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a b s t r a c t

The effective stress of marine sediments frequently shifts owing to natural or anthropogenic factors, and 
a broad spectrum of processes fundamentally require accounting for sediment responses to such 
changes. Marine sediments hosting natural gas hydrates have been regarded as a prospective energy 
reservoir, and depressurization-driven production efficiency hinges largely on the effective absolute 
permeability of hydrate-bearing strata. Yet, how this permeability evolves during depressurization re-
mains unresolved, and whether pore-hosted hydrates impede or enhance it remains ambiguous. This 
study probes the permeability response of hydrate-bearing sands to cyclic loading through isotropic 
compression/swelling and water flow tests. Results reveal that methane hydrate presence curbs the 
void-ratio decline yet amplifies the effective-void-ratio reduction during isotropic loading. The effective 
absolute permeability of hydrate-bearing sands declines with rising hydrate saturation and increasing 
mean effective stress, and permeability stress sensitivity intensifies at higher hydrate saturations and 
lower mean effective stresses. The introduced model accurately predicts void-ratio changes during 
isotropic loading and unloading. Coefficients for strengthening, normal filling, and enhanced filling 
effects are introduced and quantified to disentangle the positive and negative influences of methane 
hydrate, with the negative filling effect exceeding the positive strengthening effect by one order of 
magnitude for quartz sands.
© 2025 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

Changes in the effective stress of marine sediments are 
frequently encountered across diverse processes. Examples 
encompass the marine sedimentation process wherein the vertical 
effective stress incrementally escalates with progressive burial 
depth (Sawyer and DeVore, 2015), the internal wave propagation 
process wherein bed-stress amplification manifests (Zulberti et al., 
2020), the deep-sea hard minerals extraction process wherein 
seabed sediments are subjected to loading by mining vehicles 
(Zhang et al., 2025a), and the deliberately induced pore fluid in-
jection for offshore carbon dioxide sequestration (Cao et al., 2025;

Zhao et al., 2024) alongside pore fluid withdraw for natural gas 
hydrate exploitation (Cai et al., 2020; Kim et al., 2018). Accounting 
for responses of marine sediments to alterations in effective stress 
is imperative for evaluating sedimentation-governed seabed 
instability (Stoecklin et al., 2017), optimizing the engineering of 
deep-sea mining vehicles (Sun et al., 2022), and appraising the 
carbon sequestration efficiency together with the economic 
viability of hydrate production (Khan et al., 2024; Wan et al., 2022). 

Natural gas hydrates constitute crystalline solid compounds 
naturally present within marine sediments along the continental 
margin (Sloan, 2003), and they have been recognized as a pro-
spective energy resource owing to their extensive occurrence and 
capacity to concentrate substantial methane volumes (Chong 
et al., 2016). Methane recovery from natural gas hydrates entails 
fully coupled thermal-hydraulic-mechanical-chemical processes 
(Gong et al., 2025), and depressurization presently serves as the 
favored technique for offshore hydrate production field trials (Li 
et al., 2018; Yamamoto et al., 2019; Ye et al., 2020). History-

* Corresponding author.
E-mail address: lele.liu@ouc.edu.cn (L.-L. Liu).
Peer review under the responsibility of China University of Petroleum 

(Beijing).

Contents lists available at ScienceDirect

Petroleum Science

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

https://doi.org/10.1016/j.petsci.2025.10.009
1995-8226/© 2025 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/).

Petroleum Science 23 (2026) 998–1013

http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
mailto:lele.liu@ouc.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2025.10.009&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2025.10.009
http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
https://doi.org/10.1016/j.petsci.2025.10.009


