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a b s t r a c t

Elucidating the multi-field, multi-phase coupling mechanisms in submarine hydrate reservoirs is
essential for releasing their energy potential. Current research gaps remain in understanding the
permeability-stress coupling characteristics of hydrate reservoirs. This study conducted permeability-
stress coupling tests on hydrate-bearing clayey-silty sediments (HBCS). The seepage characteristics
and mechanical response of HBCS under seepage-stress coupling effects were investigated. The results
indicate that under stress conditions, the seepage flow of HBCS follows a logarithmic relationship with
axial strain, with its rate of increase decelerating as axial strain grows. Apparent permeability decreases
rapidly at first and then more gradually with increasing axial strain. Hydrate saturation (Sh) and seepage
pressure difference (PS) exhibit a coupling effect on apparent permeability. At low-Sh levels, particle
migration induced by seepage reduces permeability. At high-Sh levels, permeability is affected by two
competing mechanisms (pore expansion and particle migration) driven by seepage forces. Unlike
triaxial tests for HBCS, under seepage conditions, the plastic deformation capacity of HBCS is enhanced.
The stress-strain curve exhibits strain hardening and plastic flow, and lacks obvious strain softening.
Shear strength decreases with increasing Sh and PS, while the secant modulus E50 rises with both pa-
rameters. During hydrate exploitation, production efficiency correlates with Sh. In low-Sh reservoirs, a
“slow and steady” production strategy is recommended to prevent sand production and wellbore
blockage. In high-Sh reservoirs, increasing PS can promote pore expansion and fracture propagation,
thereby enhancing production efficiency. This study provides a reference for engineers to understand
the multi-field and multi-phase coupling characteristics during the exploitation of hydrate reservoirs.
© 2026 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

As an important part of marine energy, accelerating the com-
mercialdevelopmentofnaturalgashydrate isof great significance to
building a resource-saving and environmentally sustainable pro-
duction model. Nevertheless, their exploitation involves complex
processes characterized bymulti-physical field coupling andmulti-
phase fluid flow. The interaction between seepage and stress fields

may induce reservoir instability, wellbore collapse, methane
leakage, and other geo-environmental challenges (Collett et al.,
2019; Tan et al., 2021; Zhao et al., 2025b). Therefore, investigating
the complex behaviors of hydrate-bearing sediments (HBS) under
seepage-stress coupling conditions. It is essential for optimizing
exploitation strategies, guiding engineering site selection, and
mitigating operational risks. Such understandingwill also provide a
scientific basis for advancing new energy development, preventing
and controlling geological disasters, and supporting marine engi-
neering construction (Abbasi et al., 2022; Yang et al., 2023b).

As a multiphase porous medium, the permeability of natural
gas hydrate reservoirs governs fluid transport behavior during
exploitation (Zhang et al., 2025b; Zhao et al., 2024). Researchers
have employed various methods to investigate the permeability
characteristics of HBS (Hu et al., 2024; Xu and Konno, 2024).
Through laboratory tests, scholars investigated the influence of

* Corresponding author.
** Corresponding author.

E-mail addresses: qdkongliang@163.com (L. Kong), hgw-623@163.com
(G.-W. Hu).

Peer review under the responsibility of China University of Petroleum
(Beijing).
1 These authors contributed equally: Jia-Qi Liu, Ya-Peng Zhao.

Contents lists available at ScienceDirect

Petroleum Science

journal homepage: www.keaipubl ishing.com/en/ journals /petroleum-science

https://doi.org/10.1016/j.petsci.2026.03.026
1995-8226/© 2026 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/).

Petroleum Science 23 (2026) 6903–6928

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:qdkongliang@163.com
mailto:hgw-623@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2026.03.026&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2026.03.026
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.petsci.2026.03.026


factors such as hydrate saturation, confining pressure, and sedi-
ment type on HBS permeability. The principal conclusion is that
the permeability of HBS exhibits a non-linear decrease with
increasing hydrate saturation and confining pressure. This is
attributable to the filling effect of hydrates on the pore structure
and the compressive effect of confining pressure thereon (Gao
et al., 2019; Zhang et al., 2024b). Matrix particle type also affects
permeability, which is generally higher in sand-particle sediments
than in clay-particle sediments (Deng et al., 2024; Konno et al.,
2015). In addition, considering the complexity of hydrate reser-
voir structure, reservoir heterogeneity and anisotropy reduce the
sensitivity of permeability to variations in hydrate saturation (Li
et al., 2024f). Concurrently, the influence of reservoir hydrate
saturation on gas-phase and water-phase permeability exhibits
distinct variations. As hydrate saturation increases, the relative
permeability of the water phase increases while that of the gas
phase decreases (Wang et al., 2024b). Significant progress has also
been made in understanding the seepage characteristics of HBS at
the mesoscopic level. Based on CT scans and pore network models,
scholars have conducted research into the seepage characteristics
of HBS, focusing on its microstructure, anisotropy, and heteroge-
neity. Research findings indicate that the occurrence pattern of
hydrates significantly influences the seepage characteristics of
HBS, with the absolute permeability of the grain-coating type
being higher than that of the pore-filling type (Luo et al., 2024).
However, regardless of the occurrence pattern, when the pore
throat radius is small and the capillary pressure is high, the relative
permeability of the water phase is significantly reduced (Bao et al.,
2025). Fractures, as a quintessential manifestation of reservoir
heterogeneity, can significantly enhance reservoir permeability
when mature. Conversely, a reduction in fracture dip angle will
decrease permeability (Li et al., 2024e). This aptly illustrates the
anisotropy of reservoir permeability, which intensifies with
increasing hydrate saturation and stress levels (Wu et al., 2024;
Zhang et al., 2024c). Moreover, concerning practical issues in hy-
drate extraction, robust permeability models and constitutive
models facilitate production assessment and reservoir risk pre-
diction (Zhou et al., 2024a). Permeability models evolved rapidly
from early empirical models, gradually establishing formulations
capable of describing changes in hydrate saturation, confining
pressure, pore pressure, and particle size (Gao et al., 2019). Given
the long-term nature of hydrate reservoir exploitation, creep ef-
fects have also been incorporated into permeability models and
constitutive models (Lei et al., 2025; Qu et al., 2025). However,
existing models remain inadequate in describing the coupling
relationship between permeability and stress. This necessitates
intensified exploration of the permeability-stress coupling rela-
tionship, providing extensive databases to underpin the estab-
lishment of models.

At present, advances in testing equipment and the diversifica-
tion of research methods have enabled increasingly extensive and
in-depth studies on the mechanical properties of natural gas hy-
drates (Wang et al., 2024a; Wu et al., 2026; Zhang et al., 2023;
Zhong et al., 2024). Taking triaxial shear tests as an example,
scholars have conducted a series of investigations focusing on
factors such as hydrate saturation, sediment particle morphology
and type (Guo et al., 2022; Wu et al., 2022), temperature and
pressure conditions (Chen et al., 2022; Zhang et al., 2022; Zhou
et al., 2021), degree of consolidation (Liu et al., 2023; Zhao et al.,
2023c), and hydrate occurrence pattern (Liu et al., 2024; Zhang
et al., 2024a). A general consensus has been reached regarding
the influence of these factors on the mechanical behavior of HBS.
For instance, increases in hydrate saturation and effective
confining pressure significantly enhance the strength and stiffness
of HBS; clay particles facilitate sliding and rolling among the

matrix particles, while fine sand particles help improve strength
and promote dilatant behavior. Building on single-factor studies,
researchers have begun to explore more complex aspects such as
coupled loading conditions, multi-factor and multi-field in-
teractions, anisotropy, and heterogeneity. These efforts are grad-
ually revealing the intricate mechanical properties of submarine
hydrate reservoirs (Li et al., 2024d; Ma et al., 2025a; Tang et al.,
2024; Zhou et al., 2024b). Studies indicate that cyclic loading
leads to the accumulation of plastic deformation in HBS, causing
thematerial to approach (though never fully attain) an ideal elastic
state (Liu et al., 2025a). Furthermore, reservoir fractures, as well as
the sequence, dip angle, and thickness of layered hydrate zones,
significantly influence the mechanical response of HBS (Du et al.,
2023; Wang et al., 2025b; Ye et al., 2024). Specifically, the forma-
tion and propagation of fractures gradually reduce the strength of
HBS, whereas increases in the thickness, dip angle, and saturation
of hydrate layers can enhance strength to some extent.

In light of the current scarcity of research into the multi-field
coupling characteristics of hydrate reservoirs, this study con-
ducted permeability-stress coupling tests on hydrate-bearing
clayey-silty sediments (HBCS). The coupled state of HBCS under
the combined effects of seepage and stress fields is simulated in
the laboratory. This paper investigates the influence of hydrate
saturation and seepage pressure difference on the seepage char-
acteristics and mechanical behaviour of HBCS. Based on the test
results, this research analyzes the seepage-shear coupling mech-
anism of HBCS. Concurrently, drawing upon existing hydrate
extraction experience and technology, corresponding engineering
suggestions and insights are provided. This work provides essen-
tial parameters (such as permeability, shear strength, and elastic
modulus) for stability analysis during hydrate production.

2. Test design

2.1. Test materials and apparatus

To accelerate the development of emerging energy sources,
based on the particle size distribution of natural samples of HBCS
from Well SH-2, 7 in the Shenhu area of the South China Sea, this
paper uses a mixture of quartz sand and South China Sea clay as
the host sediment (Liu et al., 2012). The particle size distribution of
natural samples and artificially prepared clayey-silty samples is
shown in Fig. 1. Among them, Fig. 1(a) and (b) are seabed clay;
Fig. 1(c) is quartz sand; Fig. 1(d) is a mixed sample of clay and
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Fig. 1. Particle size distribution curves of the clayey-silty sediments.
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quartz sand; Fig. 1(e) is the filled sample (diameter: 50 mm,
height: 100 mm).

Fig. 2 shows the schematic diagram and actual photograph of
the test apparatus. The test system mainly consists of five mod-
ules: pressure loading module, temperature control module, gas
supply module, seepage control module, and data acquisition
module. The control range and accuracy of the test apparatus are
shown in Table 1. The tests usedmethane gas with a purity of 99.9%
to form hydrates.

It should be noted that the permeability-stress coupling test
apparatus is completed by modifying the hydrate triaxial shear
test apparatus (Zhao et al., 2023a). Unlike the hydrate triaxial
shear test apparatus, the permeability-stress coupling test appa-
ratus is equipped with a low-temperature seepage system (Wu
et al., 2025). This enables the test to simultaneously obtain the
changes of permeability, stress, and other relevant parameters of
the sample. Data acquisition is automatically recorded by GDSLAB
software, and the acquisition frequency is set to once every 10 s.
Data are plotted using Origin software. For the stress-strain curve
and seepage flow curve, display one data point for every 40 data
points, with the remaining points connected automatically.

2.2. Test methods

This study employs the gas-excess method to prepare HBCS
samples, indirectly controlling hydrate saturation by regulating
water mass in sediments (Yan et al., 2022; Zhao et al., 2023d). The

estimation method of hydrate saturation is shown in Eq. (1)
(McMullan and Jeffrey, 1965).

Sh=
Vh
Vp

=

n⋅Mw+Mc
n⋅Mw

⋅mw

ρh⋅
(

V − ms
Gs⋅ρw

) (1)

where Sh is the hydrate saturation, %; Vh is the volume of the hy-
drate, mm3; Vp is the volume of the pore space in the sample,
mm3; ρh is the density of the hydrate, g/cm3; V is the volume of the
sample, mm3; ms is the mass of the sample host sediments (clay
and quartz sand), g; Gs is the specific gravity of host sediments; ρw
is the density of thewater, g/cm3; n is the hydration number (5.75)
(Ghiassian and Grozic, 2013);Mw is the molar mass of the water, g/
cm3; Mc is the molar mass of the methane, g/mol; mw is the mass
of the water in the sample, g.

For the permeability-stress coupling test, this paper uses the
steady-state method to measure permeability (Lin et al., 2023; Xu
et al., 2024b). The seepage test controls the seepage pressure dif-
ference (PS) by adjusting the inlet pressure (P1) and outlet pressure
(P2). To effectively test and analyze the seepage field-stress field
coupling characteristics of HBCS, the following assumptions are
adopted in this study: a) The permeating fluid (low-temperature
deionized water) is assumed incompressible. b) Steady-state
continuous seepage occurs under constant pressure within the
sample. c) The sample's cross-sectional area remains constant
during the seepage field-stress field coupling effect. Therefore, the
apparent permeability (K) can be obtained by calculating the
seepage flow (Q) into the sample per unit time, with the calcula-
tion method shown in Eq. (2):

K=
μLQ
APSt

=
μ(L i − Sr⋅t)Q
A(P1 − P2)t

(2)

where K is the apparent permeability, mD; μ is the viscosity of
water (1.731 × 10− 3 Pa⋅s for 1 ◦C); L is the sample height, m; Sr is
the shear rate, m/s; Q is the seepage flow over some time, ml; A is
the sample cross-sectional area, m2; PS is the seepage pressure
difference, Pa; P1, P2 are the inlet pressure and outlet pressure of
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Fig. 2. Hydrate permeability-stress coupling test system. 1: Methane gas cylinder; 2: Nitrogen gas cylinder; 3: Pore pressure controller; 4: Confining pressure controller; 5:
Displacement sensor; 6: Pressure chamber; 7: Silicone oil; 8: Sample; 9: Temperature sensor; 10: Axial pressure controller; 11: Oil transfer pump; 12: Water bath (temperature
controller); 13: Infusion pump; 14: Incubator; 15: Low-temperature deionized water; 16: Back pressure valve; 17 Volumetric flask; 18 Electronic scale; 19: Pressure gauge; 20:
Valve.

Table 1
Technical specifications of the test.

Technical indicators Range Accuracy

Axial stress 0–100 kN ±0.1%
Confining pressure 0–32 MPa ±0.1%
Pore pressure 0–32 MPa ±0.1%
Axial deformation 0–50 mm ±0.075%
Temperature control − 20–65 ◦C ±0.1 ◦C
Seepage flow 0.001–49.999 mL/min ±0.5%
Seepage pressure 0.01–30 MPa ≤0.5%
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the seepage, respectively, Pa; t is the seepage time, s. Compared
with Darcy's law used in conventional seepage tests, shear rate is
introduced into Darcy's law in this paper (Ma et al., 2025b). This
reflects the influence of the triaxial shear process on permeability.

Additionally, during the permeability-stress coupling test, the
pore pressure is affected by the seepage pressure difference (PS).
Therefore, the calculation method of the effective confining pres-
sure (σ′) during the test process is defined here, as described in Eq.
(3):

σʹ= Pc − Pp = Pc −
P1 + P2

2
(3)

where Pc is the confining pressure, MPa; Pp is the pore pressure,
MPa.

2.3. Test steps and test scheme

The main steps of the permeability-stress coupling test are as
follows:

(1) HBCS sample preparation.
a) Sample preparation and freeze-thaw cycles. Using the

“layered filling method”, the clayey-silty samples were
filled into a rubber membrane with a thickness of 2 mm.
Finally, a cylindrical sample with a diameter of 50 mm
and a height of 100 mm was prepared (Liu et al., 2022).
The modules of the test apparatus are effectively con-
nected, and the samples are subjected to freeze-thaw
cycles using a water bath system. In Fig. 3, points A, B
represent the temperature and pore pressure during
freeze-thaw cycles.

b) Hydrate formation. The confining pressure and pore
pressure of the samplewere regulatedusing the “pressure
loading module”. Hydrate formation was carried out at a
temperature of 0.5 ◦C and a pore pressure of 5MPa (point
D in Fig. 3). The process was maintained for over 48 h, or
until the volume change rate recorded by the pore pres-
sure controller fell below 1 mm3/min. Under these con-
ditions, it was assumed that all the water present in the
sample had reacted with methane gas to form hydrates.

c) Gas displacement. After the hydrate formation is com-
plete, excess methane is displaced with nitrogen gas. The
displacement process needs to maintain the pore pres-
sure within the hydrate phase equilibrium pressure.
Meanwhile, to reduce the upper pressure limit of sub-
sequent seepage tests, the outlet pressure was set at
4 MPa, the inlet pressure at 5 MPa, and the pore pressure
at approximately 4.5 MPa during the gas displacement
process.

(2) Seepage preparation.
a) Low-temperature deionized water preparation. Based on

the phase equilibrium curve in Fig. 3, the water temper-
ature must be kept below 4.2 ◦C during seepage. Low-
temperature deionized water is achieved by the ice-
water mixing method. Measurements show that the
temperature of deionized water in the pressure chamber
ranges from 0.1 to 0.8 ◦C, and the water temperature at
the seepage outlet is between 1.2 and 2 ◦C. As shown in
Fig. 3, the temperature-pressure conditions during the
seepage process satisfy the phase equilibrium conditions
of hydrates.

b) Sample water saturation and consolidation. The same
displacement method was used to displace nitrogen gas
with low-temperature deionized water. Afterwards, the
sample consolidation was carried out at a pore pressure
of 4.5 MPa. Consolidation adopts a graded consolidation
method, such as when the target effective confining
pressure is 3 MPa, consolidation was carried out
sequentially at effective confining pressures of 1, 2, and
3 MPa. The consolidation standard is that the change of
sample volume within 5 min is less than 5 mm3.

c) Steady-state seepage debugging. The tests used the
steady-state method to measure permeability. There-
fore, it required seepage debugging to create the steady
water phase seepage. According to the test scheme, the
infusion pump and seepage channel are opened, and the
specified seepage inlet pressure is set. Debugging is
considered complete when the seepage outlet and inlet
pressures are constant and the outlet water flow is
smooth.

(3) Permeability-stress coupling test.

The shear test was started according to the test scheme. In this
study, the shear rate was 0.1 mm/min, the effective confining
pressurewas controlled at 3MPa, and the reactor temperaturewas
0.5 ◦C. During the shearing process, the confining pressure and
pore pressure are kept constant, and the axial stress increases. The
final sample is destroyed because the deviatoric stress reaches the
critical value. The loading path for the test is identical to that of the
conventional consolidated drained triaxial shear test, wherein the
p'-q curve is an inclined straight line. Stop the test when the axial
strain reaches 20%. Afterwards, the pressure and temperature
were adjusted to point E in Fig. 3 to bring the sample out of phase
equilibrium. After the hydrate has decomposed, dismantle the test
apparatus to complete the test.

Based on the above methods and steps, 12 samples were pre-
pared in this study. The tests were conducted using the control
variable method, which considered the effects of hydrate satura-
tion and seepage pressure difference on HBCS. Therefore, hydrate
saturation and seepage pressure difference are the independent
variables of the test, and confining pressure, pore pressure, and
seepage inlet pressure are the dependent variables. The conditions
and parameters of the test are detailed in Table 2.
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3. Analysis of test results

3.1. Permeability characteristics under stress

By measuring changes in seepage flow during permeability-
stress coupling tests, this section primarily explores the

permeability characteristics of HBCS under stress. The relationship
between seepage flow (Q), apparent permeability (K), hydrate
saturation, and seepage pressure difference during stress loading
is discussed.

3.1.1. Effect of stress loading on seepage flow

3.1.1.1. Variation law of Q-εa curve. Fig. 4 shows the Q-εa curves for
12 groups of tests. The results show that the Q-εa curve exhibits
distinct nonlinearity. Meanwhile, it demonstrates approximate
linearity in the early stress loading stage and nonlinearity in the
middle-to-late stress loading stages. The Q-εa curve is similar to a
logarithmic function (y = loga x, a > 1). As the strain εa (x) in-
creases, the increment of seepage flow ΔQ (Δy) gradually de-
creases. Furthermore, in terms of details, as shown in the enlarged
region ABC of Fig. 4, the Q-εa curve exhibits a smooth line (where
the seepage flow remains constant as strain increases). This re-
flects the influence of stress onwater-phase seepage. During stress

Table 2
Permeability-stress coupling test scheme for HBCS.

Sh, % σ′, MPa Pc, MPa Pp, MPa PS, MPa P1, MPa P2, MPa Sr, mm/min

0
10 7.5 4.5 1 5
20 3 8.5 5.5 3 7 4 0.1
30 9.5 6.5 5 9

Notes: Sh is the hydrate saturation; σ′ is the effective confining pressure; Pc is the
confining pressure; Pp is the pore pressure; PS is the seepage pressure difference; P1
is the seepage inlet pressure; P2 is the seepage outlet pressure; Sr is the shear rate.

(c) Seepage pressure difference of 5 MPa; (1) indicates the change in Q-εa; (2) indicates the change in q-εa

(a) Seepage pressure difference of 1 MPa (b) Seepage pressure difference of 3 MPa
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loading, the skeletal structure of HBCS changes, and the seepage
pore-throat continuously shrinks or even closes under stress
compression. This leads to a temporary cessation of water-phase
seepage and the seepage flow increment becomes smaller.

Fig. 4(c) enlarged region (1) and (2) describe the seepage flow
and stress changes in the region C, respectively. The enlarged re-
gion (2) is taken from the stress-strain curve in Section 3.2.1. From
the correspondence between (1) and (2), it can be seen that when
the stress change is small, the seepage flow increases rapidly. At
this point, as axial strain increases, most seepage pore throats may
not be squeezed and shrunk. Therefore, the water-phase seepage
velocity (the slope of the Q-εa curve) remains stable, while the
seepage flow rate increases uniformly. Simultaneously, due to the
lack of contact and support between particles, stress does not in-
crease significantly but remains relatively stable. When stress
changes significantly (at time 8.2 and strain 13.5), the seepage flow
remains constant while stress increases rapidly. At this point, as
axial strain increases, most seepage pore throats may be squeezed
shut. This causes the water phase flow to temporarily cease. Stress
increases due to particle contact and compression.

It is worth noting that not all data have such a corresponding
relationship, which is determined by the complex characteristics
within HBCS. However, the special case in Fig. 4(c) is sufficient to
illustrate the nature of mutual correspondence and coupling be-
tween seepage field-stress field in HBCS.

3.1.1.2. Influence of hydrate saturation and seepage pressure differ-
ence on Q-εa curves. As shown in Fig. 4(a) and (b), under seepage
pressure difference of 1, 3 and 5 MPa, the seepage flow of HBCS
exhibits a trend of first increasing, then decreasing, and finally
increasing again as the hydrate saturation increases. This is
because hydrate changes the pore structure of sediments. When
the hydrate saturation is low (Sh = 10%), the presence of hydrates
improves the particle skeleton of the sediment, giving it a more

favorable flow pore-throat. Subsequently, as the hydrate satura-
tion increases (Sh = 20%), the flow pore-throat is blocked by hy-
drates, making it more difficult for water to pass through the
sample and slowing down the flow velocity. When the hydrate
saturation (Sh = 30%) further increases, the cementation, sup-
porting, and filling functions of hydrates are destroyed during
consolidation and stress loading processes. This leads to an in-
crease in flow pore-throats, accelerated flow velocity, and
increased seepage flow.

The above results correspond to the results of CT-shear test
(Huang et al., 2024). Huang et al.’s research indicates that during
the 3%–6% strain stage, pore space continues to be compressed, but
the compression of some pores has reached its limit. Sand particles
rotated to optimize the force chain transmission, causing an
expansion of the pore space. Simultaneously, after the cementa-
tion failure, significant particle separation occurred. Therefore, as
shown in Fig. 5, during the shearing process, there are phenomena
of pore expansion and pore throat increase. Concurrently, in this
study, if the hydrate particles are intact when Sh = 30% (Cemen-
tation has not failed), then the plugging effect of hydrate on
sediment pores is higher than Sh = 20%. This is consistent with the
research results that hydrate saturation increases, then sediment
porosity decreases (Bao et al., 2025; Li et al., 2025a). However, as
shown in Fig. 4, the seepage flow curve for Sh = 30% consistently
lies above that for Sh = 20%. This reflects the damaging effect of
consolidation on the hydrate.

As shown in Fig. 4(c), with the further increase in seepage
pressure difference (5 MPa), the effect of hydrate saturation on
seepage flow changed. When Sh = 20%, the seepage flow begins to
exceed that of the hydrate-free sediment as the axial strain in-
creases, and approaches HBCS with Sh = 10%. This may be similar
to the dominant seepage channels of seepage in the field of rock
mechanics (Wang et al., 2025c; Xu et al., 2024b). Under the action
of relatively large seepage pressure difference, the seepage force
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expands some seepage channels, thus forming a dominant flow
channel (Li et al., 2024e; Xu and Konno, 2024). Therefore, in the
hydrate exploitation process, for the reservoir with high hydrate
saturation, increasing the initial seepage pressure difference is
conducive to forming the dominant exploitation path. Its internal
mechanism is similar to hydraulic fracturing of rocks (Liu et al.,
2025b).

As shown in Fig. 6, the effect of seepage pressure difference on
HBCS seepage flow is relatively simple: seepage flow increases as
seepage pressure difference increases. Notably, apart from the
formation of dominant seepage channels under the conditions of
(PS = 5, Sh = 20) in Fig. 6(c), which leads to a larger seepage flow.
The total seepage flows at seepage pressure difference of 3 and
5MPa are quite close under other conditions, especially in Fig. 6(b)
and (d).

This indicates that seepage flow does not increase linearly
with increasing seepage pressure difference. The greater the

seepage pressure difference, the smaller the positive effect on
seepage flow. The reason is that as the seepage pressure differ-
ence increases, the seepage force continues to increase, and the
sediment-carrying capacity of water-phase seepage is enhanced.
Smaller host particles and hydrate particles move with the water
flow, which will eventually block the seepage channels. This re-
sults in a reduction in the overall seepage velocity and seepage
flow rate of the sample. Fig. 6(b) illustrates this point: the
seepage flow at PS = 3 MPa ultimately exceeds the seepage flow
at PS = 5 MPa.

