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Abstract

This study concerns the e�ect of stress paths on permeability and permeability anisotropy in a synthetic mud at conditions

where cataclastic ¯ow is dominant. The synthetic mud is composed of 10 wt.% montmorillonite, 40 wt.% illite, and 50 wt.%
silt-sized quartz. In the experiments where the mud was ®rst consolidated at 90 MPa e�ective pressure ( pe) and then also
sheared at 90 MPa pe, permeability decreased continuously with increasing shear displacement; subsequent shear deformation at
30 MPa and 20 MPa e�ective pressure resulted in permeability increases. The permeabilities parallel to and across the mud layer

are similar during shear deformation at 90 MPa pe and remain so during shear deformation at lower pe. In the experiments
where shear deformation commenced at 30 MPa pe after an initial consolidation at 90 MPa, permeability increased signi®cantly
with increasing displacement. Combined e�ects of reducing mean e�ective stress and shear sliding result in permeability

enhancement up to two orders of magnitude. The permeability parallel to the shear direction is one order of magnitude higher
than that across the shear plane.
Our shear deformation experiments at high pressures con®rm the importance of stress path on the evolution of ¯uid

permeability during shear deformation. The experimental results clearly indicate that to e�ectively enhance permeability and to
channel ¯uids along shear zones in wet sediments, mean e�ective stress needs to be less than several tens of MPa. 7 2000
Elsevier Science Ltd. All rights reserved.

1. Introduction

There is strong circumstantial evidence indicating
that large ¯uid ¯ux in accretionary prisms can occur
along fault zones, particularly, deÂ collement zones
(Gieskes et al., 1990; Taylor and Leonard, 1990; Knipe
et al., 1986; Moore et al., 1991; Moore and Vrolijk,
1992; BruÈ ckman et al., 1997; Fisher and Zwart, 1997;
Zwart et al., 1997). Hydrogeological simulations of
¯uid ¯ow patterns and ¯uid pressure distribution in
the Barbados and the Oregon prisms suggest that the
permeability along the deÂ collement zone should be
more than three orders of magnitude higher than in
the surrounding sedimentary matrix (Screaton et al.,

1990; Henry and Wang, 1991). Such enhancement of

¯uid permeability in shear zones was observed by Arch

and Maltman (1990) during permeability measure-

ments at ambient conditions on experimentally

deformed sediments. Permeability increases of up to

two orders of magnitude were found in the direction

parallel to the shear zone and were attributed to devel-

opment of preferred alignment of clay fabrics during

deformation. However, the result of Arch and Malt-

man (1990) has been challenged by a number of sub-

sequent shear sliding experiments (Brown and Moore,

1993; Brown et al., 1994; Dewhurst et al., 1996a,b;

Zhang et al., 1999a,b). These experiments unambigu-

ously showed that shear deformation of unlithi®ed

sediments in the compactive deformation regime

results in permeability decreases in the shear zones

relative to the surrounding wall rocks and that per-

meability anisotropy associated with the development
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of preferred shape fabrics of clays is not large enough
to explain channelised ¯uid ¯ow along shear zones.
More recently, Bolton et al. (1998) suggested that
di�erences in the e�ective stress history may explain
the apparent contradiction among existing experimen-
tal results. Their analysis, using `critical state' soil
mechanics and uniaxial compression experiments at
low con®ning pressures �01 MPa), clearly demon-
strated that deformation of `overconsolidated' sedi-
ments enhances permeability. This result may have
profound signi®cance in understanding the dynamic
nature of permeability in active fault zones given that
the amount of unlithi®ed materials and ¯uid pressure
can vary both spatially and temporally.

The experiments of Bolton et al. (1998) were con-
ducted under very low mean e�ective stress conditions
and they simulated near-surface deformation of wet
sediments where porosity is high (>33%) and particu-
late ¯ow is presumably the dominant deformation
mechanism (Knipe, 1986). Clearly, application of this
result to fault zones situated further landward of the
deformation front of accretionary prisms, is critically
dependent on understanding the interactions of stress
with porosity and permeability under high mean e�ec-
tive stresses where porosity is low and cataclastic ¯ow
is predominant. One critical question is whether or not
the evolution of porosity and permeability during
shear deformation under low mean e�ective stress con-
ditions is similar to that at higher mean e�ective stress
conditions.

We have deformed a synthetic mud at mean e�ective
stresses ranging from 15 to 150 MPa. We have
measured permeability both parallel to and across the
experimental fault plane. In the present paper, we will
®rst show how the e�ective stress history in¯uences the
evolution of permeability and permeability anisotropy
during shear deformation. We will then examine the
individual roles of stress path, ¯uid pressure and clay

shape fabrics in the overall evolution of permeability
and permeability anisotropy.

2. Experimental details

A synthetic mud was prepared by mechanically mix-
ing 10 wt.% montmorillonite, 40 wt.% illite, and 50
wt.% silt-sized quartz (Brown and Moore, 1993). A 1-
mm-thick layer of water-presaturated mud paste was
placed in the 458 saw cut between either two per-
meable ceramic blocks (permeability 010ÿ13 m2) or
two impermeable stainless steel blocks with permeable
ceramic slots as ports for ¯uid input and output
(Fig. 1a and b). Fluid permeability parallel to and
across the mud layer was measured with these two spe-
cimen assemblies, respectively. To inhibit sliding along
the piston±mud layer interfaces, regular shallow
grooves 50 mm deep and spaced 500 mm apart, were
produced on the sliding surfaces of the stainless steel
blocks by electron discharge machining (EDM). The
mud layer and the sliding blocks were surrounded by
an inner Te¯on jacket of about 0.25 mm wall thickness
and by an outer annealed copper jacket of about 0.25
mm wall thickness. Tests indicate that, at e�ective
pressures (con®ning pressure minus pore ¯uid pressure)
higher than about 10 MPa, there is no ¯uid ¯ow
between the copper±Te¯on±specimen interfaces.

Isostatic loading and shear deformation experiments
were performed in an argon-gas-medium, triaxial de-
formation apparatus (Paterson, 1990). The argon-con-
®ning medium was separated from water pore ¯uid by
the copper jacket and rubber O-ring seals. During each
experiment, the con®ning pressure was ®rst raised to
about 10 MPa. The pore ¯uid system was then simul-
taneously evacuated from the downstream and
upstream ends of the specimen using a vacuum pump.
Doubly deionized water was then pumped into the

Fig. 1. Specimen assembly for measuring permeability. (a) Fluid ¯ow parallel to the experimental fault; and (b) ¯uid ¯ow across the fault. The

loading piston is about 12.75 mm in diameter and 27 mm long.
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pore spaces from both ends of the specimen. Further
isostatic loading of the specimen was completed by
increasing water pore pressure and con®ning pressure
approximately following hydrostatic and lithostatic
pressure gradients, respectively. Subsequent shear de-
formation of the mud layer was achieved by loading
the specimen assembly uniaxially at a constant displa-
cement rate of 3.4 � 10ÿ4 mm/s, or a shear strain rate
of about 1 � 10ÿ3 sÿ1. The axial load was measured
with an internal load cell to an accuracy of better than
0.1 kN. Calculation of the shear strength of the mud
layer has taken into account the strength of the Te¯on
jacket and annealed copper (Handin and Hager, 1958).
The axial displacement was measured with an external
LVDT and was corrected for the distortion of the spe-
cimen assembly and apparatus.

Changes in porosity within the mud layer during iso-
static loading and shear deformation were determined
by monitoring changes of the mud layer thickness
using the displacement LVDT and by measuring the
volume of ¯uid ¯owing in or out of the specimen at
constant ¯uid pressure using a volumometer (Zhang et
al., 1994). The relative error in measuring porosity by
monitoring the specimen length change is about 8%.
The minimum pore volume change detectable by the
volumometer is about 0.005 mm3, which corresponds
to a porosity change about of 0.003%. The `steady-
state ¯ow' method was used for permeability measure-
ments by applying a constant pressure di�erence
between each end of the mud layer. Permeability was
calculated using Darcy's law. The imposed ¯uid press-
ure di�erences varied from 0.5 to 10 MPa and the
measured water ¯ow rates ranged from 0.1 to 0.00005
mm3/s. During each stage of isostatic loading, ¯uid
¯ow through the mud sample was commenced after
the `time-dependent' porosity changes stabilised.
Further porosity changes during the period of per-
meability measurement are negligible (¯uid ¯ow rate
for permeability measurements � 10 times of the volu-
metric strain rate due to porosity change). During

shear deformation, permeability was measured after
shear sliding was halted and porosity change is negli-
gible. The reproducibility for permeability measure-
ment is within a factor of about 1.2.

Two stress paths were used in deforming the syn-
thetic mud layer (Fig. 2). In both stress paths, the ®rst
stage involves progressive, isostatic loading (consolida-
tion) to 90 MPa e�ective pressure with a con®ning
pressure of 150 MPa and a pore water pressure of 60
MPa. In the ®rst case (Path 1, a±b±d±f1±g1±h), after
the initial compaction, the e�ective pressure was
reduced to 30 MPa by increasing water pore pressure
to 120 MPa. An e�ective pressure of 30 MPa was
maintained during the ®rst 3-mm shear sliding; it was
then decreased to 20 MPa for further shear sliding.
Alternatively, shear deformation commenced at an
e�ective pressure of 90 MPa after the initial compac-
tion (Path 2, a±b±c±e±f2±g2±h). After 2 mm and 4 mm
sliding, the e�ective pressure was reduced to 30 MPa
and 20 MPa, respectively. The two stress paths are
represented as a±b±d±f2±g2±h and a±b±c±e±f1±g1±h,
respectively, in the porosity±log mean e�ective stress
space (Fig. 2b). The mean e�ective stress (sm) is
de®ned as �s1 � 2s3�=3ÿ Pf , where Pf is the pore ¯uid
pressure, s1 and s3 are the maximum and the least
principal stress, respectively. During isostatic consoli-
dation, s1 is equal to s3. Therefore, mean e�ective
stress is equal to e�ective pressure. Along each stress
path, two experiments were conducted during which
permeabilities respectively parallel to the mud layer
and across it were measured as a function of shear dis-
placement.

3. Results

3.1. Mechanical behaviour

The displacement±mean e�ective stress curves are
shown in Fig. 3. Scattering of the data, for example, at

Fig. 2. Two e�ective stress paths used in the present study. Path 1: a±b±d±f1±g1±h, and Path 2: a±b±c±e±f2±g2±h. (a) E�ective pressure as a func-

tion of shear displacement. (b) Porosity vs. log mean e�ective stress (modi®ed from Bolton et al., 1998). NCL and CSL represent Normal Conso-

lidation Line and Critical State Line, respectively.
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displacement of 2.9 mm and 3.6 mm of run 4049, is
caused by the stress relaxation when shear sliding was
halted for permeability measurements. In the two ex-
periments where shear deformation commenced at an
e�ective pressure of 30 MPa (4046, 4047), deformation
is characterised by an early stage of nearly steady-state
sliding followed by a slight strain hardening. Continu-
ous strain hardening occurred in the two runs (4048,
4049) where shear sliding started at 90 MPa e�ective
pressure.

3.2. Evolution of porosity and permeability

3.2.1. Porosity
For ¯uid ¯ow parallel to the fault plane, the evol-

ution of porosity for the two stress paths is shown in
Fig. 4(a) and (b), respectively. For ¯uid ¯ow across
the fault plane, the evolution of porosity for the two
stress paths is shown in Fig. 4(c) and (d), respectively.
Porosity is plotted against mean e�ective stress (sm).
The two stress paths, a±b±d and a±b±c±e±f±g±h, are
de®ned in Fig. 2. Porosity decreases with increasing
mean e�ective stress during isostatic consolidation (a±
b) and shear deformation at an e�ective pressure of 90
MPa (b±c). During deformation at 30 MPa e�ective
pressure, there is a slight decrease in porosity
measured for ¯ow parallel to the fault. However, there
is a slight increase in porosity, when measured for ¯ow
across the fault. Porosity clearly increases during de-
formation at e�ective pressure of 20 MPa (g±h). At
the same mean e�ective stress, porosity is slightly

higher in isostatically consolidated specimens than in
sheared samples.

3.2.2. Permeability
The e�ect of stress path on the evolution of per-

meability is shown in Fig. 5(a) and (b). For specimens
consolidated at 90 MPa e�ective pressure and then
sheared at 90 MPa (Fig. 5a), permeability initially
decreases with shear deformation and permeabilities
parallel to and across the mud layer (fault plane)
become similar. Further displacement at e�ective
pressures of 30 MPa and 20 MPa results in per-
meability enhancement. However permeability aniso-
tropy remains minimal. For specimens where shear
deformation commenced at an e�ective pressure of 30
MPa after an initial consolidation at 90 MPa (Fig. 5b),
permeability mostly increases with increasing shear
sliding and permeability anisotropy of half to one
order of magnitude was maintained throughout shear
deformation.

3.2.3. Porosity±permeability relationship
Over a range of porosity from 25% to about 5%,

log permeability is linearly related to porosity (Fig. 6).
The linear relationship suggests that most pores are
fully connected.

3.2.4. Stress dependency of permeability
In Fig. 7, permeabilities during consolidation and

shear sliding are plotted as a function of mean e�ective
stress. Assuming an exponential relationship between
permeability (k ) and mean e�ective stress (sn): k �
k0 exp �ÿgsn� (Rice, 1992; David et al., 1994), we
obtained a mean stress dependency of permeability (g )
about 0.035 MPaÿ1 for consolidation (isostatic press-
ing). The values of g during pore pressure increase
(decrease in mean e�ective stress) are much lower than
0.035 MPaÿ1 (Fig. 7a and c). The exponential kÿ sn

relationship is also valid for shear deformation at an
e�ective pressure of 90 MPa. In contrast, log per-
meability is non-linearly related to e�ective mean stress
during shear sliding at e�ective pressures of 30 MPa
and 20 MPa.

Fig. 7 also shows that at the same mean e�ective
stress, permeability can vary by up to about one order
of magnitude depending on stress history. The per-
meability in specimens sheared at an e�ective pressure
of 20 MPa can be enhanced by shear deformation to a
level well above that for consolidated material. Com-
bined with the observation that sheared specimens
always have lower porosity than consolidated speci-
mens (Fig. 4), one has to conclude that some intergra-
nular preferential ¯ow pathways must have developed
during shear deformation.

Fig. 3. Mean e�ective stress vs. shear displacement. Those values at

0 shear displacement represent isostatic consolidation. All exper-

iments were conducted at a constant axial displacement rate of 3.4�
10ÿ4 mm/s. Experiment 4046: stress path a±b±d±f1±g1±h, ¯uid ¯ow

parallel to the fault plane. Experiment 4047: stress path a±b±d±f1±

g1±h, ¯uid ¯ow across the fault plane. Experiment 4048: stress path

a±b±c±e±f2±g2±h, ¯uid ¯ow across the fault plane. Experiment 4049:

stress path a±b±c±e±f2±g2±h, ¯uid ¯ow parallel to the fault plane.
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3.2.5. Microstructures
During consolidation, preferred alignments of clay

shape fabric and long axes of any elongate quartz par-
ticles are sub-parallel to the shear plane. Shear defor-
mation at e�ective pressures of both 90 MPa and 30±
20 MPa occurred approximately uniformly across the
whole gouge layer (Fig. 8a). The dominant shear tex-
ture is a foliation intersecting the fault plane at 15±208
to the fault plane. Compared with samples that under-
went consolidation only (Fig. 8b), sheared samples
exhibit a very strong preferred orientation of platy
clay minerals, and some grain size reduction (Fig. 8c).
The microstructures in sheared samples indicate that
cataclastic ¯ow is probably the predominant defor-
mation process.

4. Discussion

The present study shows that shear deformation of
wet sediments at e�ective pressures of 20±30 MPa
leads to permeability enhancement by up to two orders
of magnitude relative to their state of isostatic consoli-
dation at 90 MPa e�ective pressure. Changes in ¯uid
pressure, clay shape fabrics, and shear induced dila-
tancy during deformation along particular e�ective
stress paths are important factors in¯uencing per-
meability evolution in deforming mud.

4.1. E�ect of ¯uid pressure

Via its in¯uence on e�ective stress states, high ¯uid
pressure a�ects ¯uid transport properties through elas-
tic opening/closure of pores and inelastic pore growth/
propagation (Gavrilenko and Gueguen, 1989; Walsh,
1981; Walsh and Brace, 1984). The elastic opening/clo-
sure of intergranular pores and cracks generally leads
to a linear relationship between log permeability and
mean e�ective stress (Walsh, 1981; David et al., 1994).
A non-linear log permeability±mean e�ective stress re-
lationship indicates pore growth. The linear relation-
ship generally holds well in our experiments during
decrease of mean e�ective stress by increasing ¯uid
pressure, suggesting that there is no substantial change
in pore geometry. The mean e�ective stress dependence
of permeability is bounded by an upper value of about
0.035 MPaÿ1, a value that is comparable with those
determined for a range of clay-rich gouges (David et
al., 1994; Morrow et al., 1984; Zhang et al., 1999b).
This mean stress dependency of permeability implies
that the development of `sub-lithostatic' ¯uid pressure
within fault zones itself can hardly lead to permeability
increase larger than about one order of magnitude
(David et al., 1994; Zhang et al., 1999b).

4.2. E�ect of clay shape fabrics

Measurements of permeability both parallel to and
across the fault plane show permeability anisotropy of

Fig. 4. Porosity as a function of mean e�ective stress. Letters of a, b, c, d, e, f, g and h indicate stress paths as in Fig. 2. Note that for exper-

iments 4046 and 4047, there are no porosity measurements during shear deformation. (a) Stress path 1, ¯uid ¯ow parallel to the fault, (b) stress

path 2, ¯uid ¯ow parallel to the fault, (c) stress path 1, ¯uid ¯ow across the fault, and (d) stress path 2, ¯uid ¯ow across the fault.
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half to one order of magnitude during consolidation
up to 90 MPa e�ective pressure and during shear de-
formation commenced at lower e�ective pressures.
This permeability anisotropy is consistent with the pre-
ferred alignment of clay shape fabrics sub-parallel to
the fault plane. The magnitude of permeability aniso-
tropy depends on the tortuosity contrast of ¯uid ¯ow
paths which in turn depends on the orientation of clay
fabric (Arch and Maltman, 1990) and shape geometry
of individual clay ¯akes or aggregates (Zhang et al.,
1999b). For those samples consolidated and sheared at
the same e�ective pressure of 90 MPa initially, per-
meability anisotropy became minimum possibly

because of more signi®cant grain size reduction, thus
reducing the tortuosity contrast of ¯uid ¯ow paths.

The observed permeability anisotropy of half to one
order of magnitude in the present study is consistent
with previous experimental measurements by Brown
and Moore (1993), Dewhurst et al. (1996a,b), and
Zhang et al. (1999a,b). Permeability anisotropy larger
than about 1±1.5 orders of magnitude would require
the development of anisotropic shear textures such as
Y shears or heterogeneous grain size reduction (Faul-
kner and Rutter, 1998; Zhang and Tullis, 1998; Zhang
et al., 1999a).

4.3. E�ect of stress paths

The evolution of porosity and permeability during
deformation of a synthetic mud at high stress con-
ditions is broadly consistent with the concept of `criti-
cal' state soil mechanics (Wood, 1990). There, the state
of deformation is represented in the porosity±log mean
e�ective stress space (Fig. 2b). Deformation of granu-
lar materials tends to reach a steady state, which is
described by the `critical' state line along which strain
accumulates without an associated change in e�ective
stress or volume (Jones and Addis, 1986). If the stress
state of the material is above the critical state line, the
material will compact and permeability will decrease
with deformation; whereas if the stress state is below
it, material will dilate and permeability will increase.

Our deformation experiments at high pressures
demonstrate that when wet sediment is deformed pre-
dominantly by cataclastic ¯ow, and permeability can
be enhanced by shear deformation along the path of
reducing mean e�ective stress. Further, it becomes
clear when comparing permeabilities at the same mean
e�ective stress and similar shear displacements (see
Fig. 5a and b), that permeabilities are similar for speci-

Fig. 6. Relationship between porosity and permeability.

Fig. 5. Permeability evolution during shear deformation along stress

paths of (a) a±b±d±f1±g1±h, and (b) a±b±c±e±f2±g2±h. The e�ective

pressure at each stage of shear sliding is shown as 90 MPa, 30 MPa,

and 20 MPa, respectively.
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mens deformed along the two di�erent stress paths
used in the present study. These results suggest that it
is not signi®cant whether the high ¯uid pressure builds
up during or before shear deformation. However, the
relative timings of ¯uid pressure increase and shear de-
formation have major in¯uence on the development of
permeability anisotropy.

Our experiments also show signs of development of
permeability associated with grain-scale dilatancy
during shear deformation at e�ective pressures less
than several tens of MPa. This is consistent with ex-
periments conducted under `near-lithostatic' ¯uid
pressures. As clearly demonstrated by Arch and Malt-
man (1990), Bolton et al. (1998, 1999) and Stephenson
et al. (1994), development of intergranular dilatancy
and microfractures during deformation of wet sedi-
ment at `near-lithostatic' ¯uid pressure conditions
could lead to dramatic permeability enhancement.
Unfortunately, the technical di�culty for avoiding
short-cut ¯uid ¯ow along sample/jacket interfaces in
our apparatus prevents us from examining the per-
meability evolution during shear deformation at e�ec-
tive pressures lower than 15±20 MPa.

Our results indicate that the dynamic interactions
between the development of high ¯uid pressures and
shear deformation can lead to signi®cant permeability
enhancement in shear zones in mudrock. In particular,
when sheared sediments are subject to low e�ective

pressures, deformation-induced dilatancy could e�ec-
tively focus ¯uid expulsion along shear zones (Bolton
et al., 1999; Brown et al., 1994; Tobin et al., 1994;
Tobin and Moore, 1997). However, our experimental
results indicate that at high e�ective con®ning press-
ures, aseismic shearing can be associated with pro-
gressive decrease in fault permeability, and lead to
shear zones in mudrock becoming aquitards.

These results have implications for the potential
coupling between ¯uid ¯ow and mechanical behaviour
in accretionary prisms, and the extent to which ¯uid
¯ow becomes localised in actively shearing mudrocks.
For example, at high pore ¯uid conditions, active, high
permeability thrust faults will progressively drain ¯uid
reservoirs to which they are connected. If, as a conse-
quence of reservoir draining, ¯uid ¯ow rates and ¯uid
pressures drop, active faults will become progressively
less permeable with increasing shear strain, and evolve
into fault seals. Build-up of ¯uid pressure beneath
them, in response to deeper level ¯uid expulsion, may
ultimately promote dilatancy, shear failure, and
renewed high ¯uid ¯ux immediately beneath sealed
faults. Complex interactions between ¯uid ¯ow rates,
¯uid pressures and slip localisation may therefore be
expected in dewatering accretionary prisms. In fact,
episodic ¯ow may be expected, and in¯uenced by feed-
back between ¯uid pressures, reservoir draining, and
slip rates.

Fig. 7. Permeability as a function of mean e�ective stress. (a) Stress path 1, ¯uid ¯ow parallel to the fault, (b) stress path 2, ¯uid ¯ow parallel to

the fault, (c) stress path 1, ¯uid ¯ow across the fault, and (d) stress path 2, ¯uid ¯ow across the fault. See Fig. 4 for corresponding porosity evol-

ution during consolidation and shear deformation.
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5. Conclusions

Isostatic consolidation and subsequent shear defor-
mation of a synthetic mud, at conditions where cata-
clastic ¯ow is dominant, lead to the following
conclusions:

1. Increases in ¯uid pressure alone in fault zones will
not lead to large permeability enhancement because
of low values of stress dependency of permeability
in consolidated mud.

2. Shear deformation along paths involving progressive
¯uid pressure increase can result in signi®cant per-
meability enhancement. Substantial permeability
enhancement (greater than three orders of magni-
tude) requires deformation to occur at e�ective
pressures less than several tens of MPa.

3. Permeability anisotropy, of about one order of mag-
nitude, develops when ¯uid pressure build-up pre-
cedes shear deformation. Enhanced permeability
anisotropy in shear zones is associated with devel-
opment of anisotropic shear textures.
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