matching simulations of these trials (Ouchi et al., 2022; Zhou et al., 
2020a) alongside parameter sensitivity analyses (Huang et al., 
2016; Liu et al., 2015) reveal that gas recovery efficiency is pre-
dominantly governed by the hydraulic characteristics of hydrate-
bearing sediments, and a fundamental parameter embodying 
these characteristics is the saturated water permeability (Zhang 
et al., 2020), alternatively termed the effective absolute perme-
ability (Li et al., 2025). The effective absolute permeability quan-
tifies the ease with which a single-phase fluid (e.g., water) 
migrates through marine sediments hosting natural gas hydrates 
in the absence of any additional pore fluid phase. Upon progressive 
and complete dissociation of solid hydrates, the effective absolute 
permeability of hydrate-bearing sediments transitions into the 
absolute or intrinsic permeability of the corresponding hydrate-
free sediments (i.e., the host matrix or the host sediments) 
(Zhang et al., 2023b). The intrinsic permeability of hydrate-free 
sediments across varying grain-size distributions typically ex-
hibits power-law growth with void ratio (i.e., the ratio of total pore 
volume over aggregate grain volume) (Ren and Santamarina, 
2018). To capture the response of effective absolute permeability 
to effective stress variations, it is first necessary to elucidate how 

the void ratio of host sediments evolves during depressurization, 
given that effective stress increments can exceed 10 MPa under 
field conditions (Zhou et al., 2020b).

When subjected to external loading and unloading, pore vol-
ume variation of the host sediments is markedly influenced by 
natural gas hydrates owing to their cementation and pore-filling 
roles (Tian et al., 2024; Zhao et al., 2025). Once these effects 
vanish upon hydrate dissociation, volumetric contraction of the 
host sediments ensues, and the void ratio declines under zero-
lateral-strain conditions (Dai et al., 2011; Fang et al., 2022; Lee 
et al., 2010). This reveals that the solid hydrate sustains a portion 
of the external load, and this load is subsequently transferred to 
the sediment skeleton after hydrate dissociation, inducing further 
contraction (Fang et al., 2022). The stiffening contribution of hy-
drate to the host sediments has been directly visualized via X-ray 
computed tomography during triaxial shearing experiments (Lei 
and Seol, 2020). Prior to shearing in triaxial shear tests, isotropic 
loading is imposed to probe the compressibility of hydrate-bearing 
sediments (Nakashima et al., 2021; Xu et al., 2022; Yan et al., 2023; 
Yang et al., 2023; Zhou et al., 2021). Results demonstrate that the 
void ratio of hydrate-bearing sediments across varying hydrate 
saturations scarcely alters during the initial isotropic loading 
stage, and the corresponding compression curves essentially 
overlap. As the isotropic load continues to rise, the curves pro-
gressively diverge, signifying the onset of structural yielding in 
hydrate-bearing sediments. The yield stress of hydrate-bearing 
sediments rises linearly (Yan et al., 2023; Yang et al., 2023) or 
exponentially (Nakashima et al., 2021; Zhou et al., 2021) with 
increasing hydrate saturation. No consensus exists among exper-
imental dataset regarding how the compression index of hydrate-
bearing sediments varies with hydrate saturation; both inverse 
correlations (Luo et al., 2020; Nakashima et al., 2021; Xu et al.,
2022) and essentially no correlation (Yan et al., 2023; Yang et al., 
2023; Zhou et al., 2021) have been documented. Grounded in the 
critical-state framework for soils, the compression index of 
hydrate-bearing sediments should remain independent of hydrate 
saturation (Uchida et al., 2012), a proposition that has been scru-
tinized through numerical simulations (Zhang et al., 2023a). 

Since natural gas hydrates occupy the pore space as solids that 
constrict and may fully occlude fluid pathways within hydrate-
bearing sediments, the effective absolute permeability typically 
declines with rising hydrate saturation, yet the rate of decline can 
shift markedly when pore habit and morphology differ (Delli and 
Grozic, 2014; Kumar et al., 2010; Li et al., 2024; Liu et al., 2020;