In summary, an increase in seepage pressure difference pro-
motes the formation of dominant seepage pathways. Simulta-
neously, greater seepage forces enhance the sediment-carrying
capacity of water flow. This reminds engineers that the problem of
sand production in hydrate mining may be related to the excessive
seepage pressure difference and seepage velocity. Appropriately
reducing the exploitation rate (thereby decreasing the seepage
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(c) Hydrate saturation of 20% (d) Hydrate saturation of 30%
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pressure difference) may be more conducive to sand production
control.

3.1.2. Effect of stress loading on apparent permeability
3.1.2.1. Variation law of K-εa curve. Based on the calculation
method of apparent permeability (K) in Section 2.3, the variation of
apparent permeabilitywas derived as shown in Figs. 7 and 8. TheK-
εa curve shape is similar to a negative exponential function
(y = a⋅e-bx). With axial strain increases, the apparent permeability
first decreases rapidly and then gradually (Lei et al., 2022b; Zhao
et al., 2023b). Additionally, the K-εa curve exhibits significant fluc-
tuations in the early stress loading stage,while becoming relatively
stable in the late stress loading stage.Meanwhile, in the early stress
loading stage, the apparent permeability exhibits a transient in-
crease or decrease. To better explain the causes of fluctuations, the
first point of the K-εa curve (apparent permeability at 10 s of water-

phase seepage) is defined as the initial permeability, as shown in
Fig. 7(a).

In the first 10 s of the permeability-stress coupling test, it was
considered that the stress loading did not affect the internal
structure of the sample. Thus, the first point of the K-εa curve can
describe the initial permeability of the sample without loading.
There are two main reasons for the fluctuation of the K-εa curve at
the early stress loading stage: a) When stress acts on the sample,
the compressive stress causes pore water within the sample to
extrude. Under the double promotion of seepage force and stress,
the apparent permeability of HBCS suddenly increases, making it
higher than the initial permeability. b) Additionally, the
compressive stress in the early stress loading stage may also cause
rapid reduction or closure of seepage pore-throats at the seepage
outlet, leading to a decrease in apparent permeability below the
initial value. Based on these two points, the rise and fall of

(a) Seepage pressure difference of 1 MPa (b) Seepage pressure difference of 3 MPa

(c) Seepage pressure difference of 5 MPa
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apparent permeability in the early stress loading stage result from
the coupling effects of both mechanisms.

It is worth noting that the climb path of apparent permeability
at different hydrate saturations is not uniform during the early
stress loading stage. Combined with the mechanical parameter
analysis in Section 3.2.2 below. It is found that the climb path of
apparent permeability is related to the initial secant modulus E0.1
of HBCS. When the initial secant modulus E0.1 is low, the apparent
permeability peaks very quickly in the early stress loading stages
(axial strain <1%). When the initial secant modulus E0.1 is high
(e.g., points A, B, and C in Fig. 7(d)), there exists a slow growth
phase of the apparent permeability in the early stress loading
stage. The peak of the apparent permeability occurs after the axial
strain >1%, as shown in Fig. 7(a) and (b).

The above phenomena illustrate the influence of the initial
stiffness of HBCS on apparent permeability: the greater the initial
stiffness, the higher the density of the particle skeleton, and the

greater the obstruction to seepage flow. As shear deformation in-
creases, the particle skeleton of HBCS is gradually destroyed, and
apparent permeability begins to gradually increase. When the
apparent permeability reaches its maximum value, further in-
creases in axial strainwill narrow or close the seepage pore-throat.
This results in a decrease in apparent permeability. Thus, there is a
corresponding relationship between the initial stiffness and the
variation in apparent permeability during the early stress loading
stage. This reflects the impact of structural changes within HBCS
on its seepage characteristics, illustrating the mechanism by
which stress influences the apparent permeability of HBCS (Lei
et al., 2022a).

3.1.2.2. Influence of hydrate saturation and seepage pressure differ-
ence on K-εa curves. As shown in Fig. 7, under seepage pressure
difference of 1 and 3 MPa, the apparent permeability exhibits a
trend of first increasing, then decreasing, and then increasing
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again as hydrate saturation increases. This result is consistent with
the effect of hydrate saturation on the Q-εa curve. Therefore, the
internal mechanism of change is also similar.

It should be noted that the effect of seepage pressure difference
on apparent permeability is different from its effect on seepage
flow. As shown in Fig. 8(a) and (b), under conditions of Sh= 0% and
10%, the apparent permeability decreases as the seepage pressure
difference increases. The reduction in apparent permeability is
primarily attributed to two factors. First, the most direct factor is
that the calculation of apparent permeability is inversely propor-
tional to the seepage pressure difference. Second, an increase in
seepage pressure difference enhances the sediment-carrying ca-
pacity of water, leading to blockage of seepage pore-throats
(Johnson et al., 2011).

As the hydrate saturation increases, the effect of seepage
pressure difference on apparent permeability begins to change. As
shown in Fig. 8(c) and (d), with increasing hydrate saturation, the
K-εa curves under different seepage pressure differences begin to
intersect and overlap. This result of the coupling effect of hydrate
saturation and seepage pressure difference. At low saturations,
hydrates impose less restriction on sediment matrix particles. As
the sediment-carrying capacity of water flow increases, matrix
particles are carried by the flow to block the seepage pore-throat.
At high saturations, the restriction of hydrates on matrix particles
is enhanced, weakening the sediment-carrying capacity of water
under the same seepage pressure difference.

In addition, under the same hydrate saturation, the effect of
seepage pressure difference on the apparent permeability is also
different. As shown in Fig. 8(c), under the condition of Sh= 20%, the
K-εa curves exhibit convergence and overlap when the seepage
pressure difference is 1 and 5MPa. In contrast, under conditions of
Sh = 30%, the K-εa curve of 3 MPa lies below the K-εa curve of 1 and
5MPaduring the initial stage of stress loading. However, during the
middle and late stress loading stages, it is higher than both curves.

This phenomenon demonstrates the different effects of
increasing the seepage pressure difference: a) A low seepage
pressure difference (PS = 1 MPa) is insufficient to actively destroy
the skeletal structure of HBCS. b) A higher seepage pressure

difference (PS= 3MPa) possesses the ability to actively destroy the
skeletal structure of sediments, but its sediment-carrying capacity
is weak, resulting in a higher apparent permeability. c) High
seepage pressure difference (PS = 5 MPa) exhibits strong capabil-
ities for both destroying sediment skeletal structures and sedi-
ment transport. As a result, high seepage pressure difference
simultaneously creates new seepage pores and blocks existing
ones. This causes their apparent permeability to gradually
approach that of low seepage pressure difference.

In summary, under low saturation conditions, an increase in
seepage pressure difference reduces the apparent permeability of
HBCS. Under high saturation conditions, the situation is more
complex. An increase in seepage pressure difference, on the one
hand, facilitates the formation of new seepage pore-throat. But on
the other hand, it enhances the sediment-carrying capacity of the
water flow, leading to the blockage of seepage pore-throats.
Therefore, when conducting hydrate production, determining the
optimal exploitation rate (optimal seepage pressure difference) for
reservoirs with different hydrate saturations is key to improving
hydrate production efficiency.

3.1.2.3. Initial permeability and shear permeability. The initial
permeability of HBCS determines the hydrate production effi-
ciency (Qin et al., 2020; Zhao et al., 2025a). Figs. 9 and 10 show the
initial permeability and shear permeability of HBCS, respectively.
The definition of initial permeability is given in Section 3.1.2.1,
while shear permeability refers to the apparent permeability of
HBCS when it reaches shear strength.

As shown in Fig. 9(a), under seepage pressure differences of 1
and 3 MPa, the initial permeability first increases and then de-
creases with the increase in hydrate saturation. By contrast, under
the seepage pressure difference of 5 MPa, the initial permeability
shows a pattern of first increasing, then decreasing, and then
increasing againwith hydrate saturation increasing.Meanwhile, as
shown in Fig. 9(b), the seepage pressure difference only promotes
permeability when the hydrate saturation reaches 30%. In contrast,
at the hydrate saturation of 0%, 10%, and 20%, the initial perme-
ability decreases with the increase in seepage pressure difference.
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The above results reflect the effect of consolidation on the
seepage characteristics of the samples. At low hydrate saturations,
the cementation, supporting, and filling effects of hydrates on
sediment particles are not destroyed by consolidation stress. The
seepage pore-throat decreases with increasing hydrate saturation.
At high hydrate saturation, consolidation stress causes the cluster
body formed between hydrates and sediment particles to be
destroyed, creating new seepage pore-throat and leading to initial
permeability increase.

Unlike the initial permeability, under the action of stress, the
effects of hydrate saturation and seepage pressure difference on
shear permeability undergo significant changes. As shown in
Fig. 10(a), under the same seepage pressure difference, the shear
permeability exhibits a trend of first increasing, then decreasing,
and then increasing again with the increase in hydrate saturation.
Meanwhile, as shown in Fig. 10(b), when hydrate saturation is low
(Sh = 0%, 10%), shear permeability decreases with the seepage
pressure difference increasing. When hydrate saturation is high
(Sh= 30%), shear permeability first increases and then decreases as
the seepage pressure difference increases.

It is worth noting that when the hydrate saturation of 20%, the
shear permeability first decreases and then increases as the
seepage pressure difference increases. This is caused by special
point B (PS = 5, Sh = 20). As mentioned in Section 3.1.1.1 above, it
has formed the dominant seepage channel. Under normal condi-
tions, the permeability at point B should be lower than that at
point C (PS = 3, Sh = 20). This is also the reason for the reduced
difference between points A and B in Fig. 10(a) (under other
seepage pressure difference conditions, the difference in shear
permeability between Sh = 10% and Sh = 20% is significant).

3.1.3. Comparison and discussion
The permeability characteristics of HBS are crucial for assessing

the exploitation potential of hydrate reservoirs and predicting gas
production efficiency. It not only affects the transport efficiency of
gas and liquid but is also closely related to reservoir stability and
potential geological hazards (Wang et al., 2024). In recent years,
with the in-depth research on the exploration and trial production

of natural gas hydrates. A series of advances have beenmade in the
permeability characteristics of HBS, and some common conclu-
sions have been reached:

a) The permeability of HBS has a power function relationshipwith
hydrate saturation. Reservoir permeability decreases non-
linearly with the increase of hydrate saturation (Bao et al.,
2025; Gao et al., 2019; Ma et al., 2024; Wang et al., 2024a;
Zhao et al., 2023d).

b) The content of clay particles and fine particles significantly
affects the permeability characteristics. The permeability of
reservoirs decreases with increasing clay content and fine
particle content (Chen et al., 2018; Deng et al., 2024; Lei et al.,
2022b; Ma et al., 2024; Wu et al., 2018).

c) Permeability exhibits a power-law relationship with effective
stress. As the effective stress increases, permeability gradually
decreases and tends to stabilize. Therefore, the influence of
stress on HBS is more significant in the initial stage of the test
(Li et al., 2024f; Wu et al., 2022; Xu et al., 2024a; Zhang et al.,
2024b; Zhao et al., 2023d).

The above conclusions are mostly based on single-phase fluid
permeability tests, which consider the impact of a single factor on
HBS permeability. After analyzing the influence mechanism of
various factors, it is found that the hydrate formation fills sedi-
ment pores and blocks flow pathways. The clay exhibits significant
water sensitivity and expansion properties, while fine particles
have filling and densifying effects. Increased confining pressure
and effective stress compress seepage channels. Therefore,
whether it is the changes in the internal factors (such as hydrate
saturation and the type and content of matrix particles) of HBS, or
the influences from external factors (such as confining pressure
and effective stress), the essence of changes in the permeability
characteristics of HBS is the expansion and contraction of seepage
channels.

However, the hydrate exploration process is a multi-phase fluid
flow and multi-physical field coupling process. Therefore, some
scholars have conducted multi-phase flow permeability tests and
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multi-physical field coupling permeability tests focusing on the
permeability characteristics of hydrate reservoirs. These studies
further consider the changes of gas phase and water phase
permeability under the conditions of hydrate steady state and
dissociation (Wang et al. 2024a, 2024b). The influence of effective
stress (confining pressure) on reservoir permeability and the in-
fluence of seepage field on reservoir strength and stiffness are
investigated (Zhao et al., 2023b).

Therefore, as shown in Fig. 11, the research on the permeability
characteristics of HBS has undergone a transition from basic
research (single-phase flow permeability tests) to advanced
research (multi-field coupling permeability tests). The theoretical
basis for permeability characteristics is Darcy's law, which is
measured using the constant pressure method or constant flow
method. In future applied research, the unsteady-state method
more closely approximates the actual conditions of hydrate pro-
duction. However, applied research demands higher technical
capabilities and faces greater challenges in implementation.
Therefore, in future research work, scholars should balance basic
research and advanced research while also iteratively upgrading
pressure-holding core sampling technology and transient pulse
methods.

At present, there is still a long way to go in researching the
permeability characteristics of HBS. For example, research on the
dynamic changes in reservoir permeability characteristics under
multi-physical field coupling remains limited. The seepage
mechanism under multi-factor coupling has not yet been clarified.
At the same time, shear deformation generated by hydrate reser-
voirs under seawater pressure will destroy the pore structure of
sediments, promoting fluid exchange and heat transfer. Studying
the coupling relationship between fluid and stress loading can

quantify the dynamic processes during hydrate exploitation and
improve the accuracy of hydrate exploitation models.

Therefore, this study conducted permeability-stress coupling
tests. As shown in Fig. 12, compared with previous research, this
study provides the dynamic variations of permeability and flow
rate of HBCS throughout the entire process from stress loading to
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deformation and failure. The research results will not only help
improve natural gas hydrate exploitationmethods but also provide
solid data support for many fields, such as ocean engineering
construction and geological disaster prediction.

3.2. Mechanical properties under seepage

This section mainly analyses the stress-strain relationship,
strength, and secant modulus variation rules of HBCS under
different seepage pressure difference conditions. Exploring the
effect of hydrate saturation on the mechanical properties of HBCS
under water-phase seepage.

3.2.1. Stress-strain relationship
3.2.1.1. Variation law of stress-strain curve. Figs.13 and 14 show the
stress-strain relationship curves of 12 groups of permeability-
stress coupling tests. Analysis of the curves reveals that, consis-
tent with conventional triaxial shear tests, the stress-strain curves
under seepage conditions still exhibit distinct nonlinear (elasto-
plastic) behavior (Yan et al., 2017). What differs is that under the
influence of water-phase seepage, the stress-strain curves exhibit

more small-range fluctuations, thereby reducing the smoothness
of the curves.

As shown in the enlarged region ABC of Fig. 13, the curve is
smoother in region A than in B and C. Meanwhile, this phenome-
non becomes more obvious with the increase of seepage pressure
difference, hydrate saturation, and axial strain. Thismay stem from
seepage conditions, hydrate saturation, and axial loading affecting
both sediment pore structure and particle skeleton stability (Chen
et al., 2025b; Yan et al., 2023).

Firstly, the filling, supporting, and cementation of hydrate
improve the pore structure of sediments and enhance the particle
skeleton. Therefore, the water-phase seepage through HBCS is
smoother and more stable. During the stress loading process, the
influence of water-phase seepage on the stress-strain curve is also
smaller. This is well demonstrated by the smoother stress-strain
curves at Sh = 10% compared to those at Sh = 0% in Fig. 13. At the
same time, the smoothness of the stress-strain curve does not
continue to increase with increasing hydrate saturation. As shown
in Fig. 13(b) and (c), the smoothness of the stress-strain curve
decreases instead when Sh= 20%, 30%. This is because the increase
in hydrate particles makes it more difficult for water to pass

(c) Seepage pressure difference of 5 MPa 
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through the HBCS. Consequently, the seepage force generated by
the water-phase seepage increases its impact on the stress loading
process, which leads to a decrease in the stress-strain curve
smoothness. This result reflects the blockage effect of hydrates on
the pore structure of sediments.

Secondly, the increase in seepage pressure difference also re-
duces the stress-strain curve smoothness. In geotechnics, the
magnitude of seepage force is positively correlated with the
seepage pressure difference and the hydraulic gradient. Therefore,
the seepage pressure difference increase leads to the seepage force
increase, which in turn increases the influence of the water-phase
fluid on the internal pore structure of the HBCS. During the inter-
action between the seepage field and the stress field, matrix par-
ticles are simultaneously subjected to seepage forces anddeviatoric
stress. Concurrently, this leads to a greater degree of fluctuation in
the stress-strain curve during the stress-loading process.

Finally, axial strain has a more direct effect on the stress-strain
curve. This is because with the increase of axial strain, the pore
structure and skeleton structure in the sample are constantly
damaged. The pore system becomes complex under the stress
effect (Li et al., 2021b). Pore shrinkage and plugging continue to

increase, and the seepage channels inside the sample become
progressively more complex. The interaction between seepage
forces and stress gradually increases with increasing axial strain,
leading to an increase in the effect of water-phase seepage on the
stress-strain curve.

These results clearly demonstrate the influence of water-phase
seepage on HBCS mechanical behavior, while revealing the
complexity of actual submarine hydrate reservoir properties under
multi-field and multi-phase conditions.

3.2.1.2. Influence of hydrate saturation and seepage pressure differ-
ence on stress-strain curves. From Figs. 13 and 14, it can be
observed that the majority of the stress-strain curves exhibit
strain-hardening and plastic-flow types. Only three curves (PS = 3,
Sh= 20), (PS= 3, Sh = 30), (PS= 5, Sh = 0) showed strain-softening.
Among them, the softening phenomenon of the curve (PS = 3,
Sh= 30) is not obvious, which is closer to plastic flow; On the other
hand, the curves (PS = 3, Sh = 20), (PS = 5, Sh = 0) show significant
softening only after the axial strain reaches 14%. Meanwhile, in
Fig. 13(a)–(c), the stress-strain curve for Sh = 10% is more
obvious than the hardening trend for Sh = 0%.
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The above results show that, compared with the conventional
triaxial test, the stress-strain curve of HBCS under the condition of
water seepage shows a more obvious strain-hardening trend (Choi
et al., 2018; Sang et al., 2025). Meanwhile, water-phase seepage
weakens the softening effect of hydrate on the stress-strain curve
(You et al., 2023; Zhao et al., 2023c). However, the hydrate satu-
ration increase still has the effect of promoting “strain-softening”.
As shown in Fig. 13, with the hydrate saturation increasing, the
stress-strain curves gradually transform from strain-hardening to
plastic-flow type.

As shown in Fig. 14, the stress-strain curve for hydrate-free
sediments exhibits an increased tendency towards strain soft-
ening as the seepage pressure difference increases. However, the
stress-strain curves did not show significant softening as the
seepage pressure difference increased. It is only that the hardening
tendency decreases and the plastic-flow tendency increases.
Overall, the increase in seepage pressure difference reduces the
strain-hardening and promotes plastic-flow tendency of the
stress-strain curve.

3.2.2. Mechanical parameter analysis
Shear strength and elastic modulus are crucial parameters for

analysing sample stability (Li et al., 2025b; Wang et al., 2025a).
This section will discuss the influence of the seepage field on
mechanical parameters.

3.2.2.1. Shear strength. Fig. 15 shows the variation of shear
strength of HBCS under different hydrate saturation and seepage
pressure difference conditions. There are two methods for deter-
mining the shear strength in this study: when the stress-strain
curve exhibits a peak (strain softening type), the deviatoric
stress corresponding to the peak is taken as the failure deviatoric
stress, i.e., the peak deviatoric stress is the shear strength of HBCS.
When the stress-strain curve of the strain-hardening type, the
deviatoric stress corresponding to an axial strain value of 15% is
taken as the shear strength of HBCS (Li et al., 2019; Shen et al.,
2021; Wang et al., 2021).

Fig. 16 shows the increment change of shear strength under
seepage field-stress field coupling conditions. Combined with
Fig. 15(a) and 16, it can be seen that under the same seepage
pressure difference condition, the shear strength exhibits a trend
of initially increasing and subsequently decreasing as hydrate
saturation rises. In detail, the shear strength of hydrate-free sed-
iments under different seepage pressure difference conditions is
approximately the same (in the range of 6.2 to 6.5 MPa). The
presence of hydrates enhances the strength of sediments. Mean-
while, the strengthening effect of hydrates on the shear strength
decreases with increasing seepage pressure difference. As shown
in Fig. 16, when the seepage pressure difference of 1, 3, and 5 MPa,
the shear strength increases with Sh = 10% compared to hydrate-
free sediments are 38.3%, 35.2%, and 8.2%, respectively. Hence,
the presence of hydrate enhances the shear strength under the
action of seepage, which is the same as the results of conventional
triaxial shear tests (Xu et al., 2022; Yang et al., 2023a).

However, as the hydrate saturation continues to increase
(Sh= 10%~30%), the shear strength decreases. From Figs. 15 and 16,
it can be seen that the reduction degree of shear strength
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decreases with increasing hydrate saturation. But it increases with
rising seepage pressure differential. In general, under water-phase
seepage conditions, the shear strength of hydrate-free sediments
is less affected by seepage. The shear strength decreases slowly
with increasing seepage pressure difference. Small amounts of
hydrate (low saturation) are beneficial to improve the shear
strength. When hydrates are more abundant (high saturation), the
presence of hydrates weakens the shear strength (Wu et al., 2025;
Zhang et al., 2025a).

The above results are significantly different from those of
conventional triaxial tests. In the conventional triaxial test results,
the shear strength increases with increasing hydrate saturation
(Kong et al., 2023; Luo et al., 2022; Yan et al., 2024). However, in
this study, the shear strength decreases with increasing hydrate
saturation. Uneven effective stress distribution under seepage
conditions drives this phenomenon (Luo et al., 2020; Zhang and
Wang, 2023).

Firstly, the biggest difference between the conventional triaxial
shear test and the permeability-stress coupling test is the seepage
condition. In conventional triaxial tests, the pore pressure is
controlled by the gas or water phase at constant pressure, and
measurements are generally monitored in real time. In the
permeability-stress coupling test, the pore pressure is controlled
by the dynamic water phase, which is less stable.

Secondly, the pore pressure in this study is calculated as the
average of inlet pressure and outlet pressure, which itself is an
estimate. Thus, the monitoring error of pore pressure in the
permeability-stress coupling test is larger compared to the con-
ventional triaxial shear test. This results in a difference between
the actual pore pressure and the monitored pore pressure, which
affects the conversion of effective stresses.

Finally (and more importantly), the seepage process in the
permeability-stress coupling test represents a dissipation process
of pore water pressure (Bao et al., 2025; Lei et al., 2025). Under
ideal conditions with intact pore structures and smooth pore-
throat channels, flowing water exerts minimal influence on the
sample. While pore pressure equals the arithmetic mean of inlet
and outlet pressures. In practice, the seepage pressure difference
causes a disparity in pore pressure between the two ends of the
sample. This results in an uneven distribution of effective stress
within the sample.

In summary, based on Terzaghi's effective stress principle
(effective stress is equal to the difference between total stress and

pore water pressure). Combined with the previous experimental
results, the shear strength of hydrate-free sediments is close under
different seepage pressure differences. It is assumed that water-
phase seepage has a small effect on the pore pressure of
hydrate-free sediments. That is, when Sh = 0%, the pore pressure
inside the sample is uniformly distributed, as shown in Fig. 17.
Therefore, under the condition of seepage inlet pressure of 5 MPa
and outlet pressure of 4 MPa, the pore pressure (4.5 MPa) of the
sample with Sh = 0% is uniformly distributed, which corresponds
to an effective stress of 3 MPa.

Subsequently, the random generation of hydrates fills part of
pores in sediments, causing partial blockage of seepage pore-
throat and thus hindering the dissipation of pore water pressure.
This will cause an uneven distribution of pore pressure within the
sample. Taking Fig. 17(a) as an example, when Sh = 10%, there is
little blockage of the pore-throat channels. The maximum and
minimum values of the effective stresses inside the sample are
closer to each other. At this point, the effective stress reduction
due to water-phase seepage is negligible. Moreover, the cemen-
tation and support of hydrates improve the skeletal structure of
the sediments (Li et al., 2021a; Ouyang et al., 2023; Ramamoorthy
et al., 2022). Therefore, the shear strength of the sample with
Sh = 10% is greater than that with Sh = 0%.

When Sh = 30%, the seepage pore-throat is blocked more
seriously. It is more difficult to dissipate the pore water pressure.
This results in a high pore pressure at the seepage inlet and a low
pore pressure at the outlet. The effective stress at the seepage inlet
of the sample decreases, leading to a decrease in the overall shear
strength of the sample. When the seepage pressure difference
(PS = 5 MPa) is further increased, the pressure difference between
the seepage inlet and seepage outlet will be further widened, as
shown in Fig. 17(b). Therefore, the difficulty of dissipating the pore
water pressure is further enhanced by the combined effect of
seepage pressure difference and hydrate, leading to a smaller
minimum effective stress and a further reduction in the shear
strength.

Overall, the HBCS shear strength decreases with increasing
hydrate saturation under seepage conditions. The mechanism is
that the hydrate blocks the seepage pore-throat, the effective
stress inside the sample is reduced, which in turn reduces the
overall shear strength. In addition, the nature of seepage changes
is the pore space change of sediment particles. In addition to hy-
drate saturation, seepage pressure difference, and shear
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deformation discussed above, particle size distribution, degree of
consolidation, and effective confining pressure all cause changes in
particle porosity. There is a coupling relationship between the
various influencing factors (Hyodo et al. 2014, 2017; Li et al.,
2024c).

3.2.2.2. Secant modulus. This study uses the secant modulus (E50)
to describe the stiffness changes of HBCS. Fig. 18 shows the vari-
ation of E50 with hydrate saturation and seepage pressure differ-
ence. The definition of E50 is: the slope of the straight line passing
through two points (the point where the deviatoric stress reaches
50% of the shear strength and the origin) on the stress-strain curve.

As shown in Fig. 18, the E50 of HBCS increases with the increase in
both hydrate saturation and seepage pressure difference.

However, the above results differ from the initial stiffness of the
stress-strain curve in Section 3.2.1. As shown in Fig. 13(c), under
the seepage pressure difference of 5MPa, the initial stiffness of the
stress-strain curves for different hydrate saturations does not
differ significantly. Therefore, the initial secant modulus (E0.1) is
defined here (Slope of the straight line passing through the point
with 0.1% axial strain and the origin) to reflect the initial stiffness
of HBCS.

Figs. 19 and 20 show the changes in the E0.1 with the hydrate
saturation and seepage pressure difference. At lower seepage
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pressure difference (1, 3 MPa), the E0.1 increases with increasing
hydrate saturation. At the higher seepage pressure difference
(5 MPa), the E0.1 changes little with increasing hydrate saturation,
with an average fluctuation of around 10%. At lower hydrate
saturation (0%, 10%), the E0.1 increases with increasing seepage
pressure difference. At higher hydrate saturation (20%, 30%), E0.1
first increases and then decreases with increasing seepage pres-
sure difference.

To sum up, the initial stiffness (initial secant modulus E0.1) is
influenced by the coupling effect of hydrate saturation and
seepage pressure difference. When the seepage pressure differ-
ence is low, the hydrate saturation dominates the change in initial
stiffness, and E0.1 increases with increasing hydrate saturation.
When the seepage pressure difference is large, the effect of hy-
drates on the initial stiffness of sediments decreases significantly,
and E0.1 changes littlewith increasing hydrate saturation, as shown
in Fig. 20.

Combined with the findings of conventional triaxial tests (Kou
et al., 2022; Sang et al., 2024), the primary reasons for the above
test results are as follows: a) At low hydrate saturations, the
cementation, support, and filling effects of hydrates on sediment
matrix particles improve the skeletal structure. b) At high hydrate
saturations, the cementation, support, and filling effects fail pre-
maturely during the consolidation process, damaging the skeletal
structure (Han et al., 2018; Hauge et al., 2016; Yoneda et al., 2016).

Additionally, due to the effect of water-phase seepage in the
permeability-stress coupling test, the greater the seepage pressure
difference, the more significant the influence of seepage force on
the internal structure of HBCS. Therefore, themechanism bywhich
water-phase seepage affects the initial stiffness of HBCS is as fol-
lows: a) Under low seepage pressure difference, the seepage force
induced by seepage is small, leading to rapid dissipation of pore
water pressure. Seepage has minimal influence on hydrate parti-
cles and sediment matrix particles (Zhang et al., 2024c). b) Under
high seepage pressure difference, the seepage force is large,
resulting in slow dissipation of pore water pressure. The large
seepage force causes the migration of hydrate particles and matrix
particles, as well as damage to cementation and support effects. c)
An increase in seepage pressure difference enhances the pore
pressure and confining pressure during consolidation and seepage
processes, and the increased pressure improves the consolidation
effect (Cameron et al., 1990; Dong et al., 2020; Gajanayake et al.,
2022; Yoneda et al., 2019).

In summary, the variation in stiffness of HBCS is influenced by
multiple factors. Firstly, hydrate formation enhances the skeletal
structure of sediments. Secondly, in the consolidation stage, the
consolidation effect of sediments with different hydrate saturation

is different. When hydrate saturation is high, the enhancing effect
of hydrates on the particle framework may be destroyed. More-
over, during the initial stages of shear, seepage force may have a
destructive effect on sediments.

4. Analysis of seepage field-stress field coupling mechanism

Based on the permeability-stress coupling test results, this
section starts from the internal structural changes of HBCS. It
discusses the seepage mechanism under shear action and the
shear mechanism under seepage action.

4.1. Seepage mechanism under stress

The seepage characteristics of geotechnical materials are
fundamentally determined by variations in the seepage pore-
throat (Jang et al., 2019). Fig. 21 shows the seepage mechanism
of HBCS in the permeability-stress coupling test. For hydrate-free
sediments, the presence of clay particles promotes the sliding
and rolling of sediment particles. This helps to improve the
compactness of the sample during the consolidation process.
Meanwhile, due to the water absorption and expansion charac-
teristics of clay particles, they will block the seepage channels
(Roscoe et al., 1963; Wu et al., 2018).

For HBCS, the presence of hydrates limits the action of clay,
which leads to a decrease in compression and blockage of seepage
pores during consolidation. Therefore, a small amount of hydra-
tion can improve the pore structure and increase its apparent
permeability. However, as hydrate saturation continues to in-
crease, hydrates start to occupy excess pores and form the cluster
body with sediment matrix particles (Yoneda et al., 2016). The
integrity of HBCS increases, but its porosity decreases. This leads to
a reduction in water-phase seepage channels and a decrease in
pore-throat diameters, thus reducing the apparent permeability.

During the stress loading stage, the seepage characteristics of
HBCS begin to be affected by stress. In the initial stress loading
stage, stress has a significant effect on the apparent permeability.
Firstly, stress loading compresses the pore space inside the sample,
causing pore water to be squeezed out. Secondly, stress destroys
the particle skeleton structure of HBCS, forming new seepage
channels. Thus, the expulsion of pore water and the formation of
seepage pathways promote an increase in permeability, whereas
the compression of pore spaces leads to a decrease in permeability.
The antagonistic effect of these two factors results in the fluctu-
ating behavior of apparent permeability at the initial stress loading
stage.

During the middle stress loading stage, axial loading stabilizes
the pore structure of HBCS. At this stage, the seepage pore throat
has begun to form, and the stress-induced expulsion of pore water
consequently diminishes. As axial strain increases, the number of
seepage pore-throat channels decreases, and the pore-throat
diameter shrinks (Cai et al., 2020). The permeability exhibits a
stable decreasing trend as the seepage pore-throats decrease. In
the late stress loading stage, internal pores of the sample are
gradually compressed to the limit, and the permeability gradually
tends to stabilize.

4.2. Shear mechanism under seepage

Figs. 22 and 23 illustrate the shear mechanism of HBCS under
the action of water-phase seepage. By analysing the changes in
sediment particles and hydrates during the test process. The shear
mechanism of HBCS under water-phase seepage conditions is
further revealed.
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(1) Mechanism analysis of shear strength

Regarding shear strength, water-phase seepage primarily
functions to transport particles and expand pores. While the role
of hydrates is opposite, restricting particle migration and blocking
seepage pores. As shown in Fig. 22, in the hydrate-free sediments,
the addition of low-temperature deionized water causes the clay
in the sample to absorb water and expand. Although clay particles
fill the pores of sediments, they cannot serve as skeletal particles
to bear stress due to their low strength. Additionally, clay particles
also have a lubricating effect, promoting the sliding and rolling of
skeleton particles, which further reduces the shear strength of the
sediment.

With the hydrate formation, the pores within HBCS will be
filled. The cementation effect of hydrates strengthens the particle
skeleton (Bian et al., 2022; Ramamoorthy et al., 2022). Meanwhile,
hydrates restrict some clay particles, weakening their role in
promoting particle sliding and rotation. Therefore, the presence of
hydrates enhances the shear strength of HBCS.

However, as shown in Fig. 23, as the hydrate saturation
increases, the hydrate's blocking effect on the seepage channel
becomes more obvious. Although stress may cause fracturing of
hydrates and matrix particles during consolidation and stress

loading, thereby forming new seepage channels. The frag-
mented particles will eventually block seepage pores under the
action of seepage forces. The blockage of seepage channels
leads to an increase in pore water pressure, thereby reducing
the effective stress of the HBCS. Under stress loading, the re-
gions with higher pore pressure are more prone to deformation
(Jiang et al., 2019). Consequently, the shear strength of the
HBCS decreases as the hydrate saturation and seepage pressure
difference increase.

(2) Mechanism analysis of secant modulus

The water-phase seepage exerts a significant influence on the
secant modulus of HBCS. As shown in Fig. 22, during the water
saturation process, clay particles absorb water and undergo
expansion. Although the particles are compacted during consoli-
dation, the effect of clay promoting the sliding and rotation of
skeletal particles still exists. This results in the secant modulus of
hydrate-free sediments remaining at a relatively low level. For
HBCS, the cementation, support, and filling effects of hydrates
facilitate the formation of the cluster body. Meanwhile, hydrates
also limit the lubricating effect of clay particles, which greatly
improves the deformation resistance of HBCS.
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In addition, there is an antagonistic relationship between hy-
drate saturation and seepage pressure difference. As shown in
Fig. 23, when hydrate saturation is high, hydrates severely block
the water-phase seepage channels. At this point, an increase in
seepage pressure difference no longer increases the compactness
of the HBCS, but instead promotes pore expansion. Water-phase
seepage dissipates pore water pressure by forming new seepage
throats. However, the deformation caused by pore expansion not
only reduces the density of HBCS but also damages the integrity of
the particle skeleton. Therefore, when both hydrate saturation and
seepage pressure difference are at high levels, the enhancement
effect of their increase on the secant modulus of HBCS weakens, or
even evolves into a weakening effect.

At the microscopic level, scholars have reached similar con-
clusions through CT scans and numerical simulations (Li et al.,
2024e). Under the action of seepage pressure difference, the dis-
tribution of pore pressure exhibits non-uniformity. Seepage pres-
sure gradually decreases along the flow path: Pore pressure is
greater at the inlet end and less at the outlet end. Moreover, the
presence of cracks facilitates the dissipation of pore pressure. By
observing the cracks in Fig. 24(b) and (c), it can be seen that the
pore pressure is higher in the shorter cracks. Therefore, under the
action of pressure difference, the higher pore pressure provides
the driving force for crack propagation and pore expansion.
Concurrently, within the HBCS composed of sediment particles
and hydrate particles, crack propagation and pore expansion may
induce particle migration and rotation.

In summary, the seepage field-stress field coupling mecha-
nism of HBCS can be summarized as follows: a) The cemen-
tation, support, and other effects formed by hydrates and
matrix particles, which bring about two effects: the enhance-
ment of sediment skeleton particles and the blockage of
seepage channels. b) The particle migration caused by water-
phase seepage, which has two roles: Skeleton compaction and
Pore expansion. c) The compaction, fragmentation, and migra-
tion of matrix particles (clay particles, quartz sand particles,

hydrate particles) caused by increasing stress, which has two
functions: pore shrinkage and fracture formation. These three
mechanisms collectively constitute the complex seepage and
mechanical characteristics of HBCS during the seepage-stress
coupling process.

5. Engineering suggestions and insights

In light of actual hydrate production conditions, this study in-
vestigates the coupled seepage-stress behaviour of HBCS. The test
results show that the coupling effect of the seepage field and stress
field not only affects the basic properties of HBCS, such as strength,
deformation, and permeability, but also affects the safe and effi-
cient exploitation of natural gas hydrate. Therefore, based on the
test results, combined with the engineering practices and tech-
nological advances, the following suggestions and insights are
proposed:

(1) There is a nonlinear relationship between seepage pressure
difference and permeability of HBCS, and a greater seepage
pressure difference does not necessarily yield higher
exploitation efficiency. The greater the seepage pressure
difference, the stronger the sediment carrying capacity of
water flow. Therefore, sand production issues in the reser-
voir may be caused by excessive production rates (Li et al.,
2024b). This corresponds with the AT1-MC test drilling
incident in Japan's Nankai Trough (Yamamoto et al., 2017).
The project quickly reduced the bottomhole seepage pres-
sure from 13.5 to 5 MPa. Although short-term gas produc-
tion increased rapidly, the sand body of 30 m3 flooded into
the wellbore with the fluid. Moreover, for low hydrate
saturation reservoir, its permeability is more sensitive to the
change of pressure difference. Therefore, it is suggested that
low-saturation reservoirs adopt a “slow and steady”
approach to production. This facilitates the prevention of
sand production and enables long-term stable production.
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Fig. 24. Distribution of seepage pressure field in HBSs with a 0.2 mm opening crack (Li et al., 2024e).
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(2) For reservoirs with high hydrate saturation, enhancing
exploitation efficiency may be achieved by increasing the
seepage pressure difference. Drawing upon hydraulic
fracturing techniques, implement stepwise pressure-
boosted production in high saturation reservoirs (Chen
et al., 2025a; Wang et al., 2018). Initial production will
be at a pressure difference of 1-2 MPa. Once gas produc-
tion stabilizes, the production pressure difference will be
gradually increased to 3–5 MPa. High seepage force makes
primary micro-cracks expand, forming high seepage
channels. It is suggested to equip the high-power sub-
mersible electric pump or high-efficiency gas lift system to
establish the required pressure difference. Meanwhile, a
downhole microseismic monitoring array is deployed to
conduct real-time tracking of the propagation morphology
and scope of fractures. Ensure that the fracture modifica-
tion process remains in a controllable state, and avoid the
connection of large fractures from causing reservoir
integrity damage.

(3) The presence of the stress field reduces the permeability of
HBCS. During the hydrate production process, the action of
the stress field and stress redistribution will lead to a
decrease in reservoir permeability (Luo et al., 2025). This
phenomenon has been verified in the trial production in the
Gulf of Mexico area. After hydrate decomposition, the for-
mation compaction rate increases, which leads to the pore
water pressure dissipation time extending from 3 days to 14
days and significantly increasing the risk of secondary
collapse (Li et al. 2022, 2024a). Therefore, it is suggested to
draw on the “fracturing grouting technology” and develop
low-temperature early-strength drilling fluids suitable for
hydrate reservoirs. Meanwhile, by means of drill pipes
equipped with packers and directional injection valves,
fluids are precisely pumped into the key bearing zones
around the wellbore. By precisely controlling the injection
pressure through a precision booster pump, the fluid is

ensured to fracture the reservoir's micro-pores and cement
the particles.

(4) The presence of seepage fields reduces the shear strength of
HBCS. Under seepage-stress action, it was found in the trial
production in the Shenhu Area of the South China Sea that
uncemented reservoirs are prone to wellbore collapse dur-
ing drilling fluid circulation. Stability must bemaintained by
enhancing the drilling fluid support pressure (Ye et al.,
2020). Meanwhile, COMSOL multi-field coupling simula-
tions reveal that dynamic fluid seepage reduces the shear
strength of HBCS (Jiang et al., 2022; Sun et al., 2018).
Therefore, engineers need to include fluid weakening effects
when assessing reservoir stability. Concurrently, promote
the “Wellbore-stratum integration” design and develop an
anti-collapse drilling system suitable for hydrate reservoirs.
By optimizing drilling fluid viscosity and pressure trans-
mission efficiency, the wellbore shrinkage rate was effec-
tively controlled below 5%.

Based on the above suggestions and insights, the risks and
suggestions for hydrate reservoir exploitation are summarized in
Fig. 25.

6. Conclusions

Investigating the seepage-stress coupling behavior of hydrate-
bearing clayey-silty sediments (HBCS) is essential for the safe
and efficient exploitation of natural gas hydrates. Through a series
of permeability-stress coupling tests, this study systematically
examines the influence of hydrate saturation (Sh) and seepage
pressure difference (PS) on the multi-field and multi-phase
coupling properties of HBCS. Based on the test results, the un-
derlying coupling mechanism between seepage and stress fields is
elucidated, and practical engineering suggestions are proposed
from the perspective of hydrate production. The main conclusions
are as follows:
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(1) Under stress field conditions, the seepage flow of HBCS ex-
hibits a logarithmic correlation with axial strain, where its
increment decreases as axial strain increases. Meanwhile,
seepage flow is positively correlated with PS. The relation-
ship between seepage flow and Sh is relatively complex. At
low-Sh levels, seepage flow is reduced due to the pore-filling
effect of hydrates. At high-Sh levels, stress-induced damage
to the sediment skeleton results in increased seepage flow.

(2) Under stress field conditions, the apparent permeability of
HBCS decreases with axial strain. The apparent permeability
is influenced by the coupling effect of Sh and PS. At low-Sh
levels, the apparent permeability decreases with increasing
PS. At high-Sh levels, increasing the PS promotes both pore
expansion and particle migration, and the apparent
permeability is influenced by these two antagonistic effects.

(3) Under seepage field conditions, the smoothness of the
stress-strain curve diminishes, with an increase in small-
scale fluctuations. Additionally, water-phase seepage
weakens the softening effect of hydrates, resulting in stress-
strain curve that are predominantly characterized by strain
hardening and plastic flow. The stiffness characteristics of
HBCS are governed by the coupling effects of Sh and PS. The
secant modulus E50 increases with increasing Sh and PS.

(4) Under seepage field conditions, the shear strength of HBCS
decreases with increasing Sh and PS. The shear strength of
hydrate-free sediments decreases slowly with increasing PS.
The cementation and pore-filling effects of hydrates hinder
the dissipation of pore water pressure in HBCS. As described
by Terzaghi's effective stress principle, this leads to a
localized reduction in effective stress, which directly di-
minishes the shear strength of the HBCS.

(5) The production strategy for natural gas hydrates should be
tailored according to reservoir characteristics. For reservoirs
with low-Sh levels, a “slow and steady” exploitation
approach is recommended to prevent excessive PS from
causing sand production and wellbore blockages. In
contrast, for reservoirs with high-Sh levels, where hydrates
impose stronger constraints on sediment particles,
increasing the PS can facilitate pore expansion and fracture
propagation, thereby enhancing exploitation efficiency.

As a significant energy resource, the safety and stability of
natural gas hydrate production are of critical importance. The
findings of this study offer valuable insights for engineers to un-
derstand and analyze the multi-field, multi-phase coupling
behavior of hydrate-bearing reservoirs.
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