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a b s t r a c t

Fractured hydrate-bearing reservoirs show significantly anisotropic geophysical properties. The joint
application of seismic and electromagnetic explorations is expected to accurately assess hydrate re-
sources in the fractured reservoirs. However, the anisotropic joint elastic-electrical properties in such
reservoirs that are the key to the successful application of the joint explorations, remain poorly under-
stood. To obtain such knowledge, we designed and implemented dedicated laboratory experiments to
study the anisotropic joint elastic-electrical properties in fractured artificial silica sandstones (with
fracture density of about 6.2%, porosity of approximately 25.7%, and mean grainsize of 0.089 mm) with
evolving methane hydrate. The experimental results showed that the anisotropic compressional wave
velocities respectively increased and decreased with the forming and dissociating hydrate, and the
variation in the increasing trend and the decreasing extent of the velocity perpendicular to the fractures
were more significant than that parallel to the fractures, respectively. The experimental results also
showed that the overall decreasing trend of the electrical conductivity parallel to the fractures was
steeper than that perpendicular to the fractures during hydrate formation, and the general variations of
the two conductivities with complex trend were similar during hydrate dissociation. The variations in the
elastic and electrical anisotropic parameters with forming and dissociating hydrate were also found to be
distinct. Interpretation of the experimental results suggested that the hydrate binding to the grains
evolved to bridge the surfaces of fractures when saturation exceeded 10% during hydrate formation, and
the bridging hydrate gradually evolved to floating in fractures during dissociation. The experimental
results further showed that the anisotropic velocities and electrical conductivities were correlated with
approximately consistent trends of different slopes during hydrate formation, and the joint elastic-
electrical anisotropic parameters exhibited a sharp peak at the hydrate saturation of about 10%. The
results suggested that the anisotropic joint properties can be employed not only to accurately estimate
hydrate saturation but also possibly to identify hydrate distribution in the fractures.
© 2022 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Natural gas hydrate is ice-like solid substance composed of
natural gas (mostly methane) and water at the conditions of low
temperature and high pressure (Sloan and Koh, 2007), and is
widely distributed in marine sediments and permafrost regions
(Kvenvolden, 1993). As a type of clean energy, natural gas hydrate
has attracted increasing attention due to its vast energy resource
boratory of Deep Oil and Gas,
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y Elsevier B.V. on behalf of KeAi Co
(Boswell and Collett, 2011) and the potential natural disasters (e.g.,
submarine landslide, global warming) caused by its dissociation
(Archer et al., 2009; Sultan et al., 2004). Seismic and electromag-
netic explorations are among the most important geophysical
survey applications for the quantitative assessment of hydrate re-
sources (Attias et al., 2016; Goswami et al., 2015; Miyakawa et al.,
2014). The elastic and electrical properties that are respectively
detected by the seismic and electromagnetic methods are inde-
pendent and complementary. Therefore, the joint application of
seismic and electromagnetic explorations is expected to provide a
more accurate assessment of hydrate resources (Attias et al., 2020;
Goswami et al., 2015; Han et al., 2011; Han, 2018; Liu et al., 2020).
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Fig. 1. SEM image of the artificial sandstone with aligned fractures.
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However, the key to the successful interpretation of joint seismic
and electromagnetic survey data relies on the establishment of a
reliable relationship between the elastic and electrical properties
(i.e., the joint elastic-electrical properties) in hydrate-bearing
reservoirs.

Various well-designed laboratory experiments have been car-
ried out to obtain the knowledge of the elastic and electrical
properties in hydrate-bearing reservoirs (Bu et al., 2019; Hu et al.,
2010, 2012; Li et al., 2020; Ren et al., 2010; Sahoo et al., 2018a).
While the experimental studies have demonstrated a simultaneous
enhancement in the elastic velocity and reduction in the electrical
conductivity of the background media with gas hydrate (Ren et al.,
2010; Sahoo et al., 2018a), they do not give explicitly how the elastic
and electrical properties are correlated as gas hydrate evolves.
Complementarily, theoretical modeling has been performed to
investigate more directly the relationships between the elastic and
electrical properties in hydrate-bearing reservoirs (Attias et al.,
2020; Goswami et al., 2015; Liu et al., 2020; Sava et al., 2008).
Combined with the experimental understanding, theoretical
studies reveal a general negative correlation between the elastic
velocity and electrical conductivity as hydrate saturation increases
(Attias et al., 2020; Liu et al., 2020; Sava et al., 2008), and illustrate
that the specific variations of the negative correlations are depen-
dent on the distribution (e.g., pore-floating, bridging, and
cementing) of gas hydrate in the pore space that has a significantly
different impact on the elastic and electrical properties, respec-
tively (Jin et al., 2020; Spangenberg and Kulenkampff, 2006; Sahoo
et al., 2018a; Schindler et al., 2017; Priest et al., 2009). The modeled
joint elastic-electrical correlations have been successfully applied
to the joint interpretation of seismic and electromagnetic explo-
ration data in hydrate-bearing reservoirs to improve the quantita-
tive assessment of hydrate resources (Attias et al., 2020; Goswami
et al., 2015).

However, the joint elastic-electrical properties obtained above
are based on isotropic hydrate-bearing reservoirs, and thus their
application to anisotropic reservoirs may be problematic because
the influences of gas hydrate on the physical properties of aniso-
tropic media can be distinct in different directions (Cook, 2010;
Kumar et al., 2006; Lee, 2009; Lee and Collett, 2009; Liu et al.,
2021a, 2021b; Peng et al., 2019; Singhroha et al., 2020), and
hence the joint correlations may also vary with the measurement
directions. Fractured hydrate-bearing reservoirs that have been
extensively discovered across the world (Dai et al., 2012; Daigle and
Dugan, 2010; Peng et al., 2019; Singhroha et al., 2020; You et al.,
2019), are typical anisotropic reservoirs caused predominantly by
the aligned fractures due to stress orientation or tectonic move-
ment (Wang and Tang, 2005; Xu et al., 2018; You et al., 2019).
Several publications using themethods of theoretical modeling and
laboratory experiments have studied the anisotropic elastic and
electrical properties independently (Ghosh et al., 2010; Lee, 2009;
Lee and Collett, 2009; Liu et al., 2021a, 2021b), and have illustrated
that the evolution of hydrate distribution in the fractures plays an
important role on the anisotropic elastic and electrical behaviors.
However, the explicit correlations between the elastic and electrical
properties in the different directions of fractured hydrate-bearing
reservoirs remain elusive.