Zhang et al., 2020, 2025b). The pore habit and morphology of 
natural gas hydrates in situ are governed by host-sediment grain 
size and the prevailing effective stress state (Dai et al., 2012). 
Beyond its indirect influence, the effective stress acts as a primary 
driver of pore volume evolution, thereby directly modifying the 
effective absolute permeability of hydrate-bearing sediments 
(Zhang et al., 2023b). Observations reveal that the effective abso-
lute permeability of hydrate-bearing sediments decreases either 
linearly (Wang et al., 2021) or exponentially (Xu et al., 2024; Zhang 
et al., 2022; Zhao et al., 2023) with increasing effective stress. 
Nonetheless, some experiments indicate that the sensitivity of 
effective absolute permeability to effective stress (hereafter 
termed permeability stress sensitivity) diminishes when hydrates 
occupy the pores (Wang et al., 2021), whereas others demonstrate 
that such sensitivity intensifies with higher hydrate saturations 
(Zhang et al., 2022; Zhao et al., 2023). Additionally, Wang et al.
(2021) reported that permeability stress sensitivity declines un-
der rising effective stress for marine sediments at hydrate satu-
rations of 0 and 0.41, yet rises for hydrate saturations between 0.26 
and 0.38. Conversely, Zhao et al. (2023) observed that permeability 
stress sensitivity monotonically decreases with increasing effec-
tive stress for marine sediments up to a hydrate saturation of 0.3. 
These conflicting findings unequivocally signal that the evolution 
of effective absolute permeability in hydrate-bearing sediments 
under combined variations in effective stress and hydrate satura-
tion (e.g., during depressurization) remains unresolved, largely 
stemming from insufficient insight into the competing enhancing 
and impeding roles that natural gas hydrates exert on effective 
absolute permeability.

This study seeks to uncover the dual impacts of pore-hosted 
natural gas hydrates and to illuminate the effective absolute 
permeability of hydrate-bearing sediments exposed to isotropic 
loading and unloading. Isotropic compression/swelling and water 
flow experiments are performed on quartz sands both with and 
without methane hydrate occupancy, and variations in pore vol-
ume and effective absolute permeability under distinct conditions 
are investigated, succeeded by evaluations of permeability stress 
sensitivity. Subsequently, an analytical void-ratio model is 
formulated to portray intrinsic pore volume evolution during 
isotropic compression and swelling. Throughout isotropic 
compression, the beneficial and detrimental influences of 
methane hydrate upon effective pore volume and effective abso-
lute permeability are quantified, and understanding of the dual 
hydrate effects is ultimately refined.

2. Experimental program

2.1. Experimental apparatus, materials, and procedures

Fig. 1 depicts the schematic of the experimental setup (GDS 
Instruments) employed for isotropic compression and water flow 

experiments on hydrate-bearing sands. The specimen, 50 mm in 
diameter and 100 mm in height, is encapsulated by two rubber 
membranes, each 0.5 mm thick. Silicone oil surrounding the 
membranes transmits pressure from a syringe pump as confining 
pressure; the operational range reaches 32 MPa with a precision of 
0.1% FRO (Full Range Output). A coiled tube, also filled with silicone 
oil and circulated through a cooling bath, encircles the specimen 
within the oil bath to regulate temperature from +65 ◦ C to − 20 ◦ C. 
A thermocouple with an accuracy of 0.1 ◦ C is mounted on the 
pedestal, which is linked to a chamber lid wrapped in thermal 
insulation. The sealed pressure vessel, rated to 32 MPa, sits in a 
load frame delivering 100 kN axial force via a hydraulic power 
pack; axial stress is captured by an internal load cell (0.1% FRO) 
that nullifies sidewall friction on the axial rod during triaxial shear.
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Axial displacement is tracked by a LVDT (Linear Variable Differ-
ential Transformer) with an accuracy of 0.1% FRO and a resolution 
of 0.2 μm. Specimen volume change under loading/unloading is 
resolved to 0.1 mm 3 by the confining pump, achieving volumetric 
accuracy better than 0.1%. Hydrate-forming gas is supplied from a 
high-pressure cylinder; water for flow tests is delivered by a sy-
ringe pump. A second syringe pump on the outlet maintains phase 
stability by precisely regulating pore pressure. Both pumps furnish 
up to 22.5 mL/min with ±0.5% accuracy. The differential pressure 
between inlet and outlet is monitored by an Asmik transducer 
(0–400 kPa, 0.075% FS). All parameters are logged automatically 
every 10 s through a data acquisition system.

