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Simultaneous electrical resistivity and elastic =

wave velocity measurements during triaxial
deformation of granite under brine-saturated
conditions
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Abstract

We report the first experiments, where simultaneous electrical resistivity and elastic wave velocity measurements are
acquired during the triaxial deformation of granite under brine-saturated conditions. Both the resistivity and elastic
wave velocity increase slightly during the early stage of deformation owing to crack closure, and then decrease sys-
tematically owing to crack development as the sample approaches failure. We observe a complex relationship among
the resistivity, elastic wave velocity, and porosity during deformation that is likely attributed to their different sensitivi-
ties to crack orientation, tortuosity, and connectivity. The electrical resistivity changes tend to decline as the sample
approaches failure owing to the nearly complete crack connectivity, whereas the elastic wave velocities continue to
decrease. These characteristic changes in resistivity and velocity at the discrete stages of deformation may provide

a clue to understanding structural changes in crystalline basements that are related to crack development and fluid
infiltration.
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Introduction

The electrical resistivity and elastic wave velocity of
rocks are sensitive to the presence of both cracks and
fluids, such that these physical properties are frequently
used to investigate structural changes in the crust (e.g.,
Scholz et al. 1973; Nimiya et al. 2017; Minami et al.
2018). Laboratory experiments can monitor microcrack
formation due to brittle deformation based on changes
in electrical resistivity (e.g., Brace and Orange 1968;
Tomecka-Suchon and Rummel 1992; Glover et al. 2000)
and elastic wave velocity (e.g., Hadley 1975; Lockner
et al. 1977; Schubnel et al. 2003; Fortin et al. 2011).
However, simultaneous electrical resistivity and elastic
wave velocity measurements are rarely obtained during
the triaxial deformation of crystalline rocks. Although
both of these properties are sensitive to crack closure
and development, they exhibit different sensitivities to
cracks. The electrical resistivity is controlled mainly
by fluid channels, such that it is highly dependent on
the connectivity and networking of fluid-filled cracks,
whereas the elastic wave velocities are mainly affected
by the number and size of cracks (i.e., crack density) as
the elastic waves pass through the rock (e.g., Guéguen
and Palciauskas 1994; Paterson and Wong 2005). Pio-
neer work by Watanabe and Higuchi (2015) has meas-
ured both the resistivity and velocity of granite during
hydrostatic compression, and they demonstrated that
a close correlation exsists between these properties;
however, the crack orientation is nearly random in their

hydrostatic experiments, whereas anisotropic crack
development is expected during triaxial deformation.

We have systematically measured the elastic wave
velocities (compressional and shear wave velocities; V,
and Vg, respectively) during the triaxial deformation of
various rocks under dry and fluid-saturated conditions in
the laboratory (e.g.Zaima and Katayama 2018; Akamatsu
et al. 2021). In this study, we have further improved the
experimental system to successfully conduct simul-
taneous electrical resistivity and elastic wave velocity
measurements during triaxial deformation under brine-
saturated conditions (Fig. 1). Furthermore, the sample
porosity can be inferred from the change in fluid vol-
ume of the reservoir, which is simultaneously monitored
during the experiments. Here, we employ these data to
discuss the relationship among the electrical resistiv-
ity, elastic wave velocities, and porosity with respect
to crack closure and development during the deforma-
tion of granitic rock, and their application to geological
phenomena.

Experimental methods

Laboratory experiments were conducted on Aji granite
(Kagawa, Japan), which is mainly composed of quartz,
plagioclase, potassium-feldspar, and biotite, with a mean
grain size of 0.5 mm. The samples were characterized
by a low initial porosity (~0.8%) and negligible anisot-
ropy. Cylindrical samples of 20 mm diameter and 40 mm
length were prepared, with the ends of the cylinders
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Fig. 1 Schematic diagram showing the experimental apparatus and simultaneous measurement system for electrical resistivity, elastic wave
velocity, and porosity. Sample is sandwiched by two electrodes, which are electrically isolated by the alumina insulator, and piezoelectric

transducers are directly attached to the sample

ground flat and parallel to each other. All of the samples
were dried in a vacuum oven at 100 °C for>24 h before
the experiments.