This work aims to investigate, through dedicated laboratory
experiments, the anisotropic joint elastic-electrical properties in
fractured artificial sandstones with evolving hydrate. We first
manufacture the required sandstone samples with aligned penny-
shaped fractures parallel to the layers and measure the aniso-
tropic compressional wave velocities and electrical conductivities
of the synthetic samples during hydrate formation and dissociation.
The differences in the variations of the obtained anisotropic
compressional wave velocities, anisotropic electrical conductivities,
804
and anisotropic joint elastic-electrical properties with hydrate
saturation are then presented and studied. Finally, the experi-
mental results are analyzed and interpreted in terms of the evo-
lution of hydrate distribution in the fractures.
2. Laboratory experiments

2.1. Synthetic sandstone samples with aligned fractures

A sandstone block with aligned penny-shape fractures was
synthesized for the experiments, using the method similar to that
described by Ding et al. (2017). We mixed thoroughly different
sized sand, feldspar and kaolinite with aqueous sodium silicate gel,
and packed a predetermined volume of the above mixture into a
sample mould in successive layers. The different sized sand deter-
mined the mean grainsize of 0.089 mm of the sandstone block. We
evenly laid a certain number of special paper discs (made by Nitrate
cellulose material) with diameter of 3 mm and thickness of
0.065 mm (giving rise to fracture aspect ratio of about 0.022) on
each layer of the mixture for the formation of the penny-shaped
fractures. The fracture density of the block was calculated to be
about 6.2% based on the number and radius of paper discs as well as
the volume of the block (Mavko et al., 2009). The mixture in the
mould was compacted under the mechanical pressure of 100 MPa
for 24 h to obtain a consolidated block, which was then put into a
baking oven and heated at the temperature of 60 �C for 48 h for
further consolidation. Finally, the consolidated block was placed
into a muffle oven and sintered at the temperature of 1200 �C for
8 h to make the sodium silicate and kaolinite transform to silica,
and to decompose the paper discs to leave penny-shaped voids
(fractures) with the orientation parallel to the layering. The pore
structure of the obtained sandstone that was visualized by the
scanning electronic microscopy, presented the features of the
normal pores and the fractures, as shown in Fig. 1.

The obtained sandstone block with aligned fractures can be
regarded as a transversely isotropic (TI) medium. We cored two
cylindrical plugs from the block at 0� and 90� relative to the normal
of the aligned fractures, denoted as sample F-0 and F-90,
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respectively (see Fig. 2). The two cylindrical plugs were about
2.54 cm in diameter with lengths of 4.65 cm and 5.35 cm, respec-
tively. The permeabilities of sample F-0 and F-90 respectively were
1040 mD and 1412 mD measured by the CMS-300 Core Measure-
ment System. The porosities of F-0 and F-90 were measured to be
25.66% and 25.73%, respectively, using a helium porosimeter. Bulk
densities of the samples were respectively about 1.838 g/cm3 and
1.837 g/cm3 calculated according to the measured volume and
weight of the dry samples. The approximately identical porosity
and density of the two samples suggested that the difference be-
tween the samples can be regarded to be caused solely by the
coring direction relative to the layering and the aligned fractures.

2.2. Anisotropic elastic and electrical measurements during hydrate
formation and dissociation

The two cylindrical samples were first dried in a baking oven at
the temperature of 60 �C for 48 h, and were then separately loaded
into a joint elastic-electrical rig (with the configuration shown
schematically in Fig. 3), where a constant confining pressure of
20 MPawas applied to seal the sample. Each sample was vacuumed
to the pressure of �0.1 MPa for 12 h to remove air from its pore
system as well as from the pump-lines of the experimental system.
A certain volume of brine made from de-aired and de-stilled water
and 35 g/L NaCl and 0.1 g/L dodecyl sulfate (catalyzer of hydrate
formation) was then injected into the samples to achieve the pre-
determined brine saturation of 70%, using an injection pump that
accurately measured the brine volume injected into the samples.
Subsequently, a pore pressure of 8.05 MPa was pressurized by
injecting methane gas through the methane gas steel cylinder. The
volume of the methane gas injected into the samples was accu-
rately recorded using a gas volume flow meter. The experimental
system was kept static for 24 h to make brine and methane gas
distribute uniformly in the pore system (including the normal
Fig. 2. Schematic diagram showing the cored cylindrical samples with aligned fracturs,
and the compressional wave velocities (VP(0�) and VP(90�)) and electrical conductiv-
ities (s(0�) and s(90�)) measured in the experiments. Note that VP(0�) and s(0�)
respectively represent the velocity and conductivity at the direction parallel to the
fracture normal (i.e., the direction across the fractures), and VP(90�) and s(90�)
respectively indicate the velocity and conductivity at the perpendicular direction
relative to the normal of fracture (i.e., the direction along the fractures). The green line
frames represent the bedding planes, and the grey discs parallel to the layering indi-
cate the penny-shaped fractures.
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pores and fractures) of the samples.
Subsequently, a low temperature thermostat (see Fig. 3) that

was set to the temperature of 2 �C, was used to cool the experi-
mental system from room temperature (approximately 24 �C) to
achieve the hydrate formation conditions. With the decreasing
temperature, the pore pressure of the experimental system slowly
reduced due to the contraction of methane gas. When the tem-
perature of the experimental system reduced to about 3 �C, the
pore pressure started to decrease quickly, indicating the beginning
of hydrate formation (Sahoo et al., 2018b). During hydrate forma-
tion, the temperature of the experimental system gradually stabi-
lized at 2.5 �C and the pore pressure continuously decreased as a
result of the consumption of methane gas until it slowly reached
about 4 MPa. We then left the experimental system for several
hours to ensure that the pore pressure did not reduce any more,
indicating the completion of hydrate formation. In the process of
hydrate formation, the compressional waveform was measured at
an interval of approximately 10 min, and the electrical resistance
was recorded every 0.2 s by the experimental system unless the
elastic measurements were performed. After hydrate formation
finished, the thermostat was turned off to allow the temperature of
experimental system to increase to dissociate the hydrate, during
which process, the pore pressure continuously increased due to the
hydrate dissociation and the expansion of methane gas with
increasing temperature. The pore pressure and temperature of the
experimental system gradually stabilized at 8.05 MPa and 24 �C,
respectively, implying the complement of hydrate dissociation.
During hydrate dissociation, the elastic measurements were per-
formed at an interval of about 15 min, and the electrical mea-
surements were monitored every 0.2 s and would be temporarily
halted for the elastic measurements. Throughout the experiments,
the pore pressure and the temperature were respectively moni-
tored by a pressure sensor with accuracy of ±0.2% and a tempera-
ture sensor with accuracy of ±0.1% to calculate the varying hydrate
saturation, using the P-T method described by (Sahoo et al., 2018b).
The error of hydrate saturation calculation was estimated to be
about ±0.3%, more details of the error estimation were provided by
Liu et al. (2021b).

After the joint elastic and electrical measurements during hy-
drate formation and dissociation, the anisotropic samples were
taken out from the joint elastic-electrical rig, and were washed and
dried. The dry samples were separately loaded into the joint elastic-
electrical rig again, and then vacuumed and saturated at 70% using
the same brine as in the hydrate experiments. We then injected
nitrogen gas into the samples to provide varying pore pressure
(from 3.5 MPa to 8 MPa at an interval of 0.5 MPa) consistent with
that in the hydrate experiments. The anisotropic electrical mea-
surements were repeated at each nitrogen pore pressure at the
temperature of 3 �C to distinguish the effects of changing pore
pressure from the forming hydrate on the electrical conductivities
of the samples. In addition, to understand the effects of the varying
temperature on the electrical properties, the anisotropic electrical
measurements were first carried out in the temperature range from
25 �C to 5 �C at an interval of 2 �C, and were then performed every
0.4 �C until the temperature reached 2.5 �C. When the electrical
properties were measured with the varying temperatures, the pore
pressure was kept at 8 MPa provided by nitrogen gas. The above
calibration experiments were to understand the different effects of
hydrate and the varying pore pressure and temperature on the
electrical properties.

The measurement frequencies of the ultrasonic and electrical
system were 0.5 MHz and 1 kHz, respectively. The arrival time of
the first trough of the measured compressional waveformwas read
as the total wave traveling time in the sample and in the trans-
ducers, because the arrival time of the first trough could be more



Fig. 3. Schematic representation of the experimental setup. The joint elastic-electrical rig continuously records the electrical resistance and measures the waveform of
compressional wave. The electrical resistance and the compressional waveform are measured by a two-electrode system and the narrow-band ultrasonic transducers, respectively.
Using the two-electrode system, the electrode polarization effect is assumed to be negligible for the samples with high-porosity and high brine salinity (e.g., the samples in this
study). As the measurements of compressional waveform are conducted, the record of electrical resistance will be interrupted to avoid interference.
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accurately picked up than that of the first break. Three aluminum
samples (with lengths of about 3, 4, and 5 cm, respectively) were
employed to determine the transmitting time in the transducers,
which was calculated via extrapolating the first trough time of the
three aluminum samples to the length of 0. The arrival time of the
first trough in combination with the length of the samples
measured by a vernier caliper with an accuracy of ±0.01 mm was
used to calculate the velocity. The electrical resistance was
employed to calculate the electrical conductivity of the samples in
combination with their length and cross-sectional area. The mea-
surement errors were estimated to be about ±0.8% for compres-
sional wave velocity and approximately ±0.2% for electrical
conductivity (Han et al., 2020).

2.3. Calculation of elastic and electrical anisotropic parameters

The calculation of the anisotropic parameters requires the
anisotropic properties measured at the same hydrate saturation
(i.e., the same sample density). However, since the anisotropic
physical properties were collected from two independent experi-
ments, it can be difficult to make sure that the physical properties
were measured at the same hydrate saturation. Therefore, we
interpolated the velocity data of sample F-0 to obtain its velocity at
the same hydrate saturations as that measured from sample F-90,
which showed a slower process of hydrate formation and hence the
measured data points were denser. We also picked up the aniso-
tropic conductivities at the hydrate saturation where the aniso-
tropic velocities were measured, and then employed the
interpolation method to obtain the conductivity of sample F-0 at
the same hydrate saturations as that selected conductivity of
806
sample F-90, so that the anisotropic parameters of the elastic and
electrical properties can be jointly shown.

The obtained anisotropic velocities and electrical conductivities
were used to determine the compressional wave anisotropic
parameter (ε) and the electrical anisotropic parameter (l) of the
samples during hydrate formation and dissociation, using theories
of Thomsen (1986) and Nabawy et al. (2010), respectively

C11 ¼ rV2
Pð90+Þ; (1)

C33 ¼ rV2
Pð0+Þ; (2)

ε¼C11 � C33
2C33

; (3)

and l¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sð90+Þ
sð0+Þ

s
; (4)

where C11 and C33 were the elastic constants for TI media (Mavko
et al., 2009), VP(0�) and VP(90�) respectively were the compres-
sion wave velocities at the directions perpendicular and parallel to
the anisotropy plane, s(0�) and s(90�) represent the electrical
conductivities across and along the anisotropy plane, respectively,
and rwas the density of each sample, whichwas determined by the
density and porosity of the dry samples as well as the saturation of
the brine and hydrate in the samples during hydrate formation and
dissociation.
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3. Experimental results

Two rounds of experiments for measuring the anisotropic
compression wave velocities and electrical conductivities in the
artificial sandstones with aligned fractures during hydrate forma-
tion and dissociation are performed. The obtained results between
the two rounds of experiments show good repeatability. To clearly
exhibit the experimental results, only one group of experimental
results is shown to analyze and interpret in the following sections.
3.1. Effects of hydrate evolution on the anisotropic elastic properties

Fig. 4 shows the variations of the measured anisotropic
compressional wave velocities of the fractured samples with hy-
drate saturation (Sh) during hydrate formation and dissociation. As
a whole, both the velocities increase with hydrate formation and
decrease with hydrate dissociation. This can be explained in terms
of the variations in the elastic moduli of the samples with hydrate
saturation in the pore system (including the normal pores and the
fractures). Because the elastic moduli of hydrate are higher than
that of methane gas and brine in the pore system, the elastic moduli
of the samples can be respectively strengthened and weakened
with increasing and decreasing hydrate saturation, and hence the
velocities. Fig. 4 also shows that at hydrate saturation of 0% the
velocity of sample F-90 (i.e., VP(90�)) is significantly higher than
that of the sample F-0 (i.e., VP(0�)). This is the intrinsic anisotropy of
the samples caused by the aligned fractures and can be explained
by the differences in the anisotropic compressibility of the frac-
tures. The rocks are more difficult to compress in the direction
parallel to the fractures than in the direction perpendicular to the
fractures, leading to the higher elastic moduli at the direction along
the fractures and hence the higher velocity, i.e., VP(90�).

Apart from the general increase in the velocities during hydrate
formation, Fig. 4 also illustrates the significant difference in the
increasing rates between the anisotropic velocities during hydrate
formation. For hydrate saturation below about 10%, VP(0�) gently
increases with hydrate saturation, and its increasing trend becomes
significantly steeper as hydrate saturation further increases
(10% < Sh < 16%).When hydrate saturation is higher than about 16%,
Fig. 4. Variations of the measured anisotropic compressional wave velocities as functions o
during hydrate formation are caused by the fact that the time interval of the elastic measu
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the increasing rate of VP(0�) tends to be moderate. Unlike the sig-
nificant variation of VP(0�), the degree of the variation of VP(90�)
during hydrate formation is less notable. While there is significant
difference in the variations between the anisotropic velocities
during hydrate formation, the two velocities both show relatively
smooth decrease with dissociating hydrate, although the extent of
the reduction is more dramatic in VP(0�).

The above observed variations of the anisotropic velocities with
forming and dissociating hydrate are similar to the experimental
results reported by Liu et al. (2021a), and can be interpreted in
terms of the evolution of the hydrate distribution in the aligned
fractures. For the initial stage of hydrate formation (Sh < 10%), the
forming hydrate may bind to the grains around the surfaces of the
fractures, as the reported knowledge based on isotropic media by
Yang et al. (2016), i.e., hydrate forms around the quartz grains. Such
hydrate distribution can gently enhance the elastic moduli of the
fractures. With the further increase of hydrate saturation
(10% < Sh < 16%), the newly forming hydrate can connect the
binding hydrate, i.e., the nearby surfaces of the fractures are
bridged. Such bridging hydrate distribution can significantly
strengthen the elastic moduli in the direction perpendicular to the
fractures, but its contribution to the elastic moduli parallel to the
fractures can be still less significant. This is simply because there is
evidence showing that the existence of aligned fractures does not
affect much the moduli of the rock along the fractures (Han et al.,
2021b). The formation of bridging hydrate in the fractures with
increasing hydrate saturation is similar to the understanding ob-
tained from isotropic media (Liu et al., 2021; Zhao et al., 2015),
which indicates that with the increasing amount of hydrate in the
pores, hydrate would mechanically support the adjacent grains and
hence dramatically enhances the stiffness of the backgroundmedia.
At the final stage of hydrate formation (Sh > 16%), the forming hy-
drate may continuously bridge the fractures. Nevertheless, the ef-
fects of the new bridging hydrate on the enhancement of the elastic
moduli perpendicular to the fractures are smaller than before.

During hydrate dissociation, the relatively smooth variation in
the velocities and the more significant reduction in VP(0�) can also
be interpreted in terms of the evolution of hydrate distribution in
the fractures. To decompose hydrate, the temperature of the
f hydrate saturation during hydrate formation and dissociation. The denser data points
rements during hydrate formation is less than that during hydrate dissociation.
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samples is elevated. Therefore, the binding hydrate (the hydrate
binding to the grains) dissociates first due to the greater thermal
conductivity of the sand grains (Cortes et al., 2009), so that the
hydrate with bridging distribution transforms to the floating hy-
drate. Because of the slow increasing-temperature process of the
experimental system, the temperature gradually increases from
outside to inside in the samples. As a result, the bridging hydrate
evolves to floating hydrate from outside to inside in the samples by
degrees, leading to the bulk average of the evolving hydrate dis-
tribution in the entire sample. This slow evolution of hydrate dis-
tribution during hydrate dissociation gives rise to the gradual
decrease in the elastic moduli of the samples. Because fractures
affect more significantly the velocity across the fractures, VP(0�)
shows a more dramatic reduction with the dissociating hydrate in
the factures.

We have characterized the anisotropic elastic properties of the
samples during hydrate formation and dissociation using the
measured anisotropic compressional wave velocities. We can also
employ the compressional wave anisotropic parameter (Thomsen,
1986) to more directly describe the anisotropic elastic behaviors
of the samples. Fig. 5 shows the calculated parameter ε as a function
of forming and dissociating hydrate. It can be seen that ε gently
decreases at the beginning stage of hydrate formation (Sh < 10%),
with the reduction being steeper with the further forming hydrate
(10% < Sh < 16%), and finally becoming moderate for hydrate
saturation above 16%. At the hydrate saturation below about 10%,
the gentle reduction in ε implies that the enhancement in the
elastic moduli perpendicular to the fractures is slightly higher than
that at the parallel direction. This again can be explained by the
binding hydrate to the grains at the surfaces of the fractures. For
hydrate saturation between 10% and 16%, the dramatic decrease of ε
indicates that the increase in the elastic moduli across the fractures
is more significant than that along the fractures. This further sup-
ports our explanation that hydrate bridges the nearby surfaces of
the fractures. When hydrate saturation exceeds about 16%, the
moderate decreasing rate of parameter ε denotes that the differ-
ence in the enhancement of the elastic moduli between the two
Fig. 5. Changes in the compressional wave anisotropic parameter during hydrate formation
27%, the parameter ε is only calculated to the hydrate saturation of about 27% although th
highest hydrate saturation of the actually calculated parameter ε is about 27% rather than
formation and dissociation that should be equal according to the reported results by Liu et
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directions relative to the fractures is smaller than before. This
confirms our interpretation in terms of the continuously bridging
hydrate in the fractures.

Fig. 5 also shows that with the dissociating hydrate, ε quickly
increases first and then its variation tends to be stable. Such vari-
ation in ε during hydrate dissociation suggests that the reduction in
the elastic moduli perpendicular to the fractures is first more sig-
nificant than that at the parallel direction, and then the decreasing
trend of the two elastic moduli is similar. This enhances our con-
fidence in the proposed explanation that the bridging hydrate
slowly evolves to floating hydrate in the fractures during hydrate
dissociation.

In addition to showing the distinct variations of the parameter ε
with increasing and decreasing hydrate saturation, Fig. 5 also
interestingly shows that the value of ε (about 0.11) at the hydrate
saturation of about 27% during hydrate dissociation is significantly
greater than that (about 0.04) at the same hydrate saturation dur-
ing hydrate formation. This can be attributed to the different effects
of hydrate distribution on the anisotropic elastic properties be-
tween hydrate formation and dissociation. As presented in the
previous, the highest hydrate saturation in sample F-90 is about
27%, while it is about 30% in sample F-0 (see Fig. 4). Therefore, the
parameter ε is only calculated to the hydrate saturation of about
27%. The difference in the highest hydrate saturation between the
two samples does not impact ε during hydrate formation but can
affect the anisotropic parameter during hydrate dissociation.
Because the hydrate is dissociating in the sample F-0 from 30% to
27%, the bridging hydrate has partially transformed to floating
hydrate at 27% hydrate saturation, and therefore VP(0�) at this hy-
drate saturation during hydrate dissociation is significantly lower
than that at the same hydrate saturation during hydrate formation.
On the other hand, VP(90�) at the hydrate saturation of 27% stays
the same because there is no hydrate dissociating, and as a result
the parameter ε is dramatically higher at this dissociating hydrate
saturation compared to that during hydrate formation. It is also
because the hydrate in the sample F-0 is dissociating earlier than in
the sample F-90, VP(0�) with decreasing hydrate saturation is more
and dissociation. Because the highest hydrate saturation in the sample F-90 is about
e highest hydrate saturation in the sample F-0 is about 30%. To clearly show that the
30%, the expected values of parameter ε at the hydrate saturation of 30% for hydrate
al. (2021b), are plotted and respectively represented by the red up and down triangles.
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significantly slower than its value at the same increasing hydrate
saturation in comparison with the difference in VP(90�). Accord-
ingly, the parameter ε during hydrate dissociation is systematically
higher than that for hydrate formation throughout the saturation
range, and this is clearly illustrated in Fig. 5. The observed differ-
ence in the values of parameter ε at the same hydrate saturation
between hydrate formation and dissociation highlights the
importance of knowing the hydrate distribution in the accurate
assessment of hydrate resources from elastic measurements.
3.2. Effects of hydrate evolution on the anisotropic electrical
properties

The experimentally measured anisotropic electrical conductiv-
ities of the samples with varying hydrate saturation during hydrate
formation and dissociation are plotted in Fig. 6. During hydrate
formation, both the electrical conductivities gently increase at the
lower hydrate saturation, and generally decrease with the further
increasing hydrate saturation. For hydrate dissociation, except for
the quick increases in s(0�) with the decreasing hydrate saturation
from 30% to 27%, the behaviors of the anisotropic electrical con-
ductivities are similar as hydrate saturation is lower than about
27%, i.e., both the electrical conductivities decrease first, then
approximately flatly vary, and finally increase rapidly with disso-
ciating hydrate.

For the process of hydrate formation, the measured electrical
conductivities can be jointly affected by the salt expulsion effect,
the exothermic reaction, and the forming hydrate content (Jin et al.,
2020; Ren et al., 2010). The salt expulsion effect of hydrate can
increase the salinity of the pore water, and thus would increase the
electrical conductivities. The exothermic reaction of hydrate for-
mation can slightly increase the temperature, so that the electrical
conductivities would also be enhanced. The increasing hydrate
content with low electrical conductivity, on the contrary, would
give rise to the decrease in the electrical conductivities. At the
lower hydrate saturation, due to the very small amount of the
forming hydrate, the effects of hydrate content on the electrical
properties may be less significant than that of the salt expulsion
effect and the exothermic reaction, resulting in the gentle increase
of the electrical conductivities. With the further formation of
Fig. 6. Variations of the measured anisotropic electrical conductivities as fun
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hydrate, hydrate content continuously increases, so that the effects
of hydrate content on reducing the rock conductivities may prevail
over that of the salt expulsion effect and the exothermic reaction on
increasing the conductivities, leading to the reduction in the elec-
trical conductivities.

Compared with the influencing factors on the electrical con-
ductivities during hydrate formation, more factors will affect the
electrical conductivities during hydrate dissociation, including the
increasing temperature of the experimental system, the decreasing
hydrate content and reducing salinity of pore water, and the
generating gas micro-bubbles (insulation) scattering in the pores
associated with hydrate dissociation. On the one hand, the
increasing temperature of the experimental system for hydrate
dissociation and the decreasing hydrate content would elevate the
electrical conductivities. On the other hand, the reducing salinity of
pore water and forming gas bubbles will decrease the electrical
conductivities (Li et al., 2010). Specially, the scattering gas bubbles
(microscopic) generated by hydrate dissociation in the pore system
may be the leading factor for the lower electrical conductivities at
the hydrate saturation of 0 for hydrate dissociation than that at the
same hydrate saturation for hydrate formation, as shown in Fig. 6.
The above comprehensive effects may give rise to the measured
variations in the electrical conductivities. However, it can be diffi-
cult to provide an explicit interpretation for the obtained variations
based on the current study.

Apart from the overall variations in the electrical conductivities
during hydrate formation and dissociation, Fig. 6 also shows that
the significant differences between the anisotropic electrical con-
ductivities. It is clear that the electrical conductivities of sample F-
90 (i.e., s(90�)) are systematically higher than that of sample F-
0 (i.e., s(0�)). This is because the aligned fractures in sample F-90
are parallel to the applied electrical field, and hence show greater
ability for the movement of electrical charges (Han et al., 2019). In
addition to the differences in the values between the anisotropic
electrical conductivities, the varying trends of the two electrical
conductivities with hydrate saturation are also significantly
different, especially during hydrate formation. Fig. 6 shows the
gentle increase of the two electrical conductivities at the beginning
stage of hydrate formation, and the dramatically steeper decreasing
trend of s(90�) than that of s(0�) with the further increasing
ctions of hydrate saturation during hydrate formation and dissociation.
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hydrate saturation. According to the understanding of the hydrate
distribution in the fractures obtained from the anisotropic elastic
properties, the significantly steeper decreasing trend of s(90�) than
s(0�) may be explained in terms of the hydrate with bridging dis-
tribution between the nearby surfaces of the fractures. The bridging
hydrate between the two surfaces is dispersed in the fractures, and
thus can be regarded as column-like substance. This dispersed
column-like bridging hydrate can narrowa bit the conductive paths
in the direction across the fractures, but will significantly increase
the tortuosity of the conductive paths along the fractures. There-
fore, the conductivity parallel to the fractures is weakened to a
greater extent than that perpendicular to the fractures.

Similar to the above anisotropic electrical conductivities, the
electrical anisotropic parameter (l) is another reliable means to
directly characterize the electrical anisotropy of the samples with
aligned fractures. Fig. 7 shows the variation of the parameter lwith
increasing and decreasing hydrate saturation. It can also be seen
from Fig. 7 that parameter l quickly increases at hydrate saturation
below about 10%, and then rapidly decreases until hydrate satura-
tion reaches about 16%, after which l gradually balances. Consid-
ering that both the anisotropic electrical conductivities initially
increase and then decrease as hydrate further forms, the initial
increase in parameter l indicates that the enhancement in s(90�) is
faster than that of s(0�) at the beginning stage of hydrate formation
(Sh < 10). The subsequent increase in parameter l with the further
increasing hydrate saturation (10% < Sh < 16%) implies the rapider
decreasing rate of s(0�) than s(90�). For the range of hydrate
saturation from about 16% to 27%, combining with the decreasing
electrical conductivities, the gradual balance of parameter l sug-
gests that the decreasing rates of s(0�) and s(90�) become consis-
tent by degrees.

Fig. 7 also shows the behavior of parameter l with dissociating
hydrate. With the decreasing hydrate saturation, parameter l

rapidly decreases in the range of hydrate saturation from about 27%
to 24%. As hydrate further dissociates, parameter l slightly in-
creases for the hydrate saturation interval between about 24% and
9%, and the increasing trend becomes significantly steeper when
hydrate saturation decreases from about 9% to 2%. For the final
stage of hydrate dissociation (Sh < 2%), parameter l sharply de-
creases. According to the general decrease in the two electrical
conductivities at the range of hydrate saturation from about 27% to
24%, the reduction in parameter l reflects the rapider decreasing
Fig. 7. Changes in the electrical anisotropic parameter during hydrate formation and dissoc
calculated to the hydrate saturation of about 27%. To clearly show that the highest hydrat
expected value of parameter l at the hydrate saturation of 30% for hydrate formation and di
Liu et al. (2021b), are plotted and respectively represented by the red up and down triangl
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rate of s(90�) than s(0�), which is clearly shown in Fig. 6. As hydrate
saturation decreases from about 24% to 9%, the gentle increase of
parameter l denotes the slight difference in the variation between
the anisotropic electrical properties, i.e., s(0�) gently decreases,
while s(90�) weakly decreases first and then is almost unchanged.
The fast enhancement in parameter l, at the interval of hydrate
saturation between about 9% and 2%, can be regarded as the
response of the quick increase in s(90�) and the slight decrease in
s(0�), as can be seen in Fig. 6. For the final stage of hydrate disso-
ciation (Sh < 2%), taking into account the increase in the two elec-
trical conductivities, the sharp decrease in parameter l implies that
the increase in s(0�) is significantly faster than that of s(90�).
3.3. Effects of hydrate evolution on the anisotropic joint elastic-
electrical properties during hydrate formation

We have analyzed and interpreted the behaviors of the aniso-
tropic elastic and electrical properties during hydrate formation
and dissociation. In this section, we further explore the relation-
ships between the anisotropic elastic and electrical properties (i.e.,
the anisotropic joint elastic-electrical properties) during hydrate
formation. We focus only on the joint behaviors with forming hy-
drate, because the anisotropic electrical properties during hydrate
dissociation can be difficult to explain since there are so many
factors influencing the results as discussed in the previous sections.

Fig. 8 illustrates the correlations between the anisotropic elastic
and electrical properties and their dependence on increasing hy-
drate saturation. It can be seen that apart from the initial increase in
s(90�), the electrical conductivities generally decrease with
increasing compressional wave velocities as an implicit function of
increasing hydrate saturation, i.e., the elastic and electrical prop-
erties are negatively correlated with the forming hydrate. Such a
general negative correlation can be easily explained by the fact that
hydrate simultaneously enhances the elastic velocities and reduces
the electrical conductivities, as demonstrated above.

We have demonstrated in the previous sections that the evo-
lution of hydrate distribution during hydrate formation can
significantly affect the velocity across the fractures (VP(0�)) but has
slight impacts on the velocity along the fractures (VP(90�)). On the
other hand for the electrical properties during hydrate formation,
although both the conductivities are not dramatically affected by
the evolving hydrate, the extent of the overall variation in the
iation. Similar to the highest hydrate saturation of parameter ε, the parameter l is also
e saturation of the actually calculated parameter l is about 27% rather than 30%, the
ssociation that would be equal based on the understanding of parameter ε reported by
es.



Fig. 8. Behaviors of the anisotropic joint elastic-electrical properties with hydrate
saturation during hydrate formation.

Fig. 9. Dependence of the joint elastic-electrical anisotropic parameters on the
increasing hydrate saturation during hydrate formation.
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conductivity parallel to the fractures (s(90�)) is greater than that at
the perpendicular direction (s(0�)). In view of the significant vari-
ation in VP(0�) and s(90�) with the evolving hydrate, the two
properties may be used to accurately estimate hydrate saturation.
However, there is a condition that the hydrate distribution must be
clearly understood in advance due to their dramatic effects on the
two properties. By contrast, given the less notable variation in
VP(90�) and s(0�), the two properties can be used to evaluate hy-
drate saturationwithout the knowledge of hydrate distribution, but
the results may be less accurate because the overall dependence of
VP(90�) and s(0�) on hydrate saturation is less notable.

Although the evolving hydrate during hydrate formation is
significantly affecting the varying trends of VP(0�) and s(90�), the
joint elastic-electrical properties of the samples in both the two
directions are relatively smooth, besides the slight increase at the
lower hydrate saturation in the sample F-90, as shown in Fig. 8. This
may be due to the fact that the less dramatic impact of hydrate
distribution on s(0�) and VP(90�) is neutralizing partially the sig-
nificant variation of VP(0�) and s(90�), respectively, making the
joint correlations less dependent on the hydrate distribution. In
addition to the smooth variation of both the joint correlations, Fig. 8
also shows that the slope of the sample F-90 is much steeper than
that of the sample F-0. These characteristics imply that the joint
properties in both directions can be employed for the quantification
of hydrate without the knowledge of hydrate distribution and the
assessment using the physical properties parallel to the fractures
will give better results, implicating the more valuable of the
collected survey data parallel to the fractures than that at the
perpendicular direction for the accurate estimation of hydrate re-
sources in the fractured reservoirs. This is the main advantage of
the joint properties over the single elastic or electrical property for
the estimation of hydrate amount.

However, since the joint properties in Fig. 8 contain less infor-
mation about the hydrate distribution, which can be important for
the strategy design for the development of natural gas in hydrate
reservoirs, it is seemingly that the single physical property is better
than the joint properties for the discrimination of hydrate distri-
bution during the development of gas in hydrate reservoirs.
Nevertheless, the joint correlation between the elastic and elec-
trical anisotropic parameters demonstrated in Fig. 9 shows a sharp
peak at the hydrate saturation of about 10%, which is the saturation
point that the hydrate starts to bridge in the fractures, and
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therefore can clearly discriminate the main pattern of hydrate
distribution in the fractures. This compensates for the weakness of
the joint correlations in Fig. 8 for the identification of hydrate
distribution, and illustrates that the combination of the joint
elastic-electrical correlations and the joint anisotropic parameters
(i.e., the anisotropic joint elastic-electrical properties) can be
employed not only to accurately estimate hydrate saturation during
hydrate exploration but also to identify hydrate distribution in the
fractures for the development of hydrate.

4. Discussion

We have studied the anisotropic elastic and electrical properties
in the synthetic fractured sandstones with forming and dissociating
hydrate. During hydrate formation and dissociation, in addition to
the impact of the hydrate itself (including hydrate saturation and
distribution), the varying pore pressure associating with the hy-
drate can affect the elastic properties, and both the varying pore
pressure and temperature can influence the electrical properties.
Liu et al. (2021b) have performed the comparative experiments
based on a synthetic rock with aligned fractures to understand the
effects of hydrate and the varying pore pressure on the elastic
properties. It is found that compared with the contribution of hy-
drate, the effects of the variation in pore pressure on the elastic
properties can be negligible, and therefore the behaviors of the
anisotropic elastic velocities of the fractured samples during hy-
drate formation and dissociation were mainly attributed to the
hydrate (Liu et al., 2021b). Considering the effects of the varying
pore pressure on the anisotropic elastic properties are already clear,
we focus in this work only on distinguishing the effects of hydrate
and the varying pore pressure and temperature on the electrical
properties.

The monitored variation of the anisotropic electrical conduc-
tivities with pore pressure regulated by nitrogen is shown in
Fig. 10a. It can be seen that both the conductivities slightly increase
with reducing pore pressure. This is opposite to the experimental
results based on brine saturated isotropic rocks reported by Han
et al. (2021a), who found that the decreasing pore pressure will
reduce the conductivity because of the closure of the micropores
and compliant pores (low-aspect-ratio pores) that will reduce to
connectivity of the stiff pores full of brine. The obtained increasing
electrical conductivities with decreasing pore pressure are possibly



Fig. 10. Changes in the anisotropic electrical conductivities with varying (a) pore pressure and (b) temperature. Note that the pore pressure and temperature variations presented in
the horizontal ordinate are in descending order, to be consistent with the varying order of the pore pressure and temperature during hydrate formation.

S.-B. Liu, T.-C. Han and L.-Y. Fu Petroleum Science 20 (2023) 803e814
due to the fact that our samples are filled with both brine and
insulating gas (i.e., partially saturated) and the compression of the
micropores and compliant poresmay expel more brine into the stiff
pores, making the rock more conductive because the stiff pores
containing more brine can provide the more conductive pathway
than the micropores and compliant pores. Comparing with the
overall reduction in the conductivities with the forming hydrate
(when the pore pressure also reduces) as shown Fig. 6, it is evident
that reduction in the conductivities caused by the hydrate is playing
a dominant role over the changing pore pressure.

Fig. 10b shows the collected variation of the anisotropic con-
ductivities with temperature reducing from 25 �C to 2.5 �C to cover
the range of temperature variation of the experimental system
during hydrate formation and dissociation. As expected, both the
conductivities reduce gradually with decreasing temperature, and
the reduction becomes diminishing from 5 �C to 2.5 �C that is a
greater temperature range than observed for the hydrate forma-
tion, which is approximately from 3 �C to 2.5 �C. The almost un-
changing electrical conductivities from 3 �C to 2.5 �C indicates that
temperature is not playing a significant role on the electrical
properties during hydrate formation where the forming hydrate is
the main reason for the reducing anisotropic conductivities. Since
the conductivities notably vary with the temperature between
2.5 �C and 24 �C, as shown Fig. 10b, the conductivities with disso-
ciating hydrate can be significantly affected by the varying tem-
perature due to the broad range of the temperature variation and
the greater impacts of temperature on the conductivities at the
higher temperature range. This also explains why we did not
explain the electrical properties with dissociating hydrate in detail
and why we did not show the joint elastic-electrical properties
during hydrate dissociation, in the previous sections.

The above results of the comparative experiments confirm that
the existence of hydrate and its distribution are the main contri-
bution to the observed variation of anisotropic elastic and electrical
properties, which implicitly imply that the observed behaviors of
the anisotropic elastic and electrical properties can be interpreted
in terms of the varying hydrate saturation and distribution in the
fractures as offered in this study, except for the variation in the
conductivities during hydrate dissociation. However, the provided
interpretation still needs to be verified by appropriate theoretical
models. For the fractured hydrate-bearing reservoirs, although
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several anisotropic models have been developed to investigate the
anisotropic elastic and electrical properties (Ghosh et al., 2010; Lee
and Collett, 2009, 2012), they generally ignore the effects of the
hydrate distribution in the fractures on the anisotropic properties,
making the models unable to predict the physical properties with
varying hydrate distribution. Therefore, the theoretical modeling of
the anisotropic elastic, electrical and joint elastic-electrical prop-
erties in the fractured hydrate-bearing reservoirs remains chal-
lenging but will form the topic for our future studies.

The reasonable interpretations of the measured anisotropic
elastic and electrical properties during hydrate formation suggest
that the evolution of hydrate distribution from binding to bridging
in the fractures starts at the hydrate saturation of about 10%. The
sharp peak of the joint elastic-electrical anisotropic parameters at
the hydrate saturation of about 10%, as shown in Fig. 9, could be
regarded as a more apparent phenomenon indicating the evolution
of hydrate distribution. The hydrate saturation point (Sh ¼ 10%) is
the effective hydration saturation in the normal pores and fractures
of samples. Therefore, this 10% hydrate saturation point might
change for the samples with various fracture thicknesses and po-
rosities. On the one hand, when the porosity of the samples is equal
to that of our samples, the hydrate saturation point would
respectively reduce and increase with the decreasing and
increasing fracture thickness (i.e., the change in the distance be-
tween the nearby surfaces of factures), because the hydrate can
easier and more difficult (the required amount of hydrate in the
fractures respectively decrease and increase) to bridge the nearby
surfaces of the factures, respectively. On the other hand, for the
samples with the same fracture thickness as our samples, the
amount of hydrate in the fractures that is required to bridge the
surfaces of the fractures could be not affected, so that the effective
hydrate saturation point would increase and decrease when their
porosity is lower and bigger than that of our samples, respectively.
Although the 10% hydrate saturation point suggested this study
would change with the various samples, the observed behaviors of
the anisotropic properties that could be employed to understand
the evolution of hydrate distribution in the fractures, would be
similar.

We employ two samples with aligned fractures (i.e., sample F-
0 and F-90, as shown in Fig. 2) to measure the anisotropic
compressional wave velocities and electrical conductivities during
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hydrate formation and dissociation. This is because the experi-
mental device can only synchronously measure the elastic and
electrical properties at the normal direction of the end of the
samples. The synchronous measurement of the anisotropic elastic
and electric properties in a single sample with aligned fractures
that is similar to the method for obtaining the anisotropic elastic
properties reported by Liu et al. (2021b), is the best experimental
method to study the anisotropic joint elastic-electric properties.
However, the experimental device for synchronously measuring
the anisotropic elastic and electric properties in a single sample is
not developed yet. The comparison of the anisotropic elastic
properties between the presented in this study and the reported by
Liu et al. (2021b) based on a single sample shows that the overall
behaviors of the anisotropic velocities and parameter ε with
forming and dissociating hydrate are similar, while the value of
parameter ε at the highest hydrate saturation between hydrate
formation and dissociation is equal in the obtained results by Liu
et al. (2021b), but is different in this study (as shown in Fig. 5).
This is because the highest hydrate saturation influencing the
elastic properties at the directions perpendicular and parallel to the
fractures in a single sample is equal, so that the evolution of hydrate
distribution in the single sample could synchronously affect the
anisotropic elastic properties, leading to the equal parameter ε at
the highest hydrate saturation between formation and dissociation.
Nevertheless, the difference in the highest hydrate saturation in
two samples gives rise to the distinct effects of the hydrate distri-
bution evolution on the anisotropic elastic properties during hy-
drate dissociation, which have been detailed explained in the
previous paragraph. However, the similar behaviors in the aniso-
tropic velocities and parameter ε with evolving hydrate between
the two experimental methods and the reasonable analysis and
explanations of the experimental results presented this study
illustrate that the experimental method in this study can be
employed to investigate the responses of the anisotropic elastic,
electrical, and joint elastic-electrical properties on the evolving
hydrate in the samples with aligned fractures.
5. Conclusions

We have designed and implemented dedicated laboratory ex-
periments to investigate the anisotropic elastic, electrical, and joint
elastic-electrical properties in the fractured artificial samples with
evolving hydrate. The following knowledge can be obtained from
the results and analyses presented in this study:

1) The velocity perpendicular to the fractures increased with more
significantly varying trend during hydrate formation and
decreased with greater extent for dissociation than that parallel
to the fractures, respectively. The electrical conductivity parallel
to the fractures more steeply decreased than that perpendicular
to the fractures during hydrate formation, besides the slight
increase in the conductivities at the beginning stage of hydrate
formation. In the process of hydrate dissociation, except for the
increase of the conductivity across the fractures at the beginning
stage, the conductivities decreased first, then gently varied, and
finally increased. The elastic and electrical anisotropic parame-
ters significantly varied with forming and dissociating hydrate.

2) The experimental results were plausibly explained and inter-
preted in terms of the evolution of hydrate distribution in the
fractures. The binding hydrate (hydrate binds to the grains)
evolved to bridge the surfaces of the fractures as hydrate satu-
ration exceeded about 10% during hydrate formation. For hy-
drate dissociation, the bridging hydrate slowly transformed to
floating hydrate in the fractures.
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3) The correlations between the anisotropic velocities and con-
ductivities varied with approximately consistent trends of
different slopes, and there was a sharp peak of the joint aniso-
tropic parameters at the hydrate saturation of about 10%. The
joint elastic-electrical properties were found to be suitable for
the accurate estimation of hydrate saturation during hydrate
exploration and for the identification of hydrate distribution in
the fractures for the development of natural gas in hydrate
reservoirs.
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