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An approach based on critical state soil mechanics
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Abstract

The mechanical behaviour of porous rocks changes from localised, dilatant shear failure to distributed shear-enhanced compaction with in-
creasing porosity, grain size and effective pressure. Shear-enhanced compaction results in permeability reduction, whereas dilatant shear failure
results in permeability enhancement if the host rock porosity is low, but reduces permeability if porosity is high. Hence, focused fluid flow re-
quires dilatant shear failure of low porosity rocks. Changes in porosity and effective pressure with depth in sedimentary basins lead to corre-
sponding variations in failure mode and permeability evolution. This study uses results of deformation experiments to parameterise a constitutive
behaviour for sandstones, following the principles of critical state soil mechanics. The constitutive behaviour is implemented in a numerical
model that couples deformation with permeability evolution and fluid flow. The model is used to investigate effects of grain size, geothermal
gradient and deposition rate, verifying previous predictions regarding the relationship between these parameters and the minimum depth at
which focused fluid flow may take place. Fluid diverges out of faults or shear zones at the point where they change from fluid pathways to seals.
Dilatant faults formed in extension may undergo compaction and strain hardening during basin inversion.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Observations of fault rocks from sedimentary basins sug-
gest that some faults act as fluid pathways, while others act
as barriers to flow (Knipe, 1992, 1993; Antonellini and Aydin,
1994; Fisher and Knipe, 1998, 2001; Fisher et al., 2003).
Faults may act as seals by virtue of their own low permeabil-
ity, or by juxtaposing low permeability rocks against higher
permeability units. Furthermore, faults that act as fluid path-
ways during and immediately after a deformation event may
become impermeable as a result of cementation, thus limiting
the amount of fluid that can pass through (e.g. Sibson, 2001;
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Sheldon and Ord, 2005). This study is concerned with the po-
rosity and pressure-dependence of deformation in porous
rocks, the changes in permeability that accompany such defor-
mation, and consequent effects on fluid flow. The effects of ce-
mentation, grain size reduction, and clay smears are not
considered here, although these processes play an important
role in determining the fluid flow characteristics of deformed
rocks.

Porous rocks display a transition from dilatant, brittle be-
haviour to shear-enhanced compaction and macroscopically
ductile behaviour with increasing effective pressure. This
low-temperature brittleeductile transition takes place at
higher effective pressure with decreasing porosity and grain
size (Rutter and Hadizadeh, 1991; Paterson and Wong,
2005). Shear-enhanced compaction always results in signifi-
cant permeability reduction, whereas dilatant brittle failure
may result in increased or decreased permeability, depending
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on the porosity of the undeformed rock (Zhu and Wong, 1997).
The variation of porosity and effective pressure with depth in
sedimentary basins results in a transition from permeability re-
duction associated with faulting at shallow levels, to perme-
ability enhancement at deeper levels (Scott and Nielson,
1991; Fisher et al., 2003, in press). The depth of the transition
depends on burial history, geothermal gradient and sediment
characteristics.

The observed porosity and pressure-dependence of defor-
mation in porous rocks is similar to that of soils. Specifically,
a porosity-dependent capped yield surface, coupled with
a flow rule that predicts compaction and strain hardening in
the ductile regime, and dilatant strain softening in the brittle re-
gime, are key features of critical state soil mechanics (CSSM)
(Roscoe and Burland, 1968; Schofield and Wroth, 1968; Atkin-
son and Bransby, 1978) that are broadly consistent with the be-
haviour of porous rocks. A number of authors have discussed
the application of CSSM to porous rocks, using data from de-
formation experiments to illustrate the form of the yield surface
and flow rule for specific rock types (e.g. Gerogiannopoulos
and Brown, 1978; Graham et al., 1983; Elliott and Brown,
1985, 1986; Brown and Yu, 1988; Steiger and Leung, 1991;
Wong et al., 1992; Bernabé et al., 1994; Wong et al., 1997;
Ling et al., 2002; Cuss et al., 2003). This study takes a step fur-
ther, by parameterising a critical state constitutive model for
sandstone and implementing it in a numerical model, which
is used to investigate the mechanical behaviour of sandstones
in compressional and extensional tectonic settings. The numer-
ical model permits quantitative investigation of the concepts
discussed by Fisher et al. (2003, in press), including the feed-
back between mechanical deformation and fluid flow that arises
from deformation-induced permeability variation.

The structure of this paper is as follows. We begin by out-
lining key features of CSSM to provide a framework for com-
parison with experimental data. The next section presents
results of deformation experiments on sandstones, and shows
how these may be used to parameterise a CSSM constitutive
model. The numerical method is outlined, then the model is
used to simulate deformation of sandstones in extensional
and compressional regimes. We conclude with a discussion
of the method and its limitations.

2. Cam Clay: a simple CSSM model

Our approach is based on the Modified Cam Clay constitu-
tive model (Roscoe and Burland, 1968), which was derived
from the original Cam Clay model of Schofield and Wroth
(1968). The term ‘‘Modified’’ is dropped from now on. This
constitutive model was chosen for its simplicity, particularly
the smooth, continuous yield surface and associated flow
rule, which are relatively easy to implement in a numerical
code. Cam Clay does not capture every detail of porous rock
behaviour, but it serves as a useful starting point for our nu-
merical investigations.

The Cam Clay model is defined in terms of P (effective
pressure), Q (second invariant of the effective deviatoric
stress) and V (specific volume):
P¼�1

3
sii ð1aÞ

Q¼
ffiffiffiffiffiffiffiffiffiffiffi
3

2
sijsij

r
ð1bÞ

V ¼ 1=ð1�fÞ ð1cÞ
(see Table 1 for nomenclature; compressive stress is nega-

tive and Einstein summation applies). Note that specific vol-
ume (V) is an increasing function of porosity (f). Q is equal
to the differential stress in a standard ‘‘triaxial’’ test, where
s1> s2¼ s3. The yield surface (also known as the Roscoe sur-
face) is defined by:

Q2 þM2PðP�P�Þ ¼ 0 ð2Þ

where P* is the pressure corresponding to the onset of irre-
versible porosity reduction during hydrostatic (isotropic) load-
ing, which is related to V according to Eq. (3):

V ¼ Vl� l ln P� ð3Þ
Eq. (2) defines a semi-ellipse in the P, Q plane for a given

value of P* (Fig. 1a). The peak of the ellipse occurs at
(P,Q)¼ (P*/2, MP*/2), where M is a material property. The
ellipse is closed on the P-axis at P¼ 0 and P¼ P*; there is
no cohesion or tensile strength. The yield surface forms an

Table 1

Nomenclature

Symbol Definition (units)

A Slope of f versus log k curve for elastic loading/ductile

yield (m2)

CSL Critical state line

d Grain diameter (m)

f Multiplier in porosityepermeability relationship

k Permeability (m2)

M Value of Q/P at peak of Cam Clay yield envelope

m, n Exponents in porosityepermeability relationship

NCL Normal consolidation line

P Effective pressure (Pa)

P* Onset of irreversible porosity reduction during hydrostatic

loading (Pa)

Pcr Effective pressure at peak of Cam Clay yield envelope;

the brittleeductile transition (Pa)

Q Second invariant of effective deviatoric stress (Pa)

r Grain radius (mm)

T Temperature ( �C)

t Time (s)

V Specific volume

Vl Specific volume at 1 Pa on the NCL

Vk Specific volume at 1 Pa on an elastic loading path

a Pcr/P*

f Porosity

f0 Porosity of undeformed rock

ft Transition from permeability enhancement to permeability

reduction during brittle yield

l Slope of NCL in V, ln P space (Pa�1)

k Slope of elastic loading/unloading paths in V, ln P space

(Pa�1)

sij Effective stress tensor (Pa)

sij Effective deviatoric stress tensor (Pa)
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Fig. 1. Aspects of the Cam Clay yield surface. (A) Yield envelope and projection

of the critical state line in P, Q space. (B) Elastic loading/unloading paths and

normal consolidation line in V, ln P space. Arrows indicate path followed by

a sample undergoing hydrostatic compression. The sample undergoes elastic

compaction to P¼ P1, then undergoes irreversible porosity reduction along the

NCL to P2, at which point it is unloaded and follows an elastic swelling line par-

allel to the initial elastic loading path. The position and slope of the NCL are de-

fined by Vl and l, and that of the elastic loading/unloading lines by Vk and k. (C)

Cam Clay yield surface in P, Q, V space. (D) NCL and CSL in V, ln P space.
ellipsoid in principal stress space, with the long axis along the
line s1¼ s2¼ s3 and with one end at the origin. Eq. (3) de-
fines the Normal Consolidation Line (NCL), where �l is the
slope of the NCL in V versus ln P space, and Vl is the specific
volume on the NCL at unit pressure. Hydrostatic (isotropic)
loading paths follow straight lines in V versus ln P space
(Fig. 1b). A sample undergoing progressive hydrostatic load-
ing follows an elastic loading path of slope k until it reaches
the NCL. The intersection of the elastic loading path with
the NCL at P¼ P* defines the onset of irreversible porosity re-
duction for that loading path. The sample proceeds along the
NCL, undergoing irreversible porosity reduction until it is un-
loaded, from which point it follows an elastic swelling line of
slope k. The equation of the elastic loading/swelling lines is:

V ¼ Vk� k ln P ð4Þ

where Vk is the specific volume on the elastic loading line at
unit pressure. There is an infinite number of elastic loading
lines, with Vk being determined by the current value of P*
(see Fig. 1b).

Fig. 1c shows the three-dimensional yield surface in Q, P, V
space. The NCL bounds the yield surface on the plane Q¼ 0.
The line that runs along the crest of the surface in Q, P, V
space is known as the Critical State Line (CSL; dashed line
in Fig. 1c). The projection of the CSL onto the Q, P plane
is a straight line of gradient M, passing through the origin
(Fig. 1a). The same line projected into V, ln P space forms
a straight line parallel to the NCL (Fig. 1d).

The Cam Clay model uses an associated flow rule, with the
plastic potential function being the same as the yield function;
hence, strain increment vectors are normal to the yield surface
(Drucker, 1951; Hobbs et al., 1990). Yielding on the left-hand
side of the envelope (P< P*/2) results in dilation and strain
softening (P* decreases), whereas yielding on the right-hand
side (P> P*/2) results in shear-enhanced compaction and
strain hardening (P* increases). There is a smooth gradation
between these two behaviours, with the volumetric strain in-
crement vanishing at the peak of the envelope. The yield enve-
lope in the Q, P plane shrinks during strain softening, and
expands during strain hardening, hence the stress state always
migrates towards the CSL (i.e. the peak of the yield envelope)
during progressive loading. A sample that reaches the CSL is
said to be at critical state, from which point it can develop un-
limited shear strain at constant Q, P, and V.

We use the terms brittle and ductile to describe the macro-
scopic behaviour of samples that undergo dilatant shear failure
on the left-hand side of the yield envelope, and shear-enhanced
compaction on the right-hand side of the yield envelope, re-
spectively. This terminology is not intended to imply anything
about the underlying deformation mechanism; macroscopi-
cally ductile behaviour may involve cataclasis and/or true
crystal plasticity, depending on temperature, mineralogy and
water content (Paterson and Wong, 2005). The term ‘‘transi-
tional regime’’ will be used to refer to yield that occurs at
or close to the peak of the yield envelope.
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3. Experimental data

In this section we compare data from hydrostatic and triax-
ial tests on porous sandstones with the Cam Clay constitutive
model. In particular we evaluate non-linear elasticity, the
shape of the yield envelope, hardening/softening associated
with volumetric strain, and attainment of critical state at
high strain. Other authors have explored the porosity-depen-
dent yield behaviour of limestone (e.g. Celle and Cheatham,
1981; Elliott and Brown, 1985; Baud et al., 2000; Vajdova
et al., 2004), chalk (e.g. Brown and Yu, 1988; Homand and
Shao, 2000; Collin et al., 2002) and shale (e.g. Graham
et al., 1983; Steiger and Leung, 1991). This study focuses
on the behaviour of sandstones.

We have deliberately chosen a simple constitutive model
for this investigation, although a number of more sophisticated
models have been described in the literature. For example,
Collins and Hilder (2002) and Bigoni and Piccolroaz (2004)
derived generalised yield functions from which classical con-
stitutive models, such as Cam Clay, can be recovered by ap-
propriate choice of parameter values. Ling et al. (2002)
developed an anisotropic critical state model which includes
rotational and distortional hardening rules, in addition to the
volumetric (isotropic) hardening rule of Cam Clay. Other au-
thors have discussed the role of the third stress invariant,
which is not considered in the Cam Clay model, and the
need for a non-associated flow rule to describe certain aspects
of porous rock behaviour (e.g. Roscoe and Burland, 1968;
Lubarda et al., 1996; Collin et al., 2002; Collins, 2003; Borja
and Aydin, 2004). A simple constitutive model is preferred
here, not only for ease of numerical implementation, but
also to minimise the number of parameter values that must
be determined in order to apply the model.

3.1. Sandstones: mechanical behaviour

Zhang et al. (1990) performed hydrostatic compression tests
on a suite of sandstones with porosities ranging from 5 to 35%,
each of which showed an inflection point in the loading curve
corresponding to the onset of cataclasis. Loading beyond this
critical effective pressure (P*) resulted in accelerated, irrevers-
ible porosity reduction, with subsequent unloading following
a path broadly parallel to the initial elastic loading curve. P*
was shown to decrease systematically with increasing porosity
(f) and grain radius (r), conforming to a linear relationship in
log(fr) versus log P* space (Zhang et al., 1990). This relation-
ship has subsequently been confirmed for several additional
sandstones (e.g. Zhu and Wong, 1997; Cuss et al., 2003). On
the basis of these results, Fisher et al. (2003, in press) suggested
the following equation to derive values of P* for sandstones of
varying porosity and grain size:

log P� ¼ �1:1 logðfrÞ þ 3:5 ð5Þ

where P* is in MPa and r is the grain radius in mm. The line given
by Eq. (5) forms a lower bound to the experimental data
(Fig. 2a). Using this lower bound in our model compensates
for the fact that P* has been plotted against the initial porosity
of the rock, rather than the porosity at P¼ P*, which is slightly
less than the original porosity due to elastic compaction.

The normal consolidation line of the Cam Clay model is
defined by a linear relationship between V and ln P*
(Fig. 1b, Eq. (3)). Eqs. (3) and (5) both predict a decrease in
P* with increasing porosity, but grain size does not appear
in Eq. (3). Eq. (5) does not correspond to a set of straight lines
in V, ln P space (see Fig. 2b), so is not equivalent to the NCL
of the Cam Clay model. However, the data points shown in
Fig. 2a define a broadly linear trend in V, ln P space
(Fig. 2b), consistent with the NCL (Eq. (3)). The slope of a lin-
ear best-fit line through these data is �0.15; this is taken to
correspond to �l in the Cam Clay model.

Loading paths from individual compression tests can be
used to derive values of l and k for specific samples. This ap-
proach is illustrated in Fig. 3, which shows linear loading
paths superimposed on hydrostatic test data for eight sand-
stones. Corresponding values of l and k are listed in Table 2.
Loading and unloading paths defined by these data can be
approximated by straight lines in V, ln P space, although the
elastic loading paths tend to curve downwards before joining
the normal consolidation line. l cannot be defined for
Fig. 2. Values of P* from hydrostatic compression tests on porous rocks. Data from Wong et al. (1997). (A) Data in log P* versus log fr space. Straight line

corresponds to Eq. (5). (B) Data in V versus ln P* space. Curves correspond to Eq. (5) (grain radii indicated in mm).
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Fig. 3. Hydrostatic test data and inferred linear loading paths for eight sandstones. Corresponding parameter values listed in Table 2.
Tennessee sandstone because the test did not reach P* (Cuss
et al., 2003). Data for Darley Dale sandstone are ambiguous;
Cuss et al. (2003) considered that their tests on this sandstone
did not reach P*, whereas Wong et al. (1997) interpreted
a value of P*¼ 360 MPa from the data of Zhu and Wong
(1997).

The value of l determined from the linear best-fit line to
data in Fig. 2b has been included in Table 2 for comparison.
This value is the same as the average of the independently-
determined values of l for individual sandstones. The coincidence
of these values suggests that compiling data from sandstones
with different porosities and grain size is a valid approach
to parameterise the hydrostatic deformation of sandstones
in general.

Complete specification of the NCL requires a known point
on the line in addition to its slope. An obvious approach is to
use the intersection of the initial elastic loading path with the
NCL, which is the initial value of P*. We have chosen instead
to use Eq. (5) to locate the NCL in V, ln P space, taking values
of l and k from the loading paths of hydrostatic tests (Table 2).
This approach incorporates grain size dependence into the
constitutive model (although grain size is assumed to remain
constant during deformation), and allows for the tendency of
rocks to be weaker in nature than in experiments.

Table 2

Cam Clay parameters for 8 sandstones

Name Porosity

(%)

Grain radius

(mm)

k l M a

Adamswiller 22.6 0.09 0.014 0.18 1.3 0.5

Berea 21 0.13 0.016 0.21 1.15 0.45

Boise 35 0.28 0.033 0.10 1.5 0.55

Darley Dale 14.5 0.17 0.010 e 1.15 0.45

Kayenta 21 0.15 0.017 0.16 1.3 0.5

Penrith 28 0.06 0.019 0.13 1.2 0.5

Rothbach 19.9 0.23 0.017 0.12 1.2 0.5

Tennessee 7.5 0.04 0.005 e 1.1 0.45

Average 0.016 0.15 1.2 0.5

Best-fit Fig. 2b 0.15
The next step in our analysis is to compare the shape of the
yield envelope for sandstones with that of the Cam Clay
model. Fig. 4 shows yield data in Q, P space from triaxial
(Khan et al., 1991; Wong et al., 1997) and hydrostatic (Zhang
et al., 1990; Zhu and Wong, 1997) compression tests on Berea
sandstone. Also shown are the Roscoe envelope (dashed line)
and an alternative yield envelope (solid line). Data for ductile
yield are rather scattered, and both envelopes provide a reason-
able fit to the data. However, the Roscoe envelope consistently
overestimates the yield stress in the brittle regime, and the al-
ternative yield envelope provides a better fit. The alternative
yield envelope is defined by two equations:

Q2�QP�M

2

�
1�

�
P

Pcr

� 1

�2�
¼ 0 for P� Pcr ð6aÞ

Q2�
�

MP�

2

�2�
1�

�
P�Pcr

P� �Pcr

�2�
¼ 0 for P� Pcr ð6bÞ

Fig. 4. Yield envelope for Berea sandstone.
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where Pcr is the effective pressure at the peak of the envelope.
Eqs. (6a) and (6b) are modified versions of the equations sug-
gested by Wong et al. (1997) and discussed further by Cuss
et al. (2003) to fit yield data from a number of sandstones.
Our modifications force the envelope to pass through
(P,Q)¼ (0,0), and ensure that the equations have the same value
and a slope of zero in P, Q space when P¼ Pcr, resulting in
a smooth, continuous yield envelope with continuously varying
gradient in P, Q space. The Cam Clay model uses an associated
flow rule, which requires strain increment vectors to be normal
to the yield envelope (the normality condition; Drucker, 1951).
This implies that the volumetric strain increment vanishes at the
peak of the yield envelope (where its slope is zero), hence
P¼ Pcr represents the transition from dilation to compaction.
The validity of the associated flow rule for sandstones is dis-
cussed further below. Defining a¼ Pcr/P*, we note that Eq.
(6b) is identical to the Roscoe surface (Eq. (2)) when a¼ 0.5.
The yield surface shown in Fig. 4 was obtained with
M¼ 1.15 and a¼ 0.45.

Fig. 5 shows yield envelopes defined by Eqs. (6a) and (6b)
fitted to yield data from eight sandstones (Khan et al., 1991;
Zhu and Wong, 1997; Wong et al., 1997; Cuss et al., 2003).
Corresponding values of M and a are listed in Table 2. Some
of the yield envelopes are rather poorly constrained, especially
that of Tennessee sandstone for which no data were obtained in
the ductile regime. Penrith sandstone displays anomalous
behaviour and the yield envelope is not clearly defined.

The preceding analysis is based on results of compression
tests, where P increases during the course of the test. Zhu
et al. (1997) obtained similar results from experiments follow-
ing a different loading path, in which the axial load was main-
tained while the radial load was increased. Most sedimentary
basins form in extensional tectonic settings, where P may
decrease during the course of deformation. In the absence of de-
formation tests following such a loading path, some insight into
likely behaviour of sandstones in extensional regimes can be
gained by considering the relationship between the Cam Clay
yield surface and the Mohr Coulomb failure criterion. Wood
(1990) showed that the Mohr Coulomb failure envelope corre-
sponds to the critical state line of the Cam Clay model, for the

Fig. 5. Triaxial and hydrostatic test data and inferred yield surfaces for eight

sandstones.
case of a material with zero cohesion and zero tensile strength.
Following this argument, it is possible to derive expressions for
M as a function of the friction angle, and it can be shown that
these expressions are different for triaxial compression
(s1> s2¼ s3) and triaxial extension (s1< s2¼ s3). Wood
(1990) goes on to argue that, as the friction angle is usually
the same in extension and compression, M is expected to be dif-
ferent for the two loading paths (it is smaller in extension than in
compression). For example, a friction angle of 30 � gives
M¼ 1.2 in compression and M w 0.857 in extension.

We now consider the post-yield behaviour of sandstones
under anisotropic (non-hydrostatic) loading conditions. In par-
ticular, we aim to determine whether the associated flow rule is
applicable to sandstones, and whether sandstones display crit-
ical state behaviour. Attainment of critical state is indicated
when there is no further change in f, P and Q with continuing
deformation. Laboratory experiments rarely go to sufficiently
high strain to attain critical state, especially in the brittle re-
gime where macroscopic failure is likely to occur before this
point can be reached. Nonetheless, some experimental results
appear to be consistent with the critical state concept. For ex-
ample, stresses recorded at high strain in experiments on Pen-
rith, Darley Dale and Tennessee sandstones plot on or close to
the projection of the inferred CSL in P, Q space (Cuss et al.,
2003). This observation does not constitute proof of critical
state behaviour, but it confirms that the stress state evolves to-
wards the CSL during progressive deformation.

Wong et al. (1992) tracked the post-yield evolution of P, Q
and f in Berea sandstone in the ductile regime. Fig. 6 shows
the stress state at porosities of 16, 13, 10.5 and 8% during
six triaxial tests starting at confining pressures ranging from
100 to 450 MPa (Wong et al., 1992). Crosses indicate the
peak stress attained by preloaded samples that failed in the
brittle regime; these samples underwent isotropic loading to
P> P*, and were then partially unloaded before commencing

Fig. 6. Progressive loading of Berea sandstone beyond initial yield (data from

Wong et al., 1992). Solid symbols indicate stress state at porosities of 16, 13,

10.5 and 8% along six triaxial loading paths in the ductile regime. Crosses in-

dicate peak stress attained by samples loaded hydrostatically to 540 MPa, then

partially unloaded to 100, 200 and 250 MPa before commencing triaxial com-

pression. Curves¼ yield envelopes derived from Eq. (6b) using parameter

values in Table 2.
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triaxial compression. The curved lines indicate ductile yield
envelopes corresponding to each porosity value, calculated
from Eq. (6b) using parameter values from Table 2. The
CSL is shown as a long-dashed line. Agreement between the
predicted yield envelopes and data points is poor, although
the position and slope of the CSL is reasonable, as it separates
data from samples that underwent ductile yield from those that
underwent brittle failure. An improved fit could be obtained by
adjusting the values of M, l, and a, but it is difficult to find
parameter values that agree with all data points.

Our difficulty in fitting yield envelopes to post-yield data
suggests that associated plasticity and the simple volumetric
strain hardening rule of our Cam Clay model may be an over-
simplification for porous sandstones. Indeed, this is consistent
with several other studies that have questioned the validity of
the associated flow rule, especially for yield in the brittle and
transitional regimes (Celle and Cheatham, 1981; Graham
et al., 1983; Elliott and Brown, 1985; Wong et al., 1997). This
point is considered further in the discussion section.

3.2. Sandstones: permeability

A modified form of the KozenyeCarman equation (Eq. (7);
see Table 1 for nomenclature) provides a good approximation
to the porosityepermeability relationship in undeformed sand-
stones and other sedimentary rocks (Oelkers, 1996).

k ¼ fd2fn

ð1�fÞm ð7Þ

Eq. (7) gives a good fit to porosityepermeability data from
various sandstones (Ehrenburg, 1990; Harrison and Summa,
1991; Oelkers, 1996; Kieffer et al., 1999) with values of n rang-
ing from 3 to 7, f ranging from w10�2 to w10�4, and m¼ 2.

The relationship between porosity and permeability devi-
ates markedly from Eq. (7) during deformation, as illustrated
in Fig. 7A, which shows porosityepermeability evolution dur-
ing isotropic and triaxial loading of Rothbach sandstone (Zhu
and Wong, 1997), along with a curve corresponding to Eq. (7).
The observed reduction in permeability during ductile yield is
consistent with measured permeability contrasts between nat-
ural cataclastic faults and their host rocks (e.g. Antonellini and
Aydin, 1994; Fisher and Knipe, 2001), although natural fault
rocks can display more extreme permeability reduction due
to post-failure cementation. Permeability evolution during
elastic loading and ductile yield can be approximated by a lin-
ear relationship between porosity and log permeability (c.f.
Morris et al., 2003), as illustrated in Fig. 7B. Some experimen-
tal results show an increase in the rate of permeability reduc-
tion at the onset of ductile yield (Zhu and Wong, 1997); we
have not attempted to represent this behaviour in our model.

Permeability evolution in the brittle regime depends on the
initial porosity of the host rock. Experimental results indicate
that permeability decreases with increasing porosity during
brittle failure of high porosity sandstone (triangles in
Fig. 7A), reflecting an increase in tortuosity and/or decreased
connectivity of the pore network (Zhu and Wong, 1997; David
et al., 2001). This contrasts with the behaviour of low porosity
rocks, which display a marked increase in permeability during
failure in the brittle regime (e.g. Zhu and Wong, 1999). To
quantify the evolution of permeability in the brittle regime
we assume a linear relationship between porosity and log per-
meability, with the slope of the line being a linear function of
initial porosity (f0) such that permeability increases with dila-
tion in low porosity rocks, and decreases with dilation in high
porosity rocks (Fig. 7B). The transition from permeability in-
crease to permeability decrease occurs at f0¼ ft. Experimen-
tal results for a range of sandstones suggest that ft should be
<0.15, but this is not well constrained.

Our method for calculating permeability can be summar-
ised as follows. The initial permeability k0 is obtained from
Fig. 7. Porosityepermeability evolution during deformation. (A) Rothbach sandstone; data from Zhu and Wong (1997). Solid curve represents Eq. (7) with n¼ 3,

m¼ 2, f¼ 1.58� 10�4 and d = 4.6 � 10�4 m. Arrows indicate direction of loading path. (B) Parameterisation of porosityepermeability evolution during defor-

mation. Data from Fig. 7A shown for comparison. Solid lines correspond to Eq. (8a), dashed lines correspond to Eq. (8b). Initial permeability given by Eq. (7),

heavy solid line. Transition from permeability increase to permeability decrease with dilation occurs at ft¼ 12%, indicated by change from positive to negative

slope of brittle failure curves (dashed lines) between f0¼ 10% and f0¼ 15%.
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Eq. (7), using known values of porosity, permeability and grain
size from an undeformed specimen to determine the value of f.
During elastic loading/unloading and ductile yield, permeabil-
ity is given by:

log k ¼ Aðf�f0Þ þ log k0 ð8aÞ

where A is the slope of a linear best-fit line through f versus
log k data (e.g. Fig. 7B), and f0 is the porosity at the onset of
deformation. During brittle failure, Eq. (8a) is replaced by:

log k ¼ A

�
1�f0

ft

�
ðf�f1Þ þ log k1 ð8bÞ

where k1 and f1 are the permeability and porosity at the onset
of brittle failure. These relationships are illustrated in Fig. 7B.
Note that we ignore the effects of cementation, clay smears,
and fault gouge (grain size reduction), which are known to
have a significant impact on fault permeability (e.g. Fisher
and Knipe, 1998).

4. Numerical model

Cam Clay is one of several constitutive models available in
FLAC3D, a commercial finite difference code for solving cou-
pled deformation and fluid flow problems in engineering and
rock mechanics (Cundall and Board, 1988; Itasca Consulting
Group, 2002). The existing code was modified to incorporate
the sandstone yield function (Eqs. (6a) and (6b)) and corre-
sponding potential function, assuming an associated flow
rule. This was achieved through the ‘‘user-defined constitutive
model’’ functionality in FLAC3D, which enables the user to
define a new constitutive model in Cþþ. Fluid flow is de-
scribed by Darcy’s law, which is solved in conjunction with
a continuity equation for the fluid. Initial permeability is cal-
culated from Eq. (7), and evolves as a function of porosity dur-
ing deformation according to Eqs. ((8a) and (8b)). Mechanical
and fluid flow calculations are coupled in the sense that defor-
mation induces changes in fluid pressure and permeability due
to changes in porosity, and fluid pressure influences deforma-
tion through its impact on effective stress. The model does not
allow negative effective pressure, and the material has no co-
hesion or tensile strength.

Fig. 8. Initial and boundary conditions for the numerical model.
5. Initial and boundary conditions

Results presented in this paper represent deformation of
part of a sedimentary basin that is initially 12 km wide by
6 km deep (Fig. 8). The model is discretized onto a mesh com-
prising 120 hexahedral zones in the x-direction, 60 zones in
the z-direction, and one zone in the y-direction. The stresse
strain response is calculated in three dimensions, but the pres-
ent investigation focuses on 2D plane strain scenarios with no
movement in the y (out-of-plane) direction. The base of the
model is free to move in the x-direction and fixed in the z-
direction, and the sides are moved inwards (compression) or
outwards (extension) at a constant velocity in the x-direction.
The top boundary is treated as if the model was overlain by
a body of water, with the water surface (i.e. sea level) remain-
ing fixed in space, while the model boundary is free to move
up or down and develop topography. The effect of overlying
water is represented by applying a pressure on the top bound-
ary to represent the weight of overlying water, which varies
over time as the top of the model moves relative to sea level.
Effects of erosion and deposition during deformation are not
represented in this model. Fluid is free to move across the
top and base of the model, and the sides are impermeable.

Note that the constitutive model has been parameterised us-
ing results of ‘‘triaxial’’ (axisymmetric) compression tests in
which the third stress invariant reduces to zero. We assume
that the predictions of this model are valid in non-axisymmet-
ric scenarios (specifically plane strain), but this has not been
verified.

The initial porosityedepth distribution is determined by an
algorithm representing deposition and progressive porosity re-
duction due to gravitational compaction and quartz cementa-
tion. Following the approach of Fisher et al. (2003, in
press), we use the method of Walderhaug (1996) to calculate
the volume fraction of quartz cement as a function of burial
rate, geothermal gradient and grain size. Progressive deposi-
tion and burial are simulated using a one-dimensional column
that is one zone wide in the x and y-directions, with additional
zones added one at a time to the top of the model, representing
newly deposited sediment. The column undergoes uniaxial
strain; there is no displacement in the x or y directions during
deposition. The algorithm for deposition, cementation and
compaction is as follows: (1) add one new zone to top of
model and assign Cam Clay properties; (2) update temperature
for each zone, based on new depth and specified geothermal
gradient; (3) add quartz cement to each zone in accordance
with the burial rate; (4) allow the model to equilibrate under
gravity (compaction and fluid flow); (5) repeat steps 1e4 until
desired model height is reached; (6) Copy properties of the 1D
column (porosity, density, fluid pressure, etc.) onto the 2D
mesh. Gravitational compaction occurs during step 4; the top
of the model sinks downwards as compaction takes place, until
a new equilibrium stress state is attained. It is important to
note that the column behaves as a Cam Clay material during
compaction, and does not necessarily remain in an elastic
state. This is where our approach differs from that of Fisher
et al. (2003, in press), who used the same cementation model
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to calculate porosityedepth curves without considering the ef-
fects of gravitational compaction. Based on these porositye
depth curves, they used Eq. (5) to calculate P* as a function
of porosity and grain size, and estimated the value of P/P*
at yield in an extensional regime, assuming lithostatic loading
and hydrostatic fluid pressure. The limitation of their approach
is that it is somewhat decoupled from the constitutive behav-
iour of the rock, and hence allows development of stress states
that lie outside the yield surface (e.g. P/P*> 1). Step 4 in our
deposition algorithm prevents the development of such impos-
sible stress states, with ductile yield occurring when the stress
state reaches the yield envelope.

Compaction and permeability reduction during burial result
in the pore fluid being slightly overpressured towards the base
of the model. This results in slow upward flow, which in real-
ity may be enhanced by several processes that are not repre-
sented in the model, such as dehydration reactions and
thermal effects (e.g. Bethke, 1985; Harrison and Summa,
1991). We account for these additional processes by adjusting
the fluid pressure gradient after initialisation to give a uniform
upward fluid flux throughout the model, then fixing the fluid
pressure at the base of the model.

6. Results

The range of conditions encountered in sedimentary basins
defines a large parameter space that could be investigated using
our numerical model. Here we present a selection of results ob-
tained from various combinations of two deposition rates (50
and 500 m/Ma), two geothermal gradients (20 and 30 �C/km),
and two grain radii (100 and 200 mm). The ends of the model
were moved at a constant velocity of 6� 10�10 m/s, represent-
ing an initial longitudinal strain rate of 10�13 s�1. This relatively
high strain rate is necessitated by the explicit formulation of
FLAC3D, which makes it difficult to achieve sufficiently large
strain to demonstrate the behaviour of interest within a reason-
able computational timeframe at a lower strain rate. However,
it should be emphasised that the mechanical formulation itself
is not time-dependent; it is only the coupling with fluid flow
that necessitates consideration of time.

The position of the normal consolidation line in V, ln P space
was determined by using Eq. (5) to calculate P* based on a depo-
sitional porosity of 30%, with Vl derived from Eq. (1c). The
porosityepermeability relationship was parameterised using
data from Zhu and Wong (1997) for Rothbach sandstone ( f cal-
culated by substituting f¼ 0.20 and k¼ 4.079� 10�13 m2 into
Eq. (7) with n¼ 3, m¼ 2; A¼ 43 determined from best-fit line
through porosityepermeability data during hydrostatic com-
pression; ft estimated at 0.12). Cam Clay parameters were set
to M¼ 0.7 (extension), a¼ 0.45, l¼ 0.15 and k¼ 0.016. Fluid
pressure was adjusted following initialisation to give a uniform
upward flux of 10�10 m3/m2/s, consistent with estimates of the
regional fluid flux due to metamorphic devolatilisation (Thomp-
son, 1997).

Fig. 9 shows porosityedepth curves and the distribution of
P/P* with depth following initialisation. The rate of porosity
reduction with depth depends on grain size, deposition rate,
and geothermal gradient, because these factors control the ce-
mentation rate, but there is very little difference between
models in the first 2 km of burial as the temperature is too
low for significant cementation to take place. Both P and P*
increase with depth (P* increases with decreasing porosity;
P depends on the overburden), but they change at different
rates, hence the ratio P/P* varies with depth (Fig. 9B, D;
Fisher et al., 2003, in press). Decreasing grain size reduces
the value of P/P* over the entire depth range of the model, be-
cause P* is negatively correlated with grain size (Eq. (5)).
Geothermal gradient and deposition rate influence P/P* at
depths greater than w2 km, where their impact on cementa-
tion becomes important. Vertical dashed lines in Fig. 9B and
D indicate the transition from brittle to ductile behaviour (P/
P*¼ a¼ 0.45). Note that the curves in Fig. 9 represent the ini-
tial distribution of P/P*; the value of P/P* at yield depends on
the loading path (extension or compression; see Fig. 10). A
rock that starts with P/P*> a may reach the yield envelope
in the brittle regime during extension, because the loading
path has negative slope in Q versus P space. Conversely,
Fig. 9. Porosity and P/P* versus depth following initialisation. Deposition rate¼ 50 m/Ma (A and B), 500 m/Ma (C and D). Legend refers to geothermal gradient

( �/km) and grain radius (mm). Vertical dashed lines in B and D indicate the brittleeductile transition (a¼ 0.45).
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a rock that starts in the brittle field may reach the ductile part
of the yield envelope during compression (loading path has
positive slope in Q versus P space). For a given porositye
depth distribution, this means that ductile behaviour occurs
over a greater depth range in compressional regimes than in
extensional regimes.

Fig. 11 shows the spatial distribution of shear and volumet-
ric strain, permeability (m2), and the ratio of permeability to
its initial value after 1.5% extension for five different combi-
nations of deposition rate, geothermal gradient and grain
size. Models will be referred to by the letters used in
Fig. 11 (AeE). Models A and E remain entirely within the
brittle regime. Strain softening associated with dilatant shear
failure results in spontaneous localisation, creating conjugate
shear zones of finite width (Fig. 11A, E). The absolute width
of these shear zones is not meaningful because there is no
lengthscale in the mechanical formulation; a coarser mesh pro-
duces wider shear zones, but the qualitative behaviour is un-
changed. The initial distribution of porosity and P/P* is
quite different in Models A and E (Fig. 9A, B); P/P* is higher
in Model A from 0 to w4.2 km depth, then the curves cross
over such that P/P* is lower in Model A than in Model E.
The flow rule dictates that the volumetric strain increment van-
ishes at the peak of the yield envelope (P/P*¼ a), hence vol-
umetric strain is smallest in the central part of Model A, where
P/P* is closest to a. Model E has less variation in P/P* with
depth, and hence shows little variation in volumetric strain
with depth.

The shear zones in Models A and E are less permeable than
their host rocks, except towards the base of the model where
porosity is sufficiently low to allow permeability enhancement
during brittle failure (Fig. 11A, E). The difference in perme-
ability distributions between these models is due to the differ-
ence in their initial porosityedepth distributions (Fig. 9B).
Model A satisfies the conditions for permeability enhancement
over a greater depth range than does Model E. Permeability

P/P*

Q/P*

α 1

α 1

Q/P*

Extension

Compression

Extension

Compression

BRITTLE DUCTILE

BRITTLE DUCTILE

P/P*

A

B

Fig. 10. Effect of loading path and initial P/P* ratio on failure mode. (A) P/P*

initially less than a. (B) P/P* initially greater than a.
enhancement is most easily identified from a plot of perme-
ability divided by its initial value at a given depth (right-
hand column of Fig. 11). This plot shows that permeability
has increased w100 times in the lower parts of the shear zones
in Model A, while it has decreased by a similar amount to-
wards the top of the model. The change in permeability is
more important than the absolute value of permeability; a fault
cutting through low porosity sandstone at 5 km depth may be
significantly more permeable than its host rocks, but still less
permeable than unconsolidated sand at shallower depth. This
is demonstrated in Fig. 12, which shows fluid flow vectors
in Model A. Fluid is focused into and along the shear zones
where they are more permeable than the surrounding rock,
but it diverges out of the shear zones at the point where they
become less permeable than the host rock.

Comparison of Models B and C with Model A (Fig. 11) il-
lustrates the effect of decreasing the geothermal gradient and
increasing the deposition rate, respectively. These models
have higher initial porosity than Model A, corresponding to
higher initial values of P/P* (Fig. 9). The extensional loading
path intersects the yield envelope close to its peak (P/P* w a)
at intermediate depths (w2e4 km), resulting in volumetric
strains close to zero in this region. Deformation is less strongly
localised in this area than in the dilatant, brittle regions above
and below. The shear zones in these models are less permeable
than their host rocks at all depths, because the porosity is too
high to allow permeability enhancement.

The effects of decreasing geothermal gradient and increas-
ing deposition rate are combined in Model D, in which P/P*
is greater than a over more than half of the depth range
(Fig. 9D). Spatial distributions of shear and volumetric strain
(Fig. 11D) suggest that localisation has not occurred in this
model, although the upper half meets the yield envelope in
the dilatant, brittle regime. Plots of shear and volumetric
strain rate (Fig. 13) show that localised, brittle failure does
in fact occur in the upper part of this model, with distributed
shear-enhanced compaction in the lower part. It appears that
strain hardening in the lower half of this model inhibits sta-
bilisation of dilatant shear zones in the upper part, such
that no individual shear zone can develop sufficient shear
or volumetric strain to be identifiable on a plot of total strain
(Fig. 11D).

Previously it was noted that shear-enhanced compaction is
more likely to occur in compression than in extension, for
a given combination of parameter values. This is illustrated
in Fig. 14, which shows the distribution of shear and volumet-
ric strain after 5.5% shortening in a model with the same pa-
rameter values as Model A, with the exception of M which
was increased to 1.1 in accordance with expected variation
of this parameter between extensional and compressional re-
gimes. The results are shown at a higher strain than those
for Model A (cf. Fig. 11A, 1.5% extension), because the com-
pressional loading path takes longer to reach the yield enve-
lope (Fig. 10A). Model A displayed dilatant, brittle
behaviour over the entire depth range of the model in exten-
sion, but compressional loading places the model in the ductile
regime over part of its depth range.
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Fig. 11. Distribution of shear and volumetric strain, permeability, and permeability/initial permeability after 1.5% extension. Width of model¼ 12.18 km.
7. Discussion

Focused fluid flow requires localised deformation and in-
creased permeability, which (in porous sandstones) is only
possible in the brittle regime (P/P*< a), and then only if
the initial porosity is less than w15%. Table 3 lists the depth

Fig. 12. Fluid flow vectors superimposed on contour plot of permeability ratio

(red¼ permeability enhancement, blue¼ permeability reduction), Model A.

Detail of bottom right corner, field of view w3� 3 km. Arrow length propor-

tional to flux, maximum fluid flux¼ 2.15� 10�8 m3/m2/s.
at which these conditions are first met for the scenarios shown
in Fig. 9, based on the distribution of porosity and P/P* fol-
lowing initialisation. For the range of parameter values inves-
tigated here, the shallowest depth at which localised

0.02
0.05
0.08
0.11

-0.03
0.03
0.09
0.15

Fig. 14. Shear and volumetric strain after 5.5% shortening (dilation positive).

Parameter values as for Model A, M increased to 1.1. Model width¼ 11.4 km.
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Fig. 13. Shear and volumetric strain rate (s�1� 10�13, dilation positive),

Model D.
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permeability enhancement can take place is w3.8 km. This
brings into question genetic models for stratiform ore deposits,
which invoke fluid focusing in faults as a mechanism for trans-
porting fluids from depth to the surface through shallow, un-
consolidated sediments (e.g. McGoldrick and Large, 1998).
Our results imply that fluid focusing is not possible at depths
shallower than w3.8 km, although carbonates and fine-grained
sediments may become cemented earlier than sandstones, and
thus may allow development of permeable faults at shallower
levels. Similarly, a steeper geothermal gradient would promote
early cementation and hence allow permeability enhancement
at shallower depths in sandstones (Fisher et al., 2003). The
depth at which faults change from fluid pathways to seals is
critical for the genesis of stratiform ore deposits, as this is
the point at which fluids diverge out of the fault into the sur-
rounding rock or sediment (Fig. 12).

Pore space created during brittle failure is reduced by a va-
riety of sealing processes such as pressure solution and cemen-
tation, where the cement may be sourced locally from grain
contact dissolution, or precipitated from externally-derived
fluids moving through the fault (e.g. Robert et al., 1995; Parry,
1998; Renard et al., 2000; Sheldon and Ord, 2005). Fault seal-
ing reduces permeability and may also increase the strength of
the fault (Tenthorey et al., 2003); in Cam Clay terms this
would be represented by expansion of the yield envelope, ef-
fectively preventing the fault rock from attaining critical state.
Grain size reduction would enhance this strengthening effect.
Our model considers the effect of initial grain size, but does
not account for changes in grain size during deformation. Con-
versely, hydrothermal alteration of the wall rocks may create
phyllitic mineral assemblages that weaken the fault (e.g.
Bruhn et al., 1994).

The numerical models described in this paper represent
a homogeneous, isotropic body of sediment that is rather dif-
ferent to natural sedimentary sequences. Layered sedimentary
rocks tend to be anisotropic in their mechanical properties and
permeability, and this anisotropy may be enhanced by shear
strain hardening (Collins and Hilder, 2002), and by mineralog-
ical or textural changes during shear failure. Faults themselves
may also be anisotropic; for example, faults in porous sand-
stones commonly consist of a zone of compaction bands cut
by a discrete (brittle) slip plane (Aydin and Johnson, 1983;
Antonellini and Aydin, 1994), resulting in anisotropic perme-
ability that inhibits flow across the fault, but allows flow in the

Table 3

Minimum depth for localised permeability increase in sandstone, based on po-

rosity and P/P* following initialisation

Deposition

rate (m/Ma)

Geothermal

gradient ( �/km)

Grain radius

(mm)

Minimum

depth (m)

50 20 100 5280

50 20 200 5952

50 30 100 3805

50 30 200 4299

500 20 100 > 6000

500 20 200 > 6000

500 30 100 5280

500 30 200 5762
plane of the fault. In the context of our model, this fault struc-
ture implies a slight change in loading path to allow the rock to
switch from ductile to brittle behaviour. The required change
in loading path may be very small, especially if the rock is
at or close to critical state when the discrete slip plane is
formed; local perturbations in the stress field due to heteroge-
neities in the rock may be sufficient to cause this change.
However, our model cannot actually produce such structures,
because strain hardening associated with compaction inhibits
localisation in the ductile regime, hence compaction bands
cannot form.

The effect of different loading paths on deformation style
could have interesting consequences for faults in sedimentary
basins undergoing inversion. Compressional loading paths are
more likely to intersect the ductile, strain hardening section of
the yield envelope, than extensional loading paths, especially
if the porosity has previously been increased due to dilatant
brittle failure in extension. Hence, dilatant faults formed in ex-
tension could become strain hardening, causing them to lock
up during inversion. The situation may be complicated by ero-
sional unloading associated with uplift, which can result in
tensile stresses during inversion. Our model does not account
for effects of erosion or deposition during deformation.

8. Evaluation of the method

The initial distributions of porosity and P/P* versus depth
predicted by our model are similar to those calculated by
Fisher et al. (2003, in press), although their results show values
at yield in an extensional regime, rather than the initial values
following deposition in a uniaxial strain regime. The advan-
tage of our method is that it permits investigation of the re-
sponse of the system to different loading regimes following
deposition, demonstrating the creation and destruction of po-
rosity and permeability as a function of depth, burial history
and stress regime. Nonetheless, the method of Fisher and co-
workers remains a useful tool for making a quick evaluation
of the likely failure mode and permeability evolution during
deformation.

Numerical modelling has been used successfully in recent
years to investigate coupling between deformation and fluid
flow in the mid to upper crust (e.g. Ord and Henley, 1997;
Ord and Oliver, 1997; Schaubs and Zhao, 2002; McLellan
et al., 2004; Zhang et al., in press). These studies used the
Mohr Coulomb constitutive model to simulate elasto-plastic
behaviour. Mohr Coulomb is well-suited to modelling defor-
mation of low porosity rocks in the brittle regime, but it lacks
the porosity-dependent yield behaviour of the Cam Clay
model and hence is not appropriate for simulating deformation
of high porosity rocks. Strain hardening/softening is not an in-
trinsic component of the Mohr Coulomb model, although it
can be imposed by varying rock properties as a function of
shear and/or volumetric strain (Ord, 1991). Localisation in
a Mohr Coulomb material is a consequence of non-associated
plasticity and/or of corners on the yield surface (Rudnicki and
Rice, 1975; Vermeer and de Borst, 1984), and of strain soften-
ing if this is imposed on the model. This contrasts with the
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Cam Clay model described in this paper, in which the flow
rule is associated, the yield surface is smooth, and localisation
is a consequence of intrinsic strain softening in the dilatant,
brittle regime.

The assumption of associated plasticity, with the transition
from dilation to compaction occurring at the peak of the yield
envelope, is probably the most significant limitation of our
model for deformation of porous sandstones. Data presented
by Wong et al. (1997) suggest that the transition from dilation
to compaction occurs at P/P* w 0.25, well before the peak of
the yield envelope, but the associated flow rule forces the tran-
sition to coincide with the peak of the yield envelope, which is
consistently in the range 0.45< P/P*< 0.55. Consequently,
our model tends to over-estimate dilatancy and under-estimate
compaction. Compaction bands are a common feature of de-
formed sandstones (e.g. Aydin and Johnson, 1983; Antonellini
and Aydin, 1994; Olsson, 1999) which are not predicted by the
Cam Clay model because strain hardening inhibits localisation.
Formation of compaction bands implies a flow rule that permits
localisation in the strain hardening regime (Issen and Rudnicki,
2000; Olsson and Holcomb, 2000; Borja and Aydin, 2004;
Challa and Issen, 2004; Rudnicki, 2004). Further analysis of
experimental data, particularly that which records the post-
yield evolution of P, Q and f (e.g. Wong et al., 1992), would
be required in order to constrain the flow rule more precisely.

The faults or shear zones that develop in our models tend to
fail continuously until the loading conditions are changed.
This behaviour contrasts with that of real faults in the brittle re-
gime, which typically undergo discrete slip events interspersed
with periods of quiescence. The continuous failure mode dis-
played by our models represents the time-averaged effect of
multiple, discrete slip events. Our models cannot reproduce
the transient fluid flow patterns associated with discrete slip
events, which play an important role in mineralisation and the
earthquake cycle (e.g. Sibson, 2001; Sheldon and Ord, 2005).

Our models were deformed at a longitudinal strain rate of
w10�13 s�1, which is at the upper end of typical geological
strain rates (e.g. Pfiffner and Ramsay, 1982). As mentioned
earlier, this relatively high strain rate is necessitated by the ex-
plicit calculation method used in FLAC3D. The effect of
a high strain rate is to alter the feedback between deformation
and fluid flow, as the fluid has less time to respond to changes
in fluid pressure induced by volumetric strain. Hence, fluid
pressure will tend to be higher in compacting regions and
lower in dilating regions than would be expected at a lower
strain rate. This may result in steeper fluid pressure gradients
and higher flow rates. It also affects the mechanical behaviour,
as high fluid pressure decreases the effective stress, and vice
versa. This effect may speed up the approach to critical state;
shear-enhanced compaction will result in increased fluid pres-
sure, which decreases the mean effective stress and thus moves
the rock closer to the peak of the yield envelope, whereas di-
latant brittle failure results in decreased fluid pressure and in-
creased effective stress, again moving the rock closer to the
peak of the yield envelope.

Running simulations at a high strain rate would be more prob-
lematic if the constitutive model included time-dependence as
well as elasto-plasticity. Time-dependence reflects diffusive de-
formation mechanisms such as pressure solution, and the devel-
opment of ‘‘damage’’ or microcracks prior to macroscopic
failure. This aspect of porous rock behaviour appears to be cap-
tured by the damage mechanics formulation of Hamiel et al.
(2004), in which the strength and elastic moduli of the rock de-
pend on the density of microcracks in a representative volume of
rock. Future developments in this field may resolve some of the
limitations with the Cam Clay model.

9. Conclusions and future directions

Previous studies have identified commonality between the
behaviour of porous rocks and that of soils, which is embodied
in the concepts of CSSM. This study has used results of defor-
mation experiments to parameterise a CSSM model for sand-
stones, and implemented this behaviour in a numerical model
to create a tool for investigating deformation and fluid flow in
sedimentary basins. The numerical model validates and ex-
pands on concepts described by Fisher et al. (2003, in press),
demonstrating the effect of varying grain size, geothermal gra-
dient and deposition rate on the behaviour of sandstones in
compressional and extensional regimes. Our model permits
exploration of the effects of different loading regimes on de-
formation and fluid flow within sedimentary basins. Perme-
ability changes due to deformation are shown to have
a profound impact on fluid flow, with fluid being focused
through dilatant, brittle faults at depths where host rock poros-
ity is low enough to allow permeability enhancement, while
faults at higher levels act as barriers to fluid flow. The depth
of transition from permeability reduction to permeability en-
hancement depends on geothermal gradient, grain size and
burial history, being deeper in areas of low geothermal gradi-
ent, fast deposition and coarse grain size.

The purpose of this paper was to describe the parameterisa-
tion of a CSSM model for sandstones, and to illustrate its im-
plementation in a numerical code by way of simple, plane
strain examples. The FLAC3D code is capable of fully
three-dimensional simulations, the only constraint being the
time taken to run 3D models (days rather than hours). Areas
for future work include parameterisation of the model for other
rock types, such as shale and limestone, and investigation into
the behaviour of layered sequences in which each layer has
different mechanical properties. Basin inversion could be in-
vestigated by switching from extension to compression at
some point during a model run; it would be interesting to ob-
serve the behaviour in compression of regions that had previ-
ously been hardened or softened during yield in extension.
Reactivation of basement faults and consequent effects on
the overlying sedimentary sequence could be investigated by
adding a strong, brittle layer to the base of the model with
a pre-defined plane of weakness representing an earlier fault.
The effect of temperature on fluid flow should also be consid-
ered; an interesting avenue of research would be to consider
the effect of relatively impermeable faults on convection pat-
terns in sedimentary basins, c.f. previous studies of convection
in which faults were assumed to be significantly more
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permeable than their host rocks all the way to the surface, e.g.
Garven et al. (2001).

A longer-term goal is to identify a modelling approach that
resolves the limitations of the present model, especially the as-
sumption of associated plasticity, and the lack of time-depen-
dence in the mechanical behaviour. The damage mechanics
formulations of Hamiel et al. (2004) and Ricard and Bercovici
(2003) go some way towards achieving this aim, and may also
lead to a more self-consistent formulation for permeability
evolution than the empirical approach taken here. Challenges
lie ahead in terms of understanding how to parameterise the
damage mechanics formulation, in particular whether existing
experimental results can be used, or whether new experiments
are required. In the meantime, our modified version of Cam
Clay in FLAC3D provides a useful tool for simulating defor-
mation and fluid flow in porous rocks, with a wide range of
potential applications in the fields of hydrocarbon and mineral
exploration.
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