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Abstract

Frequency dependent complex electrical conductivity measurements have been made on sandstones saturated with
distilled water during triaxial deformation in both drained and undrained regimes. The resulting electrical and
mechanical data show how the rock undergoes compaction, followed by dilatancy due to new crack formation, crack
growth, interlinkage and failure as axial strain is increased. Electrical data are particularly good at indicating how early
the formation of new cracks begins, showing that the quasi-linear portion of the stress^strain curve for triaxial
deformation of saturated rocks does not represent truly elastic behaviour, but the combined effects of (i) crack closure
perpendicular to the strain axis and (ii) the formation of tensile cracks parallel to the strain axis. A difference in the
stress^strain behaviour between the drained and undrained samples was also observed, with the undrained samples
developing a pronounced strain-softening phase before failure. The experimental data have also been used to derive the
volumetric porosity, electrical porosity, cementation exponent and electrical tortuosity of the pore/crack network
during deformation. The relative importance of crack closure and dilatation (a) during the progress of deformation and
(b) between crack populations, controls these parameters and the electrical data over a wide range of frequencies.
However, the frequency dependence of the micro-structural parameters and the electrical data was found to be not
affected significantly by the hydrostatic pressurisation or the triaxial deformation. The development of large scale crack
connectivity is observed to be confined to just prior to failure, and is controlled by the loss of cracks perpendicular to
the axis of current flow and deformation. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The transport and mechanical properties of

crustal rocks are inextricably linked. Damage in-
duced by hydrostatic, uniaxial and triaxial load-
ing changes the rock microstructure, and these
changes a¡ect the electrical, hydraulic and me-
chanical properties of the rock (e.g. [1^4]). Tradi-
tionally most e¡ort has been given to understand-
ing the e¡ect of £uid £ow through rocks (e.g.
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[5^7]). However, electrical methods are growing in
importance as a way of investigating the migra-
tion of £uids through crustal rocks [8^15]. This is
because measurements of complex electrical con-
ductivity as a function of frequency are extremely
sensitive to changes in pore and crack volume,
crack connectivity [16^17] and crack surface to-
pography [11,18], making them very useful for
obtaining information about the structure of the
rock under a wide range of environmental condi-
tions.

Examination of previous empirical determina-
tions of £uid £ow and electrical conductivity
shows that although pore and crack networks
vary tremendously in their geometry, rock trans-
port properties seem to depend upon a small
number of parameters [7]. Permeability during
laminar £ow seems to be controlled by a single
length scale, porosity and hydraulic tortuosity
[8^10], while electrical conductivity depends on a
single length scale, porosity and electrical tortuos-
ity [3,16], providing surface conduction is ne-
glected [11].

Single value crack damage parameters have
been used to model the mechanical properties of
rocks [19^23]. These crack damage parameters are
derived either from elastic wave measurements
[21^23], or from acoustic emission (AE) measure-
ments [19,20]. It is rare, however, that transport
properties are used to model the mechanical
evolution of a saturated rock sample during de-
formation [3]. A so-called electrical porosity of a
saturated rock can be derived from electrical con-
ductivity measurements [3,24]. This is not a pure
measure of e¡ective or connected volumetric po-
rosity because it is also sensitive to the orientation
and connectivity of developing and closing cracks.
We have hypothesised, therefore, that it should be
possible to use electrical porosity as a single value
crack damage parameter, which would have the
advantage of being sensitive to the same changes
in the rock microstructure as the mechanical
properties of the deforming rock (crack volume,
orientation and connectivity).

The subject of this paper is the measurement of
the changes in the crack network, porosity, ce-
mentation exponent and electrical tortuosity
undergone by a saturated rock when subjected

to brittle deformation using electrical conductivity
measurements.

2. Samples and experimental procedures

2.1. Sample material

Darley Dale sandstone was used for all experi-
ments. This well indurated granular feldspathic
quartz sandstone (75% quartz, 15% feldspar,
and 10% muscovite and illite) [25] has grain sizes
in the range 0.08^0.8 mm, a medium to high po-
rosity (12^28%), and a high permeability (500^
2000 mD) [20,25]. Measurements were performed
on right cylinders 40 mm in diameter, and ap-
proximately 110 mm in length. Each sample was
saturated with initially pure, vacuum-degassed,
deionised water [26].

2.2. Electrical conductivity measurements

Complex electrical parameter measurements
were made in a two electrode cell (Fig. 1). The
electrodes were made from platinum-blacked plat-
inum gauze [16,17,26]. We used a two electrode
system for our uniaxial tests [16] and these triaxial
deformation experiments because (i) comparative
experiments between blacked or un-blacked, two
or four electrode systems at laboratory tempera-
tures and pressures showed that the use of two
well-blacked platinum electrodes provides data
free of electrode polarisation at frequencies greater
than 20 Hz, and (ii) two electrodes are much easier
to incorporate into a triaxial conductivity cell.

Complex conductivity measurements as a func-
tion of frequency, from 20 Hz to 1 MHz, are
made using a HP4284A impedance bridge con-
trolled by computer. Software has been written
that allows the computer to make lead and vessel
capacitance corrections to the data, convert the
initial physical measurements into speci¢c mea-
surements, and to log the data. A second correc-
tion was subsequently applied to allow for the
fact that the geometrical scaling constant em-
ployed to convert the physical measurement to
the speci¢c measurement changes as the sample
is deformed.
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All samples were placed in the cell and sleeved
with transparent heat shrinkable polyole¢n. The
cell was placed in a breech loading 400 MPa pres-
sure vessel and 1.5 MN load frame assembly. The
whole arrangement is designed in such a way that
an experimental charge (Fig. 1) can be con-
structed upon the bottom end closure, which is
slid under the pressure vessel, and the pressure
vessel lowered upon it using hydraulic jacks.
Both the bottom end closure and the internal
bore of the vessel have breech locking threads
so that the vessel can be lowered fully over the
end closure. A twist of the vessel through 60 de-
grees then seals the charge inside the vessel, and
con¢ning pressure oil can be introduced. The
cross-head of the load-frame is then locked, and
the load cell brought into contact with a £oating
balanced ram that penetrates the top closure of
the vessel. All subsequent movement of the ram is

servo-controlled with a high precision analogue
feedback system. Initially a hydrostatic con¢ning
pressure of either 25 or 50 MPa was applied in
stages, while monitoring changes in the conduc-
tivity. Triaxial deformation was then started at a
constant strain rate (1.66U1036 s31 for all sam-
ples) until failure occurred, while conductivity
continued to be monitored.

Both drained and undrained tests were carried
out. In the undrained tests, pore £uids were not
allowed to drain freely during deformation, and
the pore pressure was not monitored. In the
drained tests, the pore £uid was allowed to drain
freely to atmospheric pressure through electrically
insulated pipework, where it was collected in an
electrically isolated glass measuring cylinder ar-
ranged on an electronic balance in such a way
that the mass of expelled/imbibed £uid could be
measured. We assumed the £uid density to be
constant and equal to that of the £uid used to
saturate the rock.

A drained hydrostatic con¢ning pressure test
was also carried out up to 250 MPa using the
triaxial equipment. This is a simple experiment
to carry out because the triaxial pressure vessel
and load-frame are equipped with a balanced
ram that ensures that the sample is in hydrostatic
conditions when no deviatoric stress is applied
from the load frame.

2.3. Derivation of microstructural parameters

Various microstructural parameters can be in-
ferred from the electrical and pore £uid measure-
ments made in this work. For the drained hydro-
static and triaxial deformation experiments, the
following parameters were derived.

1. The porosity of the sample during hydrostatic
pressurisation and during triaxial deformation
was calculated using the change in mass of the
expelled/imbibed £uids together with knowl-
edge of the initial porosity of the sample. We
call this the volumetric porosity henceforth. It
is given by:

�P ij�V � P oo � �Moo3Mij�
Vij b f

�1�

Fig. 1. The two electrode triaxial cell used for triaxial defor-
mation experiments.
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where, (Pij)V is the volumetric porosity at any
given hydrostatic pressure i and degree of tri-
axial deformation j, Poo is the initial porosity
of the sample before loading into the pressure
vessel, Moo is the initial mass reading on the
balance before the experiment, Mij is the mass
reading on the balance at a given hydrostatic
pressure i and degree of deformation j, bf is the
density of the pore £uid, which is assumed to
be constant during the experiment (i.e., con-
stant temperature and incompressible pore
£uid in the active £uid pressure range), and
Vij is the bulk volume of the sample at a given
hydrostatic pressure i and degree of deforma-
tion j (i.e., corrected for strain).

2. The porosity of the sample during hydrostatic
pressurisation and during triaxial deformation
was also calculated using a form of Archie's
law (cr =cf Pm) together with the £uid conduc-
tivity at 1 kHz (cf ) and the rock conductivity
at 1 kHz (cr). It is also necessary to assume
that the cementation exponent mij at a raised
hydrostatic pressure and degree of deformation
remains constant. In this work we have taken
it to be equal to that measurable on the sample
before the experiment under bench-top condi-
tions (moo). We call this the electrical porosity
henceforth. It is given by:

log �P ij�E � log c r;ij3log c f

moo

� �
�2�

where, (Pij)E is the electrical porosity at any
given hydrostatic pressure i and degree of tri-
axial deformation j, cr;ij is the electrical con-
ductivity of the sample at a given hydrostatic
pressure i and degree of deformation j, and cf

is the electrical conductivity of the pore £uid,
which is assumed to be constant during any
given experimental run (i.e., temperature is
constant and there is no signi¢cant dependence
of pore £uid conductivity on £uid pressure).
The constant value moo can be calculated using
the e¡ective rock conductivity, pore £uid con-
ductivity, and the rock porosity before the ex-
periment at bench-top conditions using Eq. 3
below.

3. The cementation exponent mij of the sample
during hydrostatic pressurisation and during
triaxial deformation was calculated using Ar-
chie's law, the £uid and rock conductivities at
1 kHz, and the calculated volumetric porosity.
It is given by

mij � log c r;ij3log c f

log �P ij�V

� �
�3�

where all parameters are de¢ned previously,
and (Pij)V is obtained from Eq. 1.

4. The electrical tortuosity Kij of the sample
is a parameter that describes the complexity
of the electrical £ow through the rock. The
reciprocal of tortuosity is the connectivity
Qij. The electrical tortuosity was calculated us-
ing

K ij � 1
Q ij
� �P ij��13mij�

V �4�

where, the cementation exponent mij is ob-
tained according to Eq. 3, and (Pij)V is ob-
tained from Eq. 1.

The assumptions that (i) temperature is con-
stant, (ii) the pore £uid is incompressible, and
(iii) the pore £uid conductivity does not change
as a function of £uid pressure, are all valid in this
work as the temperature was 22 þ 2³C, and the
pore £uid pressure in the drained runs (where
the assumptions apply) was atmospheric.

For the undrained test, it was not possible to
calculate these parameters, as (i) a volumetric po-
rosity was not available, and (ii) the assumption
that the conductivity of the pore £uid does not
vary with £uid pressure is not valid.

It is important to make the distinction between
the electrical porosity and the volumetric porosity
because they measure di¡erent physical porosities.
The volumetric porosity represents the hydrauli-
cally connected porosity available for drainage/
imbibition. By comparison, the electrical porosity
represents the electrically connected porosity and
is implicitly weighted to favour cracks that align
axially.
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3. Results and discussion

3.1. Hydrostatic measurements

Fig. 2 shows the evolution of complex resistiv-
ity as a function of frequency and con¢ning pres-
sure for sample TRY3. Both in-phase and out-of-
phase components of resistivity increase in ap-
proximately the same proportion so the semi-cir-

cular curve in the Argand diagram (Fig. 2a) ex-
pands but retains its shape. This implies that the
application of a hydrostatic con¢ning pressure
changes the absolute magnitude of the complex
resistivity of the saturated rock sample, but does
not a¡ect signi¢cantly its frequency dependence.
For frequencies less than approximately 10 kHz
the response of the in-phase resistivity is £at (Fig.
2b), and the out-of-phase resistivity has very low
values (Fig. 2c), indicating that electrode polar-
isation is negligible and conduction through the
rock is almost ohmic. At higher frequencies Fig.
2c clearly shows the electrical dispersion that has
been related to non-linear behaviour in the pro-
cesses of surface conduction [11,15^17]. The out-
of-phase dispersion peak occurs at about 600
kHz, and represents non-linearity in surface con-
duction at periods around 1.67 Ws, which is rela-
tively insensitive to changes in applied hydrostatic
pressure.

The proportionality between the in-phase and
out-of-phase components of electrical resistivity
can be discerned most easily by taking one fre-
quency such as 1 kHz, as shown in Fig. 3a. The
increase in both the in-phase and out-of-phase
electrical resistivity per unit increase in con¢ning
pressure becomes less as con¢ning pressure in-
creases. This can be attributed to two processes:
(i) Thin cracks close easily under the in£uence of
low con¢ning pressures, leading to a large change
in pore and crack volume for each unit increase of
con¢ning pressure. At progressively higher pres-
sures only pores with more equant geometries re-
main, and they lose their volume much more
grudgingly per unit increase in con¢ning pressure.
(ii) The change in electrical conductivity due to
loss of a unit volume of a thin crack is much
greater than that due to the loss of the same vol-
ume of a pore because the thin crack is likely to
contribute more to the connectivity of the pore
and crack network.

As this is a drained experiment, we can derive
various micro-structural parameters from the elec-
trical data using Archie's law [10], as discussed in
Section 2.3, above. Fig. 3b shows the volumetric
porosity calculated using Eq. 1 and the cementa-
tion exponent calculated using Eq. 3. It is clear
that the cementation exponent varies by a small

Fig. 2. Complex resistivity as a function of frequency and ef-
fective pressure during hydrostatic pressurisation of sample
TRY3 in fully drained conditions. (a) Argand resistivity dia-
gram. (b) In-phase electrical resistivity. (c) Out-of-phase elec-
trical resistivity.
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but signi¢cant amount during hydrostatic pressur-
isation, increasing in value as a result of the pro-
gressive loss of thin cracks within the rock sam-
ple. Fig. 3c shows the electrical tortuosity

calculated using Eq. 4. The steady increase in elec-
trical tortuosity is also the result of the progres-
sive closure of thin cracks, which reduces the
overall crack connectivity.

Fig. 3. The electrical and microstructural evolution of sample TRY3 in drained conditions when subjected to hydrostatic pres-
sure. (a) Complex resistivity at 1 kHz. (b) Volumetric porosity and cementation exponent. (c) Electrical tortuosity. (d) Electrical
porosity. (e) Crossplot of electrical porosity versus volumetric porosity.
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The electrical porosity can only be calculated
from the raw data using Eq. 2 by assuming a
cementation exponent value. The most reasonable
experimental cementation exponent to take is the
one that can be calculated using Eq. 3 from elec-
trical and porosity measurements on the sample
before the experiment has begun. If this is done
for TRY3 (moo = 1.85), the derived electrical po-
rosity has a very similar shape to the volumetric
porosity (cf., Fig. 3b,d). The electrical porosity
has been cross-plotted against the volumetric po-
rosity in Fig. 3e, which shows that the porosities
for zero e¡ective con¢ning pressure lie on the 1:1
line. This is because the electrical porosity is cal-
culated using the cementation exponent derived
from data taken at zero e¡ective con¢ning pres-
sure, which incorporates the initial volumetric po-
rosity of the sample. The cross-plot trends away
from the 1:1 line as pressure is increased due to
changes in mij , but only by a small amount
(vPij = (Pij)V3(Pij)E 6 0.015, i.e., V10%). We infer
from this that, in the absence of an ability to
obtain a volumetric porosity (e.g., for undrained
samples) the electrical porosity is a reasonable
alternative method of deriving the rock porosity
during hydrostatic pressurisation. Since it is ex-
pected that the cementation exponent mij will in-
crease slightly during pressurisation, the electrical
porosity derived in this way will slightly under-
estimate the volumetric porosity of the rock.

Each of the triaxial deformation experiments
described below were preceded by increasing the
con¢ning pressure in stages until the con¢ning
pressure at which the deformation was to be car-
ried out was attained. In each case the full elec-
trical parameter set was obtained, resulting in
data very similar to Figs. 2 and 3, but up to lower
ultimate con¢ning pressures.

Table 1
Test information

Sample Regime Con¢ning pressure Peak axial stress Axial strain
at peak stress

Axial stress
at failure

Axial strain
at failure

(MPa) (MPa) (%) (MPa) (%)

TRY1 Triaxial, undrained 50 141.7 1.74 103.2 2.08
TRY2 Triaxial, undrained 25 111.8 1.51 95.6 1.68
TRY3 Hydrostatic 0^355 ^ ^ ^ ^
TRY4 Triaxial, drained 50 203.5 1.73 185.3 1.89

Fig. 4. Complex resistivity at 1 kHz and applied axial stress
as a function of axial strain during triaxial deformation for
samples of water-saturated Darley Dale sandstone. (a) TRY1
with con¢ning pressure, Pc = 50 MPa, undrained, (b) TRY2
with Pc = 25 MPa, undrained, (c) TRY4 with Pc = 50 MPa,
drained.
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3.2. Triaxial deformation measurements

Fig. 4 shows the variation of the complex resis-
tivity at 1 kHz and stress^strain curves for three
samples of Darley Dale sandstone in both drained
and undrained regimes (Table 1). All samples
failed along a single well de¢ned diagonal plane.
Comparison of the stress^strain curves clearly
shows a well developed strain-softening phase in
both of the undrained samples (Fig. 4a,b) that is
missing in the drained sample (Fig. 4c). The sti¡-
ening e¡ect of the increased con¢ning pressure in
TRY1 (Fig. 4a) compared with TRY2 (Fig. 4b) is
also clear. The in-phase and out-of-phase resistiv-
ity of the two undrained samples are very similar
(Fig. 4a,b), but di¡er markedly from the drained
sample (Fig. 4c), which undergoes a greater in-
crease in resistivity. We attribute this to the e¡ect
of £uid propping in the undrained samples. In the
undrained samples £uid cannot £ow out of the
cracks and must be compressed in order for the
crack to close. By comparison, the £uid occupying
cracks in the drained samples are freely expelled
when pressure is applied, leading to greater clo-
sure, and hence greater increases in the electrical
resistivity.

The variation of the complex electrical behav-
iour at 1 kHz during deformation has the follow-
ing generic behaviour. In the low axial strain re-
gion the primary process operating in the rock is
compaction of pores and cracks. Pores and cracks
that are most sensitive to closure are (i) thin, and
(ii) have orientations perpendicular to the direc-
tion of principal stress. The relatively low levels of
con¢ning pressure used in these tests result in the
direction of principal stress being almost axial for
the majority of the deformation. The dominating
process at low strains is hence the closure of
cracks perpendicular to the direction of this sub-
axial principal stress. Closure of these cracks has
little e¡ect on the saturated rock electrical con-
ductivity because they are perpendicular to the
direction of current £ow, and their loss provides
only a small increase in the tortuosity of the cur-
rent £ow paths. The resulting e¡ect is a small
increase in the saturated rock electrical resistivity
as cracks perpendicular to the direction of current
£ow close.

New cracks begin to grow at some value of
axial strain in the low strain region. These cracks
are aligned in a direction preferentially parallel to
the direction of principal stress, and have a large
e¡ect on the rock conductivity for two reasons.
First, because, at such low values of con¢ning
pressure, they are formed roughly in the same
direction as the current £ow, and second, because
their small angle to the axis makes it more likely
for cracks to inter-link, increasing the electrical
connectivity. The peak in the resistivity curve rep-
resents the strain at which the e¡ect on rock re-
sistivity due to crack closure is exactly equaled by
the e¡ect of new crack formation. It is interesting
to note that the peak occurs well inside the quasi-
elastic region of the stress^strain curve, demon-
strating that it is na|«ve to think of the linear por-
tion of the stress-strain curve as representing elas-
tic behaviour. Rather it is the outcome of two
competing mechanisms; (i) the closure of a crack
population aligned perpendicularly to the axis of
deformation, and (ii) the growth and propagation
of a population of cracks aligned parallel to the
axis of the deforming sample.

For greater axial strains, the e¡ect of new
cracks upon the electrical properties of the satu-
rated rocks begins to dominate. This is due to
three related contemporaneous processes. First,
the tendency for the resistivity to increase due to
closure and loss of cracks oriented perpendicular
to the sample axis is becoming less as more and
more of these cracks cease to be electrically pat-
ent. Second, the tendency for the resistivity to
decrease due to the formation and dilatancy of
cracks parallel to the sample axis is growing.
Third, the electrical e¡ect of the loss of a unit
volume of crack porosity oriented perpendicular
to the sample axis is much less than the e¡ect of
the formation of a unit volume of crack porosity
parallel to the sample axis, because this is the
direction in which gross current £ow is occurring
within the rock.

At ¢rst, the decrease in electrical resistivity is
gradual, de¢ning a broad peak in the electrical
resistivity. Soon, however, the resistivity decreases
sharply due to the combined e¡ect of cracks
growing in the same general direction as the cur-
rent £ow, and an ever increasing connectivity as
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cracks inter-link. As axial strain increases further,
cracks continue to form and propagate, also lead-
ing to a decrease in the stress increment needed to
cause axial deformation at a given rate. Eventu-
ally crack linking becomes commonplace, dramat-
ically reducing the electrical tortuosity of current

£ow, and hence reducing resistivity, which contin-
ues until failure.

Dynamic rock failure occurs by fracture local-
isation when su¤cient cracks coalesce along a
plane intersecting the sample. (In our experiments
failures took the classic form of one diagonal

Fig. 5. Complex resistivity as a function of frequency and axial strain during triaxial deformation for samples of water saturated
Darley Dale sandstone TRY1 (a,c,e) and TRY2 (b,d,f) in undrained conditions. (a,b) Argand resistivity diagrams. (c,d) In-phase
electrical resistivities. (e,f) Out-of-phase electrical resistivities.
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fracture.) Finally, at failure the stress drops to a
lower level representing that needed to cause de-
formation by frictional shearing along the frac-
tures. There is an apparent discontinuity in the
electrical resistivity at this point, which results
from the failure of the geometric constant when
the sample can no longer be considered cylindri-
cal. It is important to note that there is no large
decrease in resistivity at failure. This might have
been expected, and explained as a result of the
formation of one or a few major £uid saturated
fractures with large conductivities. Indeed we ex-
pect this to be the case for experiments on low
porosity saturated crystalline rock samples. It
does not occur here because the conduction
through the pore structure of the rock (between
developing major cracks) remains high through-
out the deformation due to the highly porous na-
ture of Darley Dale sandstone.

The frequency dependence of the electrical
properties of samples TRY1 and TRY2 is shown
in Fig. 5. The conduction in the rock is almost
ohmic from 20 Hz up to approximately 20 kHz
in both cases, evidenced by the approximately
constant in-phase resistivity and the low levels
of the out-of-phase resistivity. However the small
non-zero gradient of the in-phase resistivity, and
the non-zero out-of-phase resistivity in the fre-
quency range indicates that some dispersion is
present, which results from the natural electrical
tortuosity of the pore and crack network. At
frequencies greater than 20 kHz there is a pro-
nounced dispersion centering on 300 kHz and
500 kHz for TRY1 and TRY2, respectively,
which is associated with charge transfer processes
operating at characteristic timescales of 3.3 and
2.0 Ws, respectively.

Both the in-phase and the out-of-phase resistiv-
ity change in approximately the same proportion
during deformation across the whole frequency
range. At low strains both the in-phase and the
out-of-phase resistivity undergo small increases
associated with the closure of cracks perpendicu-
lar to the deformation axis. At large strains, when
new crack formation is the dominant process
within the rock, both the in-phase and the out-
of-phase resistivity decrease strongly until failure,
whereupon they remain approximately constant.

This is the same behaviour as for the particular
case at 1 kHz, but extended across the whole
frequency range, and implies that triaxial de-
formation does not a¡ect signi¢cantly the fre-
quency dependence of the complex rock conduc-
tivity.

3.3. Porosity, cementation exponent and electrical
tortuosity

Both the volumetric and electrical porosities of
sample TRY4 were obtained during deformation.

Fig. 6. The microstructural evolution of sample TRY4 in
drained conditions when subjected to triaxial deformation.
(a) In-phase electrical resistivity, electrical porosity, volumet-
ric porosity and applied axial stress as a function of axial
strain. (b) Cementation exponent and electrical tortuosity as
a function of axial strain. (c) Crossplot of electrical porosity
versus volumetric porosity.
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Fig. 6a shows the variation in the volumetric po-
rosity (calculated using Eq. 1) and the electrical
porosity of sample TRY4 as the deformation pro-
gressed. The calculation of the electrical porosity
used a value of moo = 1.90, which was the cemen-
tation exponent calculated from Eq. 3 using elec-
trical and porosity measurements made at bench-
top conditions just prior to the experimental run.
At low strains the porosities decrease as cracks
perpendicular to the axis are closed. At higher
strains the porosities increase due to the forma-
tion of new cracks and the propagation of existing
cracks oriented parallel to the axis. After failure
there is no macroscopic change in the porosity of
the sample using either method.

It is clear that the two porosity determinations
have a very similar shape (Fig. 6a). The electrical
porosity underestimates the volumetric porosity
by a small amount (vPij = (Pij)V3(Pij)E 6 0.006,
i.e., V4%), which arises from the variation in
the cementation exponent during the initial appli-
cation of the 50 MPa con¢ning pressure. The elec-
trical and volumetric porosities have been cross-
plotted in Fig. 6c, which shows a hooked line, the
linear portion of which has an adjusted coe¤cient
of determination R2

a = 0.982 and a gradient of
1.83. The non-unity gradient is the result of using
moo to represent mij throughout the deformation,
but may also arise partly from di¡erences in the
electrical connectivity and the hydraulic (drain-
age) connectivity of the sample. However, the
small di¡erences between the electrical porosity
and its volumetric counterpart, combined with
the clear correlation, suggests that electrical po-
rosity is a good approximation to the volumetric
porosity if the volumetric porosity cannot be cal-
culated directly.

The value of the cementation exponent was also
calculated using Eq. 3 during the deformation of
sample TRY4 (Fig. 6b). When the sample was
subjected to low axial stresses, the cementation
exponent increased. This is consistent with our
previous interpretations, and represents the con-
tinuing closure of thin cracks aligned perpendicu-
lar to the direction of principal stress. The in-
crease in the value of the cementation exponent
continues while the electrical resistivity increases,
as expected, and reaches a peak at a value of axial

strain between that at which the resistivity reaches
its peak value and that at which the peak stress
occurs. This is the value of axial strain where the
change in the cementation exponent due to clo-
sure of cracks arranged perpendicular to the di-
rection of stress and conductivity measurement is
the same as that due to the formation of new
cracks oriented sub-parallel to the axis of defor-
mation and conductivity measurement. Subse-
quently, the cementation exponent decreases due
to the proliferation of new cracks forming and
propagating sub-parallel to the axis of deforma-
tion, until the value becomes constant after failure
when the rock matrix is subjected to a lower value
of axial deviatoric stress, which is controlled by
the load that is necessary to cause the fault plane
to shear at the constant set strain rate.

Fig. 6b shows the variation of electrical tor-
tuosity, calculated using Eq. 4, as a function of
axial strain for sample TRY4. The electrical tor-
tuosity rises at low axial strains due to the com-
pactive loss of paths for electrical transport. As
axial strain increases, new cracks begin to form,
and their e¡ect is to reduce the overall electrical
tortuosity of the network. The electrical tortuosity
curve reaches a maximum when the e¡ect of the
compacting cracks and the growing cracks on
electrical tortuosity balance each other. Subse-
quently the electrical tortuosity decreases substan-
tially as the new cracking becomes dominant, and
crack inter-linking occurs just prior to failure, as
previously noted. The most substantial decline in

Fig. 7. Comparison of how major micro-structural parame-
ters change during triaxial deformation for sample TRY4
in drained conditions. All data normalised to lie between
0 and 1.
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electrical tortuosity occurs between peak stress
and failure. After failure the electrical tortuosity
remains constant.

We have taken a range of parameters that were
either measured during deformation of sample
TRY4 or calculated from those measurements.
These parameters have been normalised between
their lowest and highest values to aid comparison
between them (Fig. 7). Referring to Fig. 7; the
¢rst curve to peak is that of the inverse volumetric
porosity, at 0.75% axial strain. Thus below 0.75%
strain net loss of volumetric porosity occurs in the
sample; and subsequently there is a net gain in
volumetric porosity due to the dominance of new
crack formation over compaction. The electrical
resistivity, however, continues to rise after 0.75%
axial strain is reached because it depends both on
the inverse porosity and the electrical tortuosity of
the rock sample, and the continued increasing
electrical tortuosity exerts stronger control over
the electrical resistivity in this region. The electri-
cal resistivity peaks (1.2% axial strain) before the
electrical tortuosity (1.5% axial strain). The posi-
tion of the peak electrical resistivity is de¢ned by
both the inverse porosity (representing the way
that the rock resistivity depends upon the volume
of the conducting £uid within the rock), and the
electrical tortuosity (representing the way that
conducting £uid volume is geometrically arranged
within the rock). It is instructive to compare the
behaviours of the inverse porosity and the electri-
cal tortuosity curves. It is plain from the inverse
porosity curve that new crack formation begins
before 0.75% axial strain, and begins to have a
dominant e¡ect on the electrical resistivity at
1.2% axial strain, but only begins to control the
electrical tortuosity at 1.5% axial strain. Thus be-
tween the axial strains of 0.75% and 1.5% new
crack growth occurs, but in such a way that it
does not increase the connectivity of the pore
and crack network greatly. We infer from this
that the progressive closure of cracks perpendicu-
lar to the axis limits the extent to which newly
formed and propagating cracks in the axial direc-
tion can inter-connect. This delays the occurrence
of gross inter-linkage of cracks until late in the
deformation, when the development of new cracks

parallel to the axis has become su¤ciently large to
inter-connect without the aid of bridging cracks
perpendicular to them. Thus, the development of
a crack matrix with a low electrical tortuosity
(i.e., high connectivity) is con¢ned to axial strains
just prior to failure.

4. Conclusions

Measurement of the complex electrical param-
eters of saturated rocks provides information con-
cerning the closure, formation and growth of
cracks during triaxial deformation. Electrical pa-
rameters are particularly sensitive to the orienta-
tion of the cracks that are closing, opening or
propagating. The major conclusions of this paper
are as follows.

1. The onset of new crack formation occurs well
inside the quasi-linear part of the stress^strain
curve.

2. The quasi-linear portion of the stress^strain
curve is the result of competition between clo-
sure of one population of cracks oriented per-
pendicular to the axis, and growth of new and
propagation of existing cracks parallel to the
axis, rather than true elastic behaviour.

3. The relative importance of crack closure and
dilatation during deformation, and between
crack populations controls the observed volu-
metric porosity, electrical porosity, cementa-
tion exponent, electrical tortuosity, and the re-
sulting electrical data over a wide range of
frequencies.

4. The development of large scale connectivity
(indicated by large drops in electrical tortuos-
ity) is observed to be con¢ned to just prior to
failure, because of the loss of cracks perpendic-
ular to the axis of current £ow and deforma-
tion.

5. The frequency dependence of the complex elec-
trical conductivity of these moderate porosity,
high permeability sedimentary rock samples
was found to be not a¡ected signi¢cantly by
the process of hydrostatic pressurisation and
triaxial deformation.
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