As pore water reacting with clay minerals introduces extra 
variables into the hydraulic behavior of hydrate-free and hydrate-
bearing sediments (Cao et al., 2024; Jang et al., 2018), standard 
quartz sands are employed as the host sediments in this study, and 
the grain-size distribution is displayed in Fig. 2. The median grain 
diameter d 50 of the quartz sands is 170 μm, comparable to values 
reported by Suzuki et al. (2009) and marginally coarser than those 
supplied by Yoneda et al. (2015) for marine sediments hosting 
natural gas hydrates in the Nankai Trough. The minimum and

maximum void ratios of the quartz sands, with a specific gravity of 
2.65, are 0.533 and 0.935, respectively. In this study, distilled water 
and methane gas of 99.99% purity (Qingdao Dehaiweiye Technol-
ogy Co., Ltd.) are utilized to synthesize methane hydrate within the 
host sediments.

Air-dried quartz sands are blended with distill water at mass 
water contents of 1.8%, 2.2%, 5.3%, and 10.7%, and the moist sands 
are sealed in a plastic bag to cure for 8 h. Then, the mixture is 
evenly split into four portions by weight and carefully spooned 
into a sample mold one portion after another, followed by 
compaction on each portion to obtain a thickness of 25 mm. After 
the first three compaction steps, the entire top surface is thor-
oughly roughened to remove structural planes. The compacted 
moist sands together with the sample mold are placed into a 
freezer set at − 5 ◦ C for later use. The total mass of compacted 
moist sands is controlled to achieve a void ratio of 0.71, and the 
water content is predetermined according to the targeted hydrate 
saturation.

After several days of freezing, the frozen quartz sands are gently 
extruded from the sample mold by a custom hydraulic jack and 
cautiously positioned on the pedestal. Then, two rubber mem-
branes separated by a tin-foil interlayer are fitted over the frozen 
sand sample, followed by placement of porous stones, filter pa-
pers, the top cap and flow-line connections. Thereafter, a confining 
pressure of 0.1 MPa is applied, and the ice is permitted to thaw at 
ambient temperature. Next, methane gas is steadily injected to 
elevate pore pressure at roughly 200 kPa/min, while confining 
pressure is concurrently increased to maintain a 200 kPa excess 
above pore pressure. Once pore pressure attains 7 MPa, methane 
injection is halted, and the temperature is reduced to 2 ◦ C to 
initiate methane-hydrate formation in a sealed system. 
Throughout synthesis, pore pressure declines as methane is 
continuously consumed, and confining pressure is automatically 
lowered to keep the effective stress at an appropriate level. After 
pore pressure stabilized for over 12 h, hydrate formation is 
deemed complete, and the hydrate morphology is expected to be 
dominated by grain-coating (Zhang et al., 2023b). The residual gas 
is displaced by flushing precooled distilled water at 2 ◦ C. During 
this displacement, a portion of the residual gas together with the 
incoming water converts into methane hydrate, and the remaining 
gas is considered fully expelled when no bubbles appear at the

Fig. 1. A schematic of the experimental setup employed for hydrate-bearing sediments and physical appearances of the major components.

Fig. 2. Grain size distribution of the standard quartz sands employed in this study. 
The median grain diameter d 50 is 170 μm. For marine sediments hosting natural gas 
hydrates in the Nankai Trough, d 50 is tested to be 146 and 203 μm by Suzuki et al. 
(2009), and Yoneda et al. (2015) reported that d 50 = 102 μm and d 50 = 114 μm.
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outlet and the cumulative effluent water exceeds five times the 
initial pore volume. At this stage, fully saturated hydrate-bearing 
quartz-sand specimens are prepared; for hydrate-free specimens, 
the sole modification is the omission of methane-gas injection. 