Triaxial deformation experiments were performed
using the intra-vessel deformation and fluid-flow appa-
ratus at Hiroshima University, Japan (e.g., Zaima and
Katayama 2018; Akamatsu et al. 2021). Each sample was
saturated with brine (0.5 mol/L NaCl solution, 0.24 Qm)
for>24 h after installing the assembly into the pressure
vessel until the fluid volume in the reservoir and the
electrical resistivity of the sample became both station-
ary. The axial piston was then advanced at a constant
displacement rate of 0.0015 mm/min (strain rate of
6 x 1077 s7!) at a given confining pressure, which ranged

Table 1 Experimental samples and conditions

system to compensate for the advanced piston volume
into the pressure vessel. The pore pressure was kept con-
stant using a syringe pump (Pp=10 MPa), and the fluid
volume was monitored to calculate the porosity changes
due to crack closure and development during deforma-
tion. The detailed experimental conditions are shown in
Table 1.

The elastic wave velocities were determined via the
pulse transmission method, whereby the travel times of
the elastic wave through the sample were measured using
a piezoelectric transducer with a resonant frequency of
2 MHz. The transducers were attached directly to the
sample surface to make the propagation direction normal
to the vertical compression axis, and the shear-wave was

Run number Density (g/cm3) Porosity (%) Confining pressure Pore pressure Strain rate (s~') Maximum
(MPa) (MPa) stress
(MPa)
IVA1684 2.65 0.63 20 10 6x 1077 285
IVA1687 2.64 0.81 20 10 3x 107/ 322
IVA1690 2.65 0.70 30 10 6x 1077 284
IVA1693 2.64 0.80 40 10 6x 1077 295

from 20 to 40 MPa. A constant confining pressure was
maintained during deformation using a servo-controlled

polarized in the horizontal plane (see Zaima and Katay-
ama (2018) for further detail). The electrical resistivity
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was determined via a two-electrode method, whereby the
sample was sandwiched between two stainless electrodes
in the direction parallel to the compression axis. The
direction of the resistivity measurements was different
to those of the elastic wave velocities; however, the direc-
tions of both measurements were sensitive to the vertical
cracks, aligned parallel to the compressional axis, which
yield a relatively short effective channel length. The sam-
ple impedances were measured at the frequency from
20 Hz to 1 MHz using an impedance analyzer (Keysight
Technologies E4990A). Figure 2 shows the impedance
spectra and Cole—Cole plots of a series of deformation
experiment (IVA1684). The Cole—Cole plots yielded a
single arc, indicating a dominant role of pore fluid, with
a slight distortion at low frequencies most likely due to
the inductance effects. The impedance spectra were well-
reproduced by the RCL circuits with a parallel connec-
tion of the resistance, capacitance, and inductance, but
the slight deviation indicates a more complex electrical
conduction path operated in our experimental system
(Additional file 1: Fig. S1). Therefore, we used the 1 kHz
data to estimate the sample resistivity, where the spectra
exhibited a plateau impedance value with a small phase
shift. The experiments were conducted at room tem-
perature, and we applied a temperature correction to the
resistivity using a correction factor of 0.02/ °C that was
normalized to 20 °C (Revil et al. 1998). We recorded the
elastic wave velocities (V}, and V) and electrical resistiv-
ity at each 0.012 mm displacement step. Although a short
time gap existed between the elastic wave velocity and
impedance measurements (~30 s), the difference was
almost negligible because of the relatively slow strain rate
during our experiments.

Electrical resistivity and elastic wave velocity changes
during deformation

The stress—displacement (strain) curves of the granite
samples during triaxial deformation are shown in Fig. 3a,
and the results are summarized in Table 2. The maxi-
mum stress achieved during deformation varies from
303 to 486 MPa, with the samples deformed at high con-
fining pressure yielding a higher differential stress. The
stress dropped abruptly after the peak stress when the
rock specimen began to fail in our constant loading-rate
experiments, such that no electrical resistivity and elastic
wave velocity measurements were made during the post-
failure stage.

The electrical resistivity changes during deformation
are shown in Fig. 3b, whereby the resistivity is nor-
malized to the initial value prior to deformation. The
resistivity tends to increase during the initial loading
stage, and then decreases systematically until failure
occurs. This transition from an increase to a decrease
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in resistivity occurs at approximately 40% of the maxi-
mum stress for each sample and largely coincides with
the increase of porosity (Fig. 4), which agrees with
the onset of dilatancy identified using strain measure-
ments during triaxial deformation of the same material
(Sawayama and Katayama 2016). A similar concave-
down evolution of the electrical resistivity during the
deformation of granite has been reported in previ-
ous experiments (Brace and Orange 1968; Tomecka-
Suchon and Rummel 1992), even though different
strain rates, confining pressures, and pore fluid pres-
sures were employed. At higher effective pressures, the
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Fig. 3 a Stress and displacement curves for the experiments under
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increase in resistivity during the early stage is larger
due to the effective compaction, but the overall evolu-
tion of resistivity is similar among the experiments at
different confining pressures. We conducted a defor-
mation experiment at a slow strain rate (3 x 1077 s71),
and the results were almost identical to those obtained
at the same effective pressure, which indicates that the
fluid supply into the specimen was sufficient during
deformation.

Figure 3c, d highlights the elastic wave velocities and
Vp/ Vs changes, respectively, during deformation. Both V;,
and V increase slightly during the initial stage of defor-
mation and then decrease significantly during the later
stage of deformation until failure occurs. The results are
similar to the previous experiments using the same mate-
rial (Zaima and Katayama 2018) and other granitic rocks
(e.g.Hadley 1975; Lockner et al. 1977; Schubnel et al.
2003). Vp/Vs remains nearly constant during the initial
loading, but then increases significantly during the later
stage of deformation. This is consistent with the devel-
opment of cracks that are filled with an aqueous fluid,
whereas dry cracks undergo a decrease in V},/V; based on
effective medium theory (e.g.O’Connell and Budiansky
1974; Kachanov 1994). At higher confining pressures, the
changes in velocities are slightly suppressed most likely
due to the inhibition of crack formation.

These electrical resistivity and elastic wave velocity
changes correspond to porosity change in the samples,
with the decreases in resistivity and velocity beginning
once the samples are placed approximately half of the
fracture stress and the rock becomes dilatant (Fig. 4). The
rapid decreases in resistivity and velocity, as well as the
increase in Vp/ Vg, as the samples approach failure are
accompanied by a rapid increase in porosity. This notable
relationship among the electrical resistivity, elastic wave
velocities, and porosity indicates that these properties
are controlled mainly by crack closure and development
in the rock specimens. This behavior is consistent in all
of the experiments at different confining pressures in the
20-40 MPa range and in agreement with previous exper-
iments that were conducted at pressures up to 550 MPa
(Brace and Orange 1968), suggesting that pressure does
not have a dominant influence on the evolution of the
electrical resistivity and elastic wave velocity during the
deformation of granitic rocks under conditions studied
here. At much higher pressure and especially coupled
with temperature, granite will show ductility and the evo-
lution of these properties will be very different, as indi-
cated by Violay et al. (2017).
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Discussion
We have shown that the change in electrical resistivity
is closely related to the change in porosity due to crack
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closure and development during deformation, and that
these cracks are fully saturated based on elastic wave
velocities. The relationship between the electrical resis-
tivity and fluid-filled porosity is commonly described by
Archie’s law:

ps = prp~ "

where py is the resistivity of the sample, oy is the resistiv-
ity of the pore fluid, ¢ is the porosity, and m is the cemen-
tation factor (e.g., Guéguen and Palciauskas 1994). The
cementation factor for crystalline rocks, such as gran-
ite, has been reported to be approximately m=2 dur-
ing hydrostatic compressional tests (Brace et al. 1965),
whereas dilatancy-related crack development dur-
ing brittle deformation has yielded m=1 (Brace and
Orange 1968). Figure 5 shows the relationship between
the electrical resistivity and porosity in this study. The
resistivity and porosity slopes are different between the
compaction and dilation stages, with a larger m exponent
often observed during the early stage of dilation. These
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Fig. 5 Relationship between the electrical resistivity and porosity during the deformation of each sample, with the different trends between

compaction and dilation caused by crack closure and development shown
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complex behaviors cannot be explained by the Archie’s
relationship. The equivalent channel model introduces
the electrical tortuosity that relates to the efficientcy of
electrical flow paths (Walsh and Brace 1984). As cracks
are developed during the dilation stages, the crack inter-
action and connection result in decreasing tortuos-
ity, which likely enhanced the electrical transmissibility
through the samples.

The change of electrical resistivity during deforma-
tion is also attributed to the crack orientation. The ini-
tial cracks that are normal to the compressional axis
(horizontal cracks) tend to close during the early stage
of deformation, when the samples undergo compaction,
although dilation occurs due to the developed cracks
that are aligned parallel to the compressional axis (ver-
tical cracks). These features have been well-reconciled
by multi-component measurements of the elastic wave
velocities and their tensor analysis, in which the horizon-
tal cracks closed at the early stage of deformation and the
vertical cracks developed during the later stage of defor-
mation until failure occur (e.g.Schubnel et al. 2003; Fortin
et al. 2011; Akamatsu et al. 2021). The electrical resistiv-
ity was measured in the direction parallel to the compres-
sional axis, such that the effective channel length can be
markedly small for the developments of vertical cracks
in the measurement direction. The different tortuosity
depending on the crack orientation may account for the
different relationship between the resistivity and porosity
during brittle deformation. The dependence of resistivity
upon porosity diminishes during the later stage of defor-
mation, when the samples are close to failure (Fig. 5).
This behavior is likely due to the high crack density above
the percolation threshold, when the sample approaches
to failure, electrical resistivity becomes highly sensitive to
the crack porosity but less sensitive to their connectivity
(e.g., Guéguen and Dienes 1989). The changes in resistiv-
ity mostly agree with the permeability evolutions during
triaxial compression; however, permeability showed a
rapid increase at close to failure, because it is highly sen-
sitive to hydraulic aperture (e.g., Mitchell and Faulkner
2008; Faoro et al. 2013).

Electrical resistivity and seismic velocity have often
been employed to investigate structural changes in
the crust. The earthquake physical model proposed by
Scholz et al. (1973) is based on the changes in physi-
cal properties prior to earthquake that are related to
dilatancy and water diffusion. Although this model has
not yet been validated because of the general absence
of precursor anomalies in the geological scale (e.g., Jor-
dan et al. 2011), laboratory experiments have shown
systematic changes in the physical properties of the
deformed rock related to brittle deformation (e.g.,
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Paterson and Wong 2005). Here, we demonstrated that
both the electrical resistivity and elastic wave veloci-
ties undergo systematic changes during brittle defor-
mation until failure occurs, and that their relationship
is not sensitive to the choice of the confining pressure
(Fig. 6). Our experimental results show a marked vari-
ation in electrical resistivity relative to the velocity;
however, the resistivity becomes less sensitive to crack
development as the sample approaches failure owing to
the nearly complete connectivity of the crack networks.
These characteristic changes in resistivity and velocity
at discrete deformation stages may provide a clue for
detecting structural changes prior to the generation of
giant earthquakes. The electrical resistivity and elastic
wave velocities are also dependent on the fluid satura-
tion, whereby the resistivity and V;/ Vg are expected to
decrease if the cracks are not filled with aqueous flu-
ids. Note that crack orientation is sensitive to the stress
fields, such that the measurement direction influences
the changes of these physical properties. These unique
characteristics and their applicability in joint inversions
are also useful for geophysical exploration, including
geothermal and hydrocarbon exploration (e.g., Mufoz
et al. 2010).
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The online version contains supplementary material available at https://doi.
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