dt
dt
Q
Φ
dS
------ = – ρ f ∇ i ( q i s f ) – ∇ i ⎛ -----i⎞ + ---- ,
⎝
⎠
T
T
dt

deformation ε ij :
in

ε ij = ε ij – ε ij .
tot

in

(4)

The equation for mass conservation of the fluid can be
expressed as
dζ
------ + ∇ i ( q i ) = 0,
dt

(5)

where qi is the fluid flux with respect to the solid matrix.
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(7)

tot

dε ij
-.
e ij = --------dt

(8)

Balance equations (6), (7) differ from the similar
energy and entropy balance equations for elastic media
with distributed damage [Lyakhovsky et al., 1997a] by
the divergence term related to the energy and entropy
advection due to pore fluid transport. The stress tensor
and the fluid pressure are defined as [Malvern, 1969;
Coussy, 1995]
∂F
σ ij = --------,
∂ε ij

(9)

∂F
p = ------.
∂ζ

(10)

Substituting Gibbs relation (3) into energy and entropy
balance equations (6), (7) and using fluid conservation (5)
and the definitions of the stress tensor and the fluid
pressure (9), (10), the local entropy production may be
represented as
in

∂F
∂F
∂F
∂F
dF = – SdT + --------dε ij + ------dζ + ------dφ + ------- dα, (3)
∂ε ij
∂ζ
∂φ
∂α
∂F
where S = – ------ is entropy density (Einstein’s summa∂T
tion convention is assumed). The elastic strain tensor εij
is written as the difference between the total strain tentot
sor ε ij and the strain tensor describing the inelastic

Φ ≥ 0,

where hf is the enthalpy of a unit mass of the fluid,
which is a function of the fluid entropy of a unit mass sf
and of the fluid pressure p (dhf = Tdsf + dp/ρf ), ρf is the
fluid density; σij is the stress tensor; Qi is the heat flux;
Φ is the local entropy production; and the strain rate
tensor eij is a temporal derivative of the total strain tensor:

(2)

temperature T, elastic strain tensor εij , fluid volume content ζ, material porosity φ, and damage variable α.
Since each variable can vary independently of the other
variables, the Gibbs relation can be written as [Gibbs,
1961]

15

dε ij
Qi
Φ = – -----∇
i T + σ ij --------- – q i ∇ i p
T
dt
∂F dα ∂F dφ
– ------- ------- – ------ ------ ≥ 0.
∂α dt ∂φ dt

(11)

Each term in this equation represents entropy production due to a different physical process and can be classified according to its tensor rank. Thus, the first term
of Eq. (11) describes entropy production by heat conduction; the second term is due to viscous dissipation;
the third term is related to the fluid transport process;
and the last two terms are related to internal energy
changes caused by microcracking and inelastic porosity
change, respectively. As a standard approach, we split
terms of different tensor rank. Therefore, the viscous
dissipation term is divided into volumetric and deviatoric parts. This separation is consistent with the distinction between shear and bulk viscosities [McKenzie,
1984]. The usual assumption of a plastically incomNo. 1
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pressible matrix means that an irreversible change in
the bulk volume is equal to an inelastic porosity change.
Thus, the time derivative of the trace of the inelastic
in
strain tensor ε ij is equal to the time derivative of the
in

dε kk
dφ
- , and the scalar part of
inelastic porosity, ------ = – --------dt
dt
the entropy production (Φscalar) can be rewritten as
⎛ σ = – 1--- σ ⎞
⎝ m
3 kk⎠
∂F dα
dφ
∂F
Φ scalar = ⎛ – ------- -------⎞ – ⎛ ------ + σ m⎞ ------ ≥ 0.
⎠ dt
⎝ ∂α dt ⎠ ⎝ ∂φ

(12)

Close to equilibrium, a constitutive equation gives the
thermodynamic flux as a linear function of the thermodynamic force for each dissipation [deGroot and
Mazur, 1962; Malvern, 1969]. These phenomenological equations guarantee a nonnegative value of entropy
production. Thus, we write the phenomenological
equations for the kinetics of the internal state variables
α and φ as a set of two coupled differential equations:
∂F
∂F
dφ
------ = C φφ ⎛ ------ + σ m⎞ + C φα ------- ,
⎝ ∂φ
⎠
∂α
dt

(13)

∂F
dα
∂F
------- = C αφ ⎛ ------ + σ m⎞ + C αα ------- ,
⎝
⎠
∂α
dt
∂φ

where the matrix of the kinetic coefficients C has to satisfy conditions discussed by deGroot and Mazur [1962]
and Malvern [1969]. Hamiel et al. [2004a] showed that
the interaction between evolving material damage and
porosity change including a gradual transition from
brittle failure to cataclastic flow is obtained if the
matrix of kinetic coefficients is antisymmetric. In this
case, the conditions for nonnegative entropy production
are reduced to
C φφ ≤ 0,

C αα ≤ 0,

C φα = – C αφ .

(14)

2.2. Equation of State and Kinetic Coefficients
An expression for the free energy of a damaged
poroelastic medium should account for the nonlinear
elastic properties and the coupling term of the saturated medium. Combining Biot’s coupling term
[Biot, 1941, 1956] with the free energy for nonlinear
damaged media [Lyakhovsky et al., 1997a], Hamiel
et al. [2004a] suggested the following energy equation:
λ ( α, φ ) 2
F = ------------------ I 1 + µ ( α, φ )I 2 – γ ( α, φ )I 1 I 2
2
1
2
+ --- M [ βI 1 – ( ζ – φ ) ] .
2

(15)

The poroelastic energy (15) includes two Hookean
terms with the Lamé drained moduli λ, µ (I1 = εkk; I2 =

εij εij) and an additional nonlinear term with the strain
coupling modulus γ. M and β are the Biot modulus and
Biot’s coefficient for porous media, respectively.
Hamiel et al. [2005b] demonstrated that expressions for
the stress tensor and fluid pressure (9), (10) derived
using energy potential (15) enable proper description of
the rock dilation and related variation in fluid pressure
as a function of shear stress that is widely observed in
rock mechanics experiments. The effect of rock degradation is simulated by making the poroelastic moduli
functions of the damage variable and porosity. According to damage mechanics, the change in the damage
variable is directly related to the change in the rigidity
of the rock. For mathematical simplicity with the lack
of experimental data, Agnon and Lyakhovsky [1995]
assumed that the moduli µ and γ are linear functions of
α and the modulus λ is constant. With this assumption,
the onset of positive damage evolution occurs at the
critical strain invariant ratio ξ0, the parameter that separates states of deformation involving material degradation and healing. Agnon and Lyakhovsky [1995] and
Lyakhovsky et al. [1997a] related this parameter to the
angle of internal friction by considering the critical
shear stress for Mohr–Coulomb sliding. This model
formulation does not account for possible stable weakening, and once the strain field exceeds ξ0, unstable
weakening of the sample occurs. Hamiel et al. [2004b,
2006] showed that power-law relations between the
damage variable and elastic moduli can improve fitting
of the damage rheology model predictions to experimental data, but linear relations are still a good approximation.
Hamiel et al. [2004a] suggested that microcracks do
not directly change the poroelastic coupling term in
Eq. (15) and, thus, the Biot modulus M and the Biot
coefficient β do not depend on the damage parameter.
On the other hand, the poroelastic moduli decrease with
an increase in porosity (e.g., [Dvorkin et al., 1994;
Mavko and Mukerji, 1995]). If the porosity is regarded
as the concentration of roughly spherical inclusions in
the elastic matrix, the macroscopic properties of the
bulk are expected to decrease linearly with increasing φ
(e.g., [Christensen, 1979]). This linear relation is the
first-order approximation to more general models for
the effective moduli and their dependence on porosity
in poroelastic media (e.g., [Dvorkin et al., 1994; Mavko
and Mukerji, 1995; Hudson, 2000]). This linear
approximation is also supported by experiments on
sandstone reported by Dvorkin and Nur [1996]. Hence,
the elastic moduli are assumed to be proportional to the
term (1 – φ/φcr), where φcr is the porosity upper bound
at which the material loses its stiffness. Finally, the
effective poroelastic moduli can be written as
φ
λ = λ 0 ⎛ 1 – ------⎞ ,
⎝
φ cr⎠
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dφ
------ = – C φφ P e + C αφ γ 1 I 2 ( ξ – ξ 0 ),
dt

(17a)

dα
------- = C αφ P e + C αα γ 1 I 2 ( ξ – ξ 0 ).
dt

(17b)

We also use the asymmetry of the matrix of the positive
kinetic coefficients (14) and introduce the effective
pressure, equal to the mean stress minus the fluid presσ kk
- – p⎞ . Each term in kinetic equasure ⎛ P e = – -----⎝
⎠
3
tions (17) represents the thermodynamic forces related
to damage (∂F/∂α) and to porosity change (Pe). The
terms with the kinetic coefficients Cαα and Cφφ are
responsible for the evolution of α and φ as functions of
damage- and porosity-related forces, respectively.
The coefficient Cαφ is responsible for the coupling
between the kinetics of damage and porosity. Hamiel
et al. [2004a] showed that Cφφ is of the order of 10–18–
10−22 (Pa s)–1 and therefore is negligibly small for the
laboratory time scale. Lyakhovsky et al. [1997] and
Hamiel et al. [2004b] used results of laboratory experiments to constrain the damage rate coefficient Cαα. They
found that Cαα on the order of 0.5/γ1 to 10/γ1 (Pa s)–1 provided a good fit to observed data for damage increase.
Following the Hertzian contact theory, Hamiel et al.
[2004a] suggested that Cαφ is a power-law expression of
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ξ*

dα > 0
dt

dα > 0
dt
dφ < 0
dt

ξ0

where µ0, γ1, and ξ0 are constants for each material. The
coefficient ξ0 is related to the friction angle [Agnon and
Lyakhovsky, 1995], and the moduli µ0, γ1 are constrained by the conditions for loss of convexity
(Eqs. (14), (15) in [Lyakhovsky et al., 1997]). We also
adopt Terzaghi’s assumption (β = 1) as a useful approximation (see the discussion in [Nur and Byerlee,
1971]). The effective stress then becomes the sum of
the total stress and the fluid pressure. The model equations reduce to the equations of state developed by Biot
[1941, 1956] for linear poroelastic media in the limit of
zero damage intensity (α = 0). At the same time, these
equations reduce to the stress–strain relations derived
by Lyakhovsky et al. [1997a] for damaged elastic
media with vanishing fluid pressure (p = 0).
Using energy potential (15) and expressions (16) for
the poroelastic moduli, kinetic equations (13) can be
rewritten as

dφ > 0
dt

h
Hig ity
os
por

ξ=

φ
M = M 0 ⎛ 1 – ------⎞ ,
⎝
φ cr⎠

w
por
osi
ty

dα > 0
dt

Degradation and
inelastic
compaction

Lo

(16)

dφ > 0
dt

ξ=

φ
γ = ⎛ 1 – ------⎞ γ 1 α,
⎝
φ cr⎠

Degradation and
inelastic dilation

Shear strain

φ
µ = ⎛ 1 – ------⎞ ( µ 0 + ξ 0 γ 1 α ),
⎝
φ cr⎠

17

Healing and inelastic
compaction
Volumetric strain
Fig. 1. Schematic diagram of the states of strains associated
with different modes of material behavior.

n

the effective pressure, Cαφ = D(φ) P e . They demonstrated that a transition from positive to negative values
of the slope of the yield curve (a yield cap) is a general feature of the model for n > 1 and estimated D ~
10–10 MPa–3 s–1 and n = 2 for Berea sandstone with φ ~
20%. The kinetic coefficient D(φ) decreases with
decreased porosity and becomes negligibly small for
crystalline rocks. Hence, for low-porosity, crystalline
rocks, the condition for the onset of damage is ξ = ξ0,
corresponding to the straight line in Fig. 1. For porous
rocks, this line separates the region with material degradation (dα/dt > 0) and dilation (dφ/dt > 0) from the
region with degradation and compaction. The yield
curve corresponding to the onset of damage has the cap
shape schematically shown in Fig. 1. Only below this
curve do both healing (dα/dt < 0) and compaction
(dφ/dt < 0) occur. Hamiel et al. [2004a] presented a
detailed sensitivity analysis of the yield curve for different model coefficients.
Motivated by the observed logarithmic increase in
the static coefficient of friction with time, Lyakhovsky
et al. [1997a] used an exponential function for the
kinetics of damage decrease (healing). The analytical
and numerical results of Lyakhovsky et al. [2005] provide quantitative connections between the healing
parameters of the damage rheology model and the
parameters of rate- and state-dependent friction. Laboratory experiments [Olsen et al., 1998; Tenthorey et al.,
2003] reveal a strong connection between material
strengthening and grain crushing and compaction in
high-porosity rocks. To account for this porosityrelated enhancement of material healing, the kinetic
coefficient Cαα is rewritten as
No. 1
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C αα ( α, φ )

permeability in the simulations presented in the following section.

⎧
dα
⎪ const for ------- ≥ 0
dt
⎪
= ⎨
α⎞
dα
⎪ A 1 exp ⎛ ----- exp ( B ( φ 0 – φ ) ) for ------- < 0,
⎝
⎠
⎪
A2
dt
⎩

(18)

where φ0 is the initial porosity. Thus, the damage rate
coefficient for material healing is now a function of
both the damage variable and the material porosity.
Material healing usually also leads to a reduction in
permeability without a significant change in porosity.
This feature was reported by Tenthorey et al. [1998],
who measured permeability reduction in a hot anisotropic loading test on quartz–feldspar sand subjected to
constant loads of 25 and 50 MPa (Fig. 2). The total
porosity measured during the experiment remained
constant. In the framework of our model, this permeability reduction may be related to the reduction of the
damage variable (α). Therefore, we seek a new rule for
permeability evolution that takes into account the variable level of damage and suggest a new modified equation accounting not only for the porosity–permeability
but also for the porosity–damage relation:
κ = κ 0 ( φ/φ 0 ) ( α/α 0 ) .
n

m

(19)

1.2

1.2

1.0

1.0

0.8

0.8

0.6

0.6

0.4

0.4

0.2

0.2

0

Yield stress, MPa
250
Bernabe and Brace, 1990
200

(Normalized damage)2

Normalized permeability

Comparing the numerical solution for the damage
recovery under constant load conditions corresponding
to the experiments of Tenthorey et al. [1998] with the
measured permeability reduction, enabling us to gain
constraints on the exponential value m in (19), a good
fit between the measured permeability reduction and
the numerical solution is obtained for m = 2 (Fig. 2).
This value, together with n = 3 for the permeability–
porosity relation, is used for estimation of the evolving

3. NUMERICAL SIMULATIONS
We present a numerical simulation of standard triaxial rock mechanics tests with high-porosity samples.
The model equations are solved using an explicit-intime scheme following the Fast Lagrangian Analysis of
Continua (FLAC) algorithm [Cundall and Board, 1988;
Cundall, 1989; Poliakov et al., 1993; Lyakhovsky et al.,
2001] modified by [Hamiel et al., 2005a] for evolving
damage and porosity. Simulations are run with constant
confining pressures starting from 25 up to 400 MPa and
a strain rate of 5 × 10–5 s–1. The sample has a rectangular
shape with an aspect ratio of 1 : 2 between the horizontal and vertical sizes. In these simulations, we used the
following mechanical properties of the rock: λ = 7 ×
103 MPa; µ0 = 1.8 × 104 MPa; ξ0 = –0.8, corresponding
to an internal friction angle ϕ = 65°; the Biot modulus
M = 1.5 × 104 MPa; the Biot coefficient β = 1; and an
initial porosity φ0 = 20%, corresponding to the properties of Berea sandstone measured in laboratory experiments [Lockner et al., 1992]. A small, initially random
distribution of damage (α < 0.1) reproduces initial heterogeneity of a sample. A constant fluid pressure of p =
5 MPa was set along all of the boundaries to mimic
drained conditions. In order to avoid boundary effects,
a thin undamaged layer with constant porosity (20%)
was set at the top and bottom boundaries of the sample.
The set of simulations allows investigation of the model
behavior under various pressures and reproduction of
the transition from brittle failure to cataclastic flow

0
50 100 150 200 250 300 350 400
Time (s) × 1000

Fig. 2. Normalized permeability (k) evolution at constant
porosity (φ = φ0) from Tenthorey et al. [1998] compared
with the normalized square of damage variable (α) evolution for a constant load of 25 (squares) and 50 (circles) MPa.
As shown in the figure, there is good agreement between the
data and the permeability calculated using Eq. (19) with
m = 2.

Wong et al., 1997
Baud et al., 2000
Numerical simulations

150
100
50

0

100

200

300
400
Effective pressure, MPa

Fig. 3. Experimentally measured yield stress for Berea
sandstone compared with the calculated curve from the
numerical simulations. Symbols indicate experimental
results from [Bernabe and Brace, 1990; Wong et al., 1997;
Baud et al., 2000]. The dashed lines indicate the numerical
loading path from the beginning of the modeling with zero
differential stress up to the yield stress. The black circles
indicate the yield stress from the numerical simulations.
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Fig. 4. Four snapshots representing four stages of rock sample deformation during triaxial test simulation with 50 MPa confining
pressure and 20% initial porosity. Each stage is represented by the damage variable (α) distribution (upper snapshots) and the porosity (φ) distribution (lower snapshots). Rectangles A, B, and C represent the areas in which the permeability was calculated and presented in Fig. 5.

anticipated from the analysis of Hamiel et al. [2004a].
The numerical simulations further allow visualization
of the transition from localized to nonlocalized damage
and porosity distributions. Yielding (occasionally
termed first yielding) in our model is related to the
onset of an increase in damage. This relation is in
agreement with experimental observations on a rapid
increase in acoustic emission after the yield stress is
exceeded [Zhang et al., 1990; Wong et al., 1997]. Figure 3 shows the yield stress calculated from the numerical simulations. The shape of the calculated yield
curve is determined by the competition between the
first and second terms in the equation for damage evolution (17b). For low effective pressures, the second
term is dominant, causing a positive slope of the curve,
whereas, for high effective pressures, the first term
becomes dominant, causing a negative slope. Also
shown in Fig. 3 are the experimentally measured yield
stresses for Berea sandstone from Bernabe and Brace
[1990], Wong et al. [1997], and Baud et al. [2000]. The
measured values of yield stress for Berea sandstone
samples under high confining pressures show a significant scatter between data sets reported by different
authors. Therefore, the calculated yield curve cannot fit
all the presented data sets simultaneously. The calculated yield curve provides a reasonable fit to the experimentally measured yield stress for Berea sandstone at
high pressures reported by Baud et al. [2000]. The
IZVESTIYA, PHYSICS OF THE SOLID EARTH
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experimental data under high pressures reported by
Wong et al. [1997] could also be fitted with the present
model with a higher value of the kinetic coefficient Cαφ
(not shown here).
The simulated transition from brittle failure to cataclastic flow is controlled by a confining pressure similar
to laboratory experimental results. Figure 4 presents
results for the damage and porosity distribution during
simulation with a relatively low (50 MPa) confining
pressure with localized deformation and a small barreling effect. The four snapshots correspond to different
stages of the fracture zone evolution: (I) nucleation,
(II) in-plane propagation, (III) total failure, and
(IV) sliding and out-of-plane growth. Figure 5 presents
the width of the deformation zone normalized to the
sample length that refers to the region whose initial
porosity of 20% is reduced by more than 1%. The
change in permeability during simulation with a relatively low (50 MPa) confining pressure is presented in
Figure 5. The permeability change was calculated using
Eq. (19) for three different regions A, B, and C as
shown in Fig. 4. Slight compaction of the whole sample
at the initial stage of loading before the onset of damage
leads to a minor permeability reduction at this stage
(Fig. 5). During the nucleation stage, the fracture zone
is dilated and the inelastic porosity increases (Fig. 4,
stage I). The permeability in the selected regions
quickly increases by a factor of 2 or even more (Fig. 5),
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Fig. 5. Normalized width of a deformation zone versus axial
strain (heavy line). A deformation zone refers to a zone in
which the initial porosity of 20% is reduced by more than
1%. Permeability change due to damage and porosity evolution (Eq. (19)) for three different regions of the simulated
sample (thin lines marked A, B, and C). See Fig. 4 for the
location of regions A, B, and C.

but no deformation zone is formed yet (Fig. 5). During
the next stages, the compaction of a newly created damage zone leads to porosity-enhanced healing (Eq. (18)),
fast creation of a wide deformation zone (Fig. 5), and a
significant reduction in permeability to values below its
initial level (Fig. 5). The strengthening of the compacted rock inside the deformation zone leads to an
increase in damage outside the deformation zone and to
the progressive development of a wide deformation
zone (Fig. 5). This model prediction of the evolution of
the deformation zone is in agreement with observations
from experiments on sandstone samples [Bernabe and
Brace, 1990; Mair et al., 2000; Besuelle, 2001]. The
porosity reduction within the deformation zone,
together with its widening, leads to a gradual decrease
in permeability in the selected regions. The permeability increase at the stage of fault nucleation followed by
the gradual permeability reduction associated with
growth of the deformation qualitatively reproduces the
measured permeability in porous sandstone samples,
referred to as the “apparent permeability paradox”
(e.g., [Main et al., 2000; Ngwenya et al., 2003]).
4. DISCUSSION AND CONCLUSIONS
We have presented a thermodynamically based formulation of the poroelastic damage model that provides
a generalization of Hookean elasticity and Biot
poroelasticity to a nonlinear continuum mechanics
framework. In agreement with theoretical analysis of
the thermodynamic forces related to porosity and damage variation, the numerical model reproduces different

modes of macroscopic failure for high-porosity rocks.
The competition between these forces reproduces the
transition from brittle failure to cataclastic flow in
porous rocks. From a micromechanical point of view,
rock deformation is associated with the formation and
growth of internal flaws. These flaws can be divided
into two classes: microcracks (damage) in the matrix of
the porous rock, acting as high stress concentrators and
hence leading to brittle failure, and pores, acting to dissipate stress concentrations and hence leading to distributed flow. The approach presented is based on the
assumption that the density of microcracks is uniform
over a length scale much larger than the length of a typical crack, yet much smaller than the size of the entire
deforming domain. For a system with a sufficiently
large number of cracks and pores, one can define a representative volume in which the flaw density is uniform
and introduce an intensive damage variable and porosity for this volume.
The numerical simulations presented confirm theoretical predictions and allow calibration of the
poroelastic damage model. In agreement with theoretical analysis of the thermodynamic forces related to
porosity change and damage accumulation, the numerical model reproduces different modes of macroscopic
failure for high-porosity rocks from brittle failure at relatively low confining pressures to cataclastic flow at
relatively high confining pressures. We analyzed the
permeability evolution (Fig. 5) during a simulation with
a relatively low confining pressure (50 MPa). In this
simulation, during the nucleation stage of a fault zone,
the fracture zone is dilated and the porosity increases,
leading to permeability enhancement. At the later
stages, a widening deformation zone with significantly
reduced porosity is created, leading to a gradual permeability reduction. This mechanism explains the reported
permeability measurements in porous rocks, referred to
as the “apparent permeability paradox” (e.g., [Main et
al., 2000; Ngwenya et al., 2003]). Our permeability–
porosity–damage relation (19) has the same characteristic behavior as the measured permeability in tests
with relatively low confining pressures (up to 100 MPa
[e.g., Main et al., 2000; Ngwenya et al., 2003; Tenthorey et al., 2003]). Further corroboration of this relation
should include a comparison between permeabilities
predicted by the model and measured during triaxial
tests at relatively high confining pressures.
The developed model provides an internally consistent framework for simulating gradual transition
from brittle fracture to cataclastic flow in highporosity rocks and coupled evolution of fractures and
fluid flow in a variety of practical geological and
engineering problems such as earthquakes, nucleation of deformation features, and fluid flow during
seismic cycles.
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