The saturated hydrate-bearing and hydrate-free specimens are 
isotropically loaded and unloaded under drained conditions with a 
maintained back-pressure. For each specimen, the effective stress 
(i.e., effective confining pressure) is increased from 0.2 to 20 MPa 
in nine steps (0.5, 1, 3, 5, 7, 10, 13, 15, and 18 MPa) and then 
decreased back to 0.2 MPa in seven steps (15, 10, 7, 5, 3, 1, and 
0.5 MPa). At every effective-stress level, the specimen is allowed to 
consolidate until pore pressure equilibrates with the outlet pres-
sure (set to 7 MPa in this study); consolidation is deemed complete 
once the volumetric change rate falls below 1 mm 3 /min after each 
stress increment or decrement. Upon completion of consolidation, 
flow tests are conducted by flushing precooled distilled water at 
selected loading stages (1, 3, 5, 10, 15, and 20 MPa) and unloading 
stages (15, 10, 5, 3, and 1 MPa). During each test, the pressure 
difference between the inlet and outlet is held constant, with 
values ranging from 25 to 200 kPa depending on the condition; 
this range ensures a flushing rate that is both gentle enough to 
preserve specimen integrity and sufficiently high for reliable 
measurement (Xia et al., 2025). For each specific step and condi-
tion, the flushing procedure is repeated three to five times under 
slightly different pressure differences to verify repeatability. To 
focus on the mechanical and hydrodynamic controls, the tem-
perature is held constant. After the isotropic loading-unloading 
cycle and all flow tests are completed, the methane hydrate is 
fully dissociated by heating; the entire volume of produced gas is 
collected and measured. It is noted that the maximum effective 
stress of 20 MPa adopted in this study corresponds to the modelled 
peak effective stress within the target reservoir in the Krishna-
Godavari Basin (Myshakin et al., 2019) and also encompasses the 
actual peak effective stress experienced by the near-wellbore 
formation during the first field production trial in the Nankai 
Trough (Zhou et al., 2020b). Furthermore, the pressure difference 
for the flow tests is generated by lowering the outlet pressure 
rather than raising the inlet pressure, consistent with the 
depressurization method.

2.2. Calculation methods

The initial hydrate saturation S H0 prior to isotropic loading and 
unloading is calculated from the total volume V TM of the produced 
gas, as follows:

S H0= 
P atm V TM
ZRT r

M H
ρ H V s e0:2 

(1)

where the symbol P atm denotes the atmospheric pressure, R is the 
universal gas constant, T r represents the thermodynamic temper-
ature of the room (297.15 K), M H denotes the molar mass of 
methane hydrate (124 g/mol), ρ H is the density of methane hydrate 
(0.91 g/cm 3 ), V s is the volume of sand particles (~114.8 cm 3 ), e 0.2 is 
the void ratio corresponding to an effective stress of 0.2 MPa, Z is 
the compressibility factor of methane gas, and Z = 0.99823 in this 
study according to the NIST (National Institute of Standards and 
Technology) database.

With respect to fluid flow in porous media, the effective void 
ratio e ́ is defined as the volume of pore space occupied by the fluid 
divided by the combined volume of the pore space occupied by 
solid hydrate and the soil particles. It is calculated as follows:

e ́ = 
(1 − S H )e
1 + S H e

(2)

where the symbol S H stands for the hydrate saturation during 
isotropic loading and unloading, and e denotes the void ratio, 
defined as the volume ratio of the intrinsic pores over the soil 
particles.

The effective absolute permeability K of hydrate-bearing quartz 
sands is determined based on Darcy's law, with the calculation 
equation as follows:

K = 
μ w QH

A(P in − Pout ) 
(3)

where the symbol μ w stands for the dynamic viscosity of water at
2 ◦ C (1.6728 × 10 − 3 Pa⋅s), and Q denotes the water-flushing rate. P in 
and P out represent the inlet and outlet pressures, respectively. The 
cross-sectional area A and height H of the specimen vary with 
changes in effective stress and are determined from the specimen 
volume and vertical deformation (Zhang et al., 2022).

The permeability-stress-sensitivity coefficient η is defined as

η = −
1 
K

∂K
∂p ́ 

(4) 

where the symbol p ́ represents the mean effective stress and, in 
this study, equals the effective confining pressure σ ́ . In practice, a 
discrete form of Eq. (4) is employed:

η 
( 
p

′

i+1 
) 
= η 

( 
p 

′

i →p
′

i+1 
) 
= −

1

K 
( 
p′

i 

)
K 
( 
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i+1 

) 
− K 

( 
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′
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)

p′

i+1 − p
′

i
(5)

where the subscription “i” refers to the current mean effective 
stress, and “i+1” to the subsequent value during isotropic loading;

the symbol K 
( 
p

′

i

)
is the effective absolute permeability at the

current stress level.

0.55

0.60

0.65

0.70

0.75

0.1 1 10

Vo
id

 ra
tio

 e

Mean effective stress p′, MPa

40

SH0 = 0.583, 0.351, 0.183, 0

Loading

Unloading

Fig. 3. Changes in the void ratio of hydrate-bