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a b s t r a c t

Understanding the effects of cracks on the elastic and electrical properties of tight carbonates is crucial
for the exploration and development of deep and ultra-deep carbonate reservoirs. In this work, the
porosity, electrical conductivity and ultrasonic velocities of two brine-saturated carbonate samples
(where the pore space is dominated by cracks) are measured jointly at different effective pressures (5
e90 MPa), as well as the velocities with saturating nitrogen at the same pressure conditions. The results
show non-linear changes in the measured values, indicating a correlation with the presence of cracks. To
analyze the pressure-dependent elastic and electrical properties, an approach combining a multiphase
Kachanov model with a multiphase reformulated electrical differential effective medium (REDEM) model
is proposed. This approach agrees well with the pressure-dependent experimental results of brine-
saturated carbonate samples. The crack aspect ratio spectra are estimated using the experimental
porosity as a constraint to improve the accuracy of the inverted crack geometry. The spectra from the
elastic (electrical) inversion are input into the multiphase REDEM (Kachanov) model to predict the
electrical conductivity (wave velocities). Comparisons with laboratory measurements show the ability of
the proposed approach to estimate elastic wave velocities from the electrical conductivity using the
inverted crack geometry, and vice versa.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

With the increasing demand of hydrocarbon energy, carbonate
reservoirs, one of the most important oil and gas resources widely
distributed worldwide, presents substantial exploitation potential
(Guo et al., 2013; Jia, 2020). Currently, the exploration and devel-
opment of carbonate reservoirs is shifting to deep (4500e6000 m)
and ultra-deep (>6000 m) formations. Reservoirs at these depths
often undergo multiple diagenetic and alteration processes, char-
acterized by low porosity, low permeability, diverse diagenesis,
strong heterogeneity and complex pore geometry. These features
significantly increase the challenges in the geophysical character-
ization of these reservoirs. Therefore, investigating the rock-physics
properties of tight carbonates and understanding their correlations
with the pore geometry are crucial for the effective geophysical
detection of these reservoirs.

The initial focus was primarily on conducting ultrasonic
y Elsevier B.V. on behalf of KeAi Co
experiments to analyze the relationships between the elastic
properties of carbonates and factors such as porosity, temperature
and pressure conditions in the reservoir, fluid type, saturation, and
clay content (e.g., Anselmetti et al., 1997; Assefa et al., 2003; Ba
et al., 2018; Baechle et al., 2005; El-Husseiny and Vanorio, 2015;
Liu et al., 2006; Ruan et al., 2023), and pore geometry has been
shown to play a central role in controlling variations in elastic rock
properties (e.g. Anselmetti and Eberli, 1993; Bakhorji and Schmitt,
2022; Eberli et al., 2003; Kumar and Han, 2005; Sayers, 2008;
Teillet et al., 2021; Wei et al., 2021, 2022). Since pore fluid flow
within pores can be induced at different scales by acoustic wave
excitation, this behavior leads to different response characteristics
of elastic waves in different frequency bands (e.g., Ba et al., 2017,
2023; Batzle et al., 2006; Guo and Gurevich, 2020; Zhang et al.,
2021). Forced oscillation experiments are also conducted to
investigate the seismic properties of carbonates. Adam et al. (2006)
measured the elastic moduli of nine carbonate samples in the fre-
quency range (3e3000 Hz, 0.8 MHz), and analyzed the effects of
different fluid types on the elastic moduli. Borgomano et al. (2017)
investigated the dispersion and attenuation of the elastic moduli in
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an oolitic limestone characterized by a bimodal porosity distribu-
tion (where the content of intragranular micropores is comparable
to that of intergranular macropores) under dry, water- and glycerol-
saturated conditions in a range of 0.001e1 Hz and 1 MHz, and
showed the absence of squirt flow between themicroporous oolites
and the macropores. Subsequently, Borgomano et al. (2019)
investigated the dispersion and attenuation of carbonate rocks
with different microstructures and identified cracked intergranular
cement and uncemented grain contacts as the main contributors to
the significant squirt-flow dispersion in seismic and logging fre-
quency bands. Zhang et al. (2022a) modeled the effects of different
water saturations on the P-wave velocity and attenuation of a
limestone at seismic frequencies (2e500 Hz), and analyzed the
evolution of gas patches with increasing gas saturation using a
wave propagation theory of partially saturated rock with a fractal
distribution of patch size.

Similarly, most experimental studies have been conducted to
investigate the effects of porosity, pore structure, pore fluid type
and mineral composition on the resistivity (reciprocal of electrical
conductivity) of carbonates (e.g., Ara et al., 2001; Behin, 2004;
Brace et al., 1965; Deng et al., 2000; Li and Shi, 2002; Kim and
Manghnani, 1992; Nourani et al., 2023; Regnet et al., 2015). Based
on a large number of rock physics experiments, Archie (1942)
originally proposed an empirical relationship between conductiv-
ity and porosity, i.e., the Archie equation, where the value of the
cementation exponent m in the equation is closely related to the
pore geometry (e.g., Tariq et al., 2020; Wei et al., 2015; Yue, 2019).
The complex pore structure of carbonates can lead to a strong
variation of the m value (Borai, 1987; Tian et al., 2019; Towle, 1962;
Zhao and Chen, 2015). Tian et al. (2020) selected eight full-diameter
carbonate samples and systematically conducted nuclear magnetic
resonance (NMR), electricity, porosity and permeability, mercury
injection and thin section studies to explore the relationship be-
tween pore size and morphology, pore structure complexity and
resistivity, and found that a constant m value could not effectively
describe the properties of the reservoir. Zhu et al. (2023) proposed a
novel approach to characterize the formation factor, which fully
considered the influence of different pore structures on the con-
ductivity of pores at different positions in the pore space. The
predicted results agreed well with the experimental data for the
seven rock types and sediments.

In contrast, there are only a few experimental studies on the
elastic and electrical properties of tight carbonate rocks. Pan et al.
(2015) analyzed the relationships between ultrasonic velocity and
the average specific surface area, average pore radius, pore
roundness, and average aspect ratio of carbonates by conducting
ultrasonic experiments and thin section testing. Similarly, Li et al.
(2020) conducted broadband experiments (ultrasonic and low
frequencies) on a tight carbonate sample and proposed a newly
formulated squirt-flowmodel to describe the measurements. Their
results indicate that there is not only a microscopic squirt-flow
mechanism, but also other dispersion mechanisms. Li et al.
(2020) analyzed the influence of different water saturations on
the dispersion and attenuation of tight carbonate rocks within the
seismic band (1e1000 Hz). It is shown that wave propagation
theory, which considers only a single set of wave-induced fluid
flow, is not sufficient to explain the observed dispersion phenom-
enon in the seismic frequency range. Rashid et al. (2022) measured
porosities, permeabilities, and electrical conductivities of carbon-
ates to infer the relationships between the diagenetic processes, the
accompanying microstructural changes of the rock, and the phys-
ical properties of the rock. Zhao et al. (2023) carried out elastic
wave velocity measurements on ultra-deep carbonate reservoir
samples. Their results highlight the dominant influence of cracks
and fluid types on the elastic responses of ultra-deep carbonates.
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Geng et al. (2023) developed a high-temperature and high-pressure
ultrasonic measurement system for rock and measured the ultra-
sonic wave velocities of nine ultra-deep carbonate samples. It was
found that the effect of temperature on the elastic properties is
greater than that of the confining pressure.

It is evident that the pores and cracks of rocks affects the elastic
and electrical properties, and this effect has been studied using the
effective medium model (e.g., Benveniste, 1987; Bruggeman, 1935;
Carcione et al., 2003; Eshelby, 1957; Kuster and Toks€oz, 1974; Mori
and Tanaka, 1973; Seleznev et al., 2006; Walsh, 1965). Considering
that pores and cracks with different aspect ratios can close or
expand with increasing or decreasing pressure, the experimental
data at different pressures can be used to estimate the pore ge-
ometry (Cheng and Toks€oz, 1979; Deng et al., 2015; David and
Zimmerman, 2012; Wang and Tang, 2021; Zhang et al., 2019).
However, most models are mainly used to simulate a single phys-
ical rock property, which leads to ambiguous estimation of pore
geometry. The joint inversion of multiple physical rock properties,
such as elastic and electrical properties, can be helpful to improve
the reliability of pore geometry estimation (e.g., Aquino-L�opez
et al., 2015; Han, 2018; Han et al., 2016; Watanabe et al., 2019;
Zhang et al., 2022b). Akamatsu et al. (2023) measured the electrical
resistivity and P- and S-wave velocities of oceanic crustal rocks
under dry and saturated conditions. They combined the effective
medium model of Kachanov (1994) (Kachanov model) with the
statistical crack flow model of Gu�eguen and Dienes (1989) and
analyzed the effects of microstructural crack parameters on the
elastic and electrical properties.

The studies on the measurement of elastic and electrical prop-
erties of tight carbonates are still scarce, and the relevant charac-
teristics and relationships need to be explored. We select two tight-
carbonate samples dominated by cracks. We measure porosity,
electrical conductivity and ultrasonic velocities under different
effective pressures (the difference between the confining and pore
pressures) and in a brine-saturated condition. In addition, the ul-
trasonic velocities of nitrogen-saturated samples aremeasured. The
Kachanovmodel, which was originally applicable to crackedmedia,
is then extended to a scenario with multiple cracks. It is combined
with a multiphase REDEM model to simulate the elastic and elec-
trical properties, inverting the crack aspect ratio spectra. Since both
models are based on the same crack parameters, we investigate the
rationality of predicting one physical property from another given
the same crack geometry. Similar so-called cross-property relations
have been proposed by Carcione et al. (2007).

2. Rock samples, experimental setup and results

2.1. Samples

The two tight carbonate samples (TC1 and TC2) come from the
Metajan district (Yu et al., 2014). They are cylindrical cut with 37.89/
38.10 mm diameter and 50.06/41.20 mm length. As shown in Fig. 1,
both samples have intergranular dissolution pores filled with
calcite after diagenetic alteration. The predominant pore space
consists of cracks. X-ray diffraction analysis shows that the mineral
composition of the samples is mainly calcite, with minor amounts
of quartz and clay (Table 1).

2.2. Experimental procedure

The experimental setup used in the study is shown in Fig. 2 and
consists of pore-pressure, confining-pressure and temperature
control units, and ultrasonic-wave, electrical-resistance and fluid
control units. The experimental procedure is as follows. (1) For
nitrogen saturation experiments, the samples are first dried in an



Fig. 1. Thin sections of samples TC1 and TC2.

Table 1
Properties of the samples.

Sample TC1 TC2

Porosity, % 0.66 1.16
Dry density, kg/m3 2674 2661
Quartz, % 0.71 0.50
Calcite, % 98.69 98.48
Clay, % 0.60 1.02
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oven. After cooling, they are placed in a sealed core holder where
nitrogen gas is introduced through the fluid control unit and the
pore pressure is maintained at 10 MPa with a confining pressure of
15 MPa. While keeping the pore pressure at the same value, the
confining pressure is increased from 15 MPa to 100 MPa. After
reaching each pressure point, the pressure is maintained for 2 h and
the ultrasonic wave velocities are determined using the pulse
transmission method. The measured frequencies of the P and S
waves are 1 MPa and 0.5 MHz, respectively. (2) For the saturation
Fig. 2. A schematic diagram showing the joint elastic-electrical measurement system.
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experiments with brine, the samples are saturated using a satura-
tion procedure similar to Ba et al. (2023). Using the same procedure
as in step (1), the ultrasonic velocities of the samples saturatedwith
brine are measured. In addition, the electrical resistance of the
samples is measured using an impedance-capacitance-resistance
meter. The porosity of the samples is determined based on the
initial porosity and the volume of liquid displaced from the core
after pressurization. The bulk modulus and density of nitrogen/
brine used in the experiments are 0.0161/2.25 GPa and 112.6/
1000 kg/m3, respectively. The electrical conductivity of the brine is
5.56 S/m.
2.3. Results

2.3.1. Porosity and conductivity
Fig. 3 shows the porosity and electrical conductivity as a func-

tion of effective pressure for TC1 and TC2 saturated with brine. It
can be observed that both properties decrease non-linearly with
increasing pressure. This behavior is attributed to the progressive
closure of cracks with smaller aspect ratios as the pressure in-
creases (Gu�eguen and Bout�eca, 2004; Walsh, 1965). It is also noted
that the decrease in conductivity as a function of pressure is more
pronounced than that of porosity (the decrease in conductivity is
42.03% and 51.12% for TC1 and TC2, respectively, while the decrease
in porosity is 27.77% and 29.09%, respectively), suggesting that
cracks serve as the main pathways for fluid migration.
2.3.2. Ultrasonic velocities
Fig. 4 shows the P- and S-wave velocities as a function of the

effective pressure for the two samples in nitrogen gas and brine
saturated states. The results show a non-linear increase in ultra-
sonic velocities with increasing pressure for the two cases, with
crack closure identified as the most important factor for this phe-
nomenon. For the nitrogen gas saturated case, the increase in P(S)
wave velocity is 10.93% (8.18%) and 12.64% (10.49%) for the two
samples. In the saturated brine case, the increase in P(S) wave ve-
locity is 3.71% (4.76%) and 3.67% (5.80%). This behavior suggests
that the brine, with its higher elastic modulus, may hinder the
closure of cracks under loading.

Fig. 5 shows the corresponding VP=VS evolution with the effec-
tive pressure for samples TC1 and TC2. The values are in the range
of 1.84e1.98 and 1.82e1.90 for the two cases. This is close to the
values reported by Zhao et al. (2023) for tight carbonates
(1.75e2.00). When the effective pressure is less than 50 MPa, the



Fig. 3. Porosity (a) and electrical conductivity (b) as a function of the effective pressure for samples TC1 and TC2 in the brine-saturated state.

Fig. 4. P- and S-wave velocities as a function of the effective pressure for TC1 and TC2 in the nitrogen gas- (a) and brine-saturated (b) states.
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value of nitrogen-saturated samples increases sharply with
increasing pressure, while the value of brine-saturated samples
decreases. However, when the effective pressure is in the range of
50e90 MPa, the values tend to be nearly constant. Similar experi-
mental observations were made in Fortin et al. (2007) and Wang
et al. (2012).
3. Theoretical models

3.1. Multiphase Kachanov model

By considering that the pore space of samples TC1 and TC2
consists mainly of cracks, the model of Kachanov (1993), which is
based on the non-interaction approximation, can be used to
simulate the measurements. The model assumes that the medium
consists of penny-shaped cracks with identical aspect ratio, which
are randomly distributed, and the effective elastic moduli (K* and
G*) are expressed as follows:
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where K0 (G0) is the bulk (shear) modulus of the matrix in the
absence of cracks, and v0 is the corresponding Poisson ratio. h is the
geometrical factor of penny-shaped cracks, dc is the dimensionless
parameter for penny-shaped cracks, and the expressions of h and dc
can be found in Appendix A. Crack density rc is given by

rc ¼
4c
2pa

; (3)

where 4c is the crack porosity.
Assuming that a real rock consists of cracks with different aspect

ratio ak (k ¼ 1;2;/;K) and there are interactions between neigh-
boring cracks, the Kachanov model is extended to multiple cracks



Fig. 5. VP=VS as a function of the effective pressure for TC1 and TC2 in the nitrogen gas- (a) and brine-saturated (b) states.
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(multiphase Kachanov model) by using the incremental algorithm
developed by Berg (2007). After following each addition of cracks in
the modeling process, a new cracked medium is established, which
Fig. 6. Joint elastic-electrical inversion for sample TC1. (a) P- and S-wave velocities, (b) electr
solid/dashed lines to the theory; (d) the inverted crack aspect ratio spectrum at zero effect

4014
serves as a host/background phase for subsequent additions. Using
Eqs. (1)e(3) in each addition, we stop the additions until all cracks
are added. The modeling details of pressure-dependent elastic
ical conductivity, (c) porosity, where the symbols refer to the experimental data and the
ive pressure. SAT represents the brine saturated case.



Fig. 7. Same as Fig. 6 for sample TC2.

Fig. 8. Corresponding crack densities for samples TC1 (a) and TC2 (b) at zero effective pressure.
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properties are given in Appendix B.
3.2. Multiphase REDEM model

In the classical electrical DEM model, the fluid is usually
4015
considered as the host/background phase and solid particles are
gradually added as inclusions to simulate the electrical properties.
The order of addition of inclusions differs from that of the elastic
DEM model, resulting in different distribution characteristics of
pore geometry within the same rock. To ensure the consistency of



Fig. 9. Elastic inversion for sample TC1. (a) P- and S-wave velocities, (b) electrical conductivity, (c) porosity, where the symbols refer to the experimental data and the solid/dashed
lines to the theory; (d) inverted crack aspect ratio spectrum at zero effective pressure.
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the inclusion order with the elastic DEM model, Cilli and Chapman
(2021) redeveloped the electrical DEM model (REDEM) for a two-
phase medium and defined the relationship between the elec-
trical properties of cracked media and the crack geometry as
follows:

ds*

dc
¼3s*

ðsi � s*ÞRð*iÞ
ð1� cÞ ; (4)

with s*ðc ¼ 0Þ ¼ s0, and s0, s* and si are the grain, effective and
inclusion electrical conductivities, respectively. The expression of
parameter R is also given in Appendix A. Similarly, the REDEM
model is extended to the case with multiple cracks by using the
incremental algorithm, and the modeling details of pressure-
dependent electrical properties are described in Appendix B.
Felaða01;a02;/a0k; c01; c02;/c0k;K0;m0;s0Þ¼min

"XN
n¼1

�
Vm
P;n � Vp

P;n

�
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3.3. Estimation of crack geometry

Based on the above model, the ultrasonic velocities and the
electrical conductivity of rock are functions of the crack aspect ratio
and the crack volume fraction (i.e., the crack aspect ratio spectrum).
To estimate the spectrum, we perform a joint inversion of the
measured velocities and conductivities using the models. In the
inversion, the elastic moduli of the grains are treated as unknown
parameters, since the use of mineral or average moduli from Voigt-
Reuss-Hill averaging (Hill, 1952) is not possible (Qin et al., 2022). In
addition, to improve the accuracy of the inversion results, the
experimental porosities at different pressures are considered as
constraints. The objective function (the mean square error between
the theoretically predicted values and the measured values) can be
expressed as follows:
2 þ
XN
n¼1

�
Vm
S;n � Vp

S;n

�2 þ XN
n¼1

�
4m
n � 4

p
n
	2 þ XN

n¼1

�
smn � spn

	2#
;

(5)



Fig. 10. Same as Fig. 9 for sample TC2.
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where N is the number of pressure points, Vm
P;n, V

m
S;n, 4

m
n and smn are

the experimental P- and S-wave velocities, porosity and electrical
conductivity at the n-th effective pressure Pe;n, respectively, and
Vp
P;n, V

p
S;n, 4

p
n and spn are the predictions. In the inversion, the dis-

tribution range of crack aspect ratio is set to 10�5 to 10�2, with
equal log-normal spacing based on the previous study (Zhang et al.,
2022b). The simulated annealing method (e.g., Ingber, 1993) is used
to minimize Eq. (5).
4. Inversion of crack geometry

4.1. Crack geometry by the joint elastic-electrical inversion

The joint elastic-electrical inversion results of TC1 and TC2 are
shown in Figs. 6 and 7. The inverted bulk and shear moduli of the
grains are 79/74.21 GPa and 37.5/40 GPa, respectively. Although the
content of calcite in the two samples is more than 98%, there are
discrepancies between the inverted values and the properties of
calcite (76.8/32 GPa according to Mavko et al. (2009)). This finding
provides the supporting evidence for the potential influence of
factors such as grain sorting and shape, cement, pore fillings, and
crystal defects on the grain moduli, as were proposed by Qin et al.
(2022). The corresponding grain conductivities are 0.0012 S/m and
0.0014 S/m, respectively, which are higher than those of calcite
(1.74E�04 S/m according to Saeed et al. (2022)). Figs. 6(a) and 7(a)
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show a comparison between the experimental and predicted ve-
locities under the different effective pressures for the brine-
saturated case. The results indicate a good agreement between
the predicted velocities and the experimental data at high effective
pressures. However, the predicted values at low effective pressures
are slightly lower than the corresponding experimental results.
Figs. 6(b), 6(c), 7(b) and 7(c) show that the predictions are in good
agreement with the experimental data. The inverted crack aspect
ratio spectra at zero effective pressure are shown in Figs. 6(d) and
7(d), revealing a range of aspect ratios between 0.0002 and
0.0079 for TC1 and 0.00024 and 0.01 for TC2.

The crack density of samples TC1 and TC2 at zero effective
pressure can be determined using Eq. (B-4), as shown in Fig. 8. The
crack densities range from 0.0002 to 0.0079 and from 0.00024 to
0.01, and the overall crack densities are 0.43 and 0.65 for samples
TC1 and TC2, respectively. It can be seen that the crack densities of
the different crack types are all below the threshold value for the
percolation of a cracked medium of about 0.13. This threshold
represents the minimum crack density required to create a com-
plete path for fluid flow (Gu�eguen and Dienes, 1989; Sarout et al.,
2017). Consequently, the permeability of the two samples cannot
be measured during the experiment. It is noted that the crack
density corresponding to the crack type with the smallest aspect
ratio in TC2 is much higher than that of the other cracks, indicating
that the cracks tend to be closed with increasing pressure, resulting
in a significant increase in ultrasonic wave velocities at low



Fig. 11. Same as Fig. 9 for the electrical inversion (sample TC1).
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effective pressures, and there is a significant decrease in conduc-
tivity and porosity.

4.2. Crack geometry from the elastic/electrical inversion

To further verify the results of the joint inversion, we perform
comparisons with crack geometries obtained separately from the
elastic or electric inversion. The grain properties used in these in-
versions are consistent with the values presented in Section 4.1.
Figs. 9 and 10 show the results of the elastic inversion for samples
TC1 and TC2, respectively. It can be observed that the predicted
velocities and porosity agree well with the experimental data
(Fig. 9(a) and 9(c) as well as Fig. 10(a) and 10(c)). The crack spectra
obtained from the elastic inversions are shown in Figs. 9(d) and
10(d) and range from 0.00036 to 0.01 and 0.00024 to 0.01,
respectively. These results serve as input to the multiphase REDEM
model to estimate the conductivity. Figs. 9(b) and 10(b) show that
the predictions for both samples agree very well with the experi-
mental data in the low effective pressure range, while they deviate
from the data in the high effective pressure range.

The electrical inversion for samples TC1 and TC2 is shown in
Figs. 11 and 12, respectively. It can be seen that the predicted
conductivity and porosity agree well with the experimental data
(Fig. 11(b) and 11(c) as well as Fig. 12(b) and 12(c)). The crack aspect
ratio spectra obtained from the electrical inversions are shown in
Figs. 11(d) and 12(d), with both spectra showing a consistent
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distribution range of 0.0002e0.0079. These results are also fed into
the multiphase Kachanov model to predict the velocities. Figs. 11(a)
and 12(a) show that the predicted velocities agree well with the
experimental data, with the exception that the predicted value of
TC2 at an effective pressure of 5 MPa is smaller than the mea-
surement. Comparisons of Figs. 6(d) and 7(d) show that there are
differences between the crack aspect ratio spectra from the elastic
and electrical inversion and the result of the joint inversion, indi-
cating that although the prediction of conductivity (ultrasonic ve-
locities) using the aspect ratio spectrum inverted from the
ultrasonic velocities (conductivity) appears to be optimal, the
predicted crack geometry may not fully reflect the actual spatial
distribution of cracks in the rock.

5. Discussion

5.1. Assessment of the experimental data

In some of the joint elastic-electrical studies (Akamatsu et al.,
2023; Han et al., 2016; Zhang et al., 2022b), the ultrasonic veloc-
ities, electrical conductivity and porosity used were mainly
measured by the different experimental setups. This method may
result in cracks with lower aspect ratio closing in the initial tests
that do not reopen in the subsequent tests, indicating that the crack
geometry within the same rock becomes inconsistent during the
tests. In addition, the different measurement methods can lead to



Fig. 12. Same as Fig. 11 for sample TC2.
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different measurement results. Subsequently, the porosities of the
two samples are determined by the helium expansion method
(referred to as gas porosity) and the water saturation method
Fig. 13. Gas porosity and water porosity of samples TC1 and TC2.

4019
(referred to as water porosity). The corresponding experimental
results are shown in Fig.13. Thewater porosity is larger than the gas
porosity, and the largest differences between gas and water
porosity in TS1 and TS2 are 0.211% and 0.362%, respectively. This is
because the pore pressure in the water saturation method test (i.e.,
10 MPa) is higher than that in the helium expansion method test
(i.e., 2 MPa), which causes some cracks to remain open in the first
test, while they are gradually closed in the second test. Another
reason is that the physical properties of water and helium are quite
different and the paths of fluid flow through a rock can be different,
which can lead to the differences in the measured physical prop-
erties. This point was confirmed by the work of Pimienta et al.
(2015), who measured the permeability of Fontainebleau sand-
stone using water and glycerol as pore fluids and found that the
results obtainedwere different. This difference leads to a large error
between the predicted crack geometry and that of the real rock,
suggesting that it is essential to use the same device for the
simultaneous measurement of the different physical properties of
the rock. This can help to eliminate or reduce the influence of
changes in test conditions on the crack geometry and ensures the
consistency of the inverted crack geometry based on the mea-
surements (Benson et al., 2006).

5.2. Comparison with the Kachanov model

Based on the inverse grain properties in Section 4.1, the



Fig. 14. Experimental data and predictions of the P- and S-wave velocities from the Kachanov model for the brine-saturated samples TC1 (a) and TC2 (b).

Fig. 15. Inverted effective crack aspect ratios and crack densities for samples TC1 (a) and TC2 (b).

Fig. 16. Squirt-flow cutoff frequencies corresponding to each crack in samples TC1 (a) and TC2 (b) at zero effective pressure.
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Kachanov model is used to simulate the ultrasonic velocities, and
the simulation results are shown in Fig. 14. It can be seen that the
4020
velocities of brine-saturated samples predicted by the Kachanov
model are almost consistent with the experimental data, and the
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predicted results are much better than the results of the elastic or
joint inversions. Assuming that the Kachanov model characterizes
the influence of the actual crack geometry on the elastic properties
of the rock in a similar way as an equivalent population of identical
cracks with the same aspect ratio (referred to as “effective crack”),
the effective crack aspect ratio and crack density of samples TC1
and TC2 at different effective pressures are obtained (Fig. 15).
Fig.15(a) shows that at an effective pressure of less than 15MPa, the
effective crack aspect ratio of the two specimens increases with
increasing pressure. This result is consistent with the conclusions of
Sarout et al. (2017). They suggested that the phenomenon is
attributed to the first contact of opposing asperities in the rock in
this pressure range. Specifically, the crack radius decreases while
the crack opening remains largely unchanged, leading to an in-
crease in the effective aspect ratio. As the pressure increases
further, the crack aspect ratio decreases. This finding is consistent
with the results of Sarout et al. (2017), where the reduction in the
effective aspect ratio is attributed to the decreasing crack opening
and increasing crack radius as the pressure increases.

Fig. 15(b) shows the effective crack densities of samples TC1 and
TC2 in response to pressure. The crack density decreases with
increasing pressure, which is consistent with the results of Benson
et al. (2006) and Sarout et al. (2017). The crack density is attributed
to the progressive closure of cracks at increased pressure. The
effective crack density of the two samples is less than the total crack
density obtained from the joint inversion, but greater than the
percolation threshold ~0.13. This indicates that the crack network
in the samples is interconnected and thus permeability is present,
contradicting the experimental inability to measure permeability.
The simplified representation of the complex crack geometry in a
real rock as a group of cracks with the same aspect ratio and radius
may not be realistic.

5.3. Validity of the model

According to Adelinet et al. (2011) and Sarout et al. (2017), the
squirt flow cut-off frequency between adjacent microcracks is fsq �
E0a3=ð24hÞ (E0 is the Young modulus of the matrix with the
absence of cracks, and h is the fluid viscosity), and the corre-
sponding cut-off frequencies of the individual cracks in the two
samples are shown in Fig. 16. Compared with the frequency of the
P-wave measurement (1 MHz), it can be seen that the pore fluid
flow (i.e., squirt flow) exists between cracks at low effective pres-
sures (Dvorkin et al., 1995; Mavko and Jizba, 1991; Wu et al., 2020),
or squirt flow occurs between the clay-related cracks (Ba et al.,
2016). The described flow mechanisms contribute to the stiff-
ening of the rock skeleton, but the proposed multiphase Kachanov
model does not account for these mechanisms. This may be
important for the predicted P-wave velocity in the low effective
pressure region, which is slightly lower than the experimental
result. For S-waves, pore fluid flow (shear strain hardening phe-
nomenon) may also occur between some cracks under shear wave
excitation (Shafiro and Kachanov, 1997). The proposed model did
not take this effect into account either, which may also lead to the
predicted S-wave velocity in the low effective pressure region being
lower than the experimental result.

6. Conclusions

The P- and S-wave velocities and the electrical conductivity
were measured for the two tight carbonate samples. The variations
in velocities and conductivity as a function of pressure can be
related to the closure or expansion of cracks in the rock. To analyze
the effects of crack geometry on the elastic and electrical properties
of the tight carbonates, a multiphase Kachanov model is proposed
4021
and integrated with a multiphase reformulated electrical differ-
ential effective medium (REDEM) model to describe the measure-
ments. The comparison between the theoretical predictions and
the experimental data shows that the joint elastic and electrical
inversion has a satisfactory performance. In a future study, the
sample pool may be extended and more experimental data can be
used to check the validity of model. Furthermore, the crack ge-
ometry from the joint inversion is estimated and compared with
that from the separate elastic or electrical inversions. The results
show that the crack geometries obtained from different physical
properties are different, and the models provide a way to predict
the change of one property of cracked rock from the measurement
of another.
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Appendix A. Expressions of h and R

The geometrical factor h of penny-shaped cracks is

h¼ 16
�
1� n20

	
9ð1� n0=2Þ

; (A-1)

and the dimensionless parameter dc for penny-shaped cracks is

dc ¼9paK0ð1� 2n0Þ
16Kf

�
1� n20

	 ; (A-2)

where Kf is the fluid bulk modulus, and a is the crack aspect ratio.
The parameter R is

R¼1
9

X
j¼a;b;c

1
Ljsi þ

�
1� Lj

	
s*

; (A-3)

where La , Lb and Lc are depolarization factors of penny-shaped
ellipsoidal inclusions, and the subscripts a, b and c are the three
major axes of these inclusions.
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Appendix B. Modeling details of pressure-dependent physical
properties

To model the pressure-dependence of elastic or electrical
properties, the changes of volume fraction with respect to the
effective pressure (Pe) are as follows,

dc
c
¼ � Pe



K*
d

E1 � E2E3
E3þE4

; (B-1)

where E1eE4 are functions of a and the effective static moduli of
the rock with all the pores except those with the aspect ratio a, and
K*
d is the effective static bulk modulus of the dry rock. These

quantities are commonly considered to be equivalent to the dy-
namic moduli of the dry rock (Cheng and Toks€oz, 1979; Tang et al.,
2021). Then the volume fraction of cracks at the n-th effective
pressure Pe;n is given by (Cheng, 1978),

cnk ¼ c0k

�
1þdc

c

�
a0k; Pe;n

	�
; (B-2)

where c0k and cnk are volume fractions at zero effective pressure
and Pe;n, respectively, and a0k is the aspect ratio at zero effective
pressure. By considering that the change of crack aspect ratio with
pressure is the same as that for its volume fraction (Cheng and
Toks€oz, 1979), i.e., da=a ¼ dcðaÞ=cðaÞ, the aspect ratio of the
cracks at Pe;n is

ank ¼a0k

�
1þdc

c

�
a0k; Pe;n

	�
; (B-3)

where ank is the aspect ratio at Pe;n. When da=a � � 1, the cracks
are considered to be closed. By using Eq. (3), the crack density of the
cracks at Pe;n is

rnk ¼
cnk

2pank
: (B-4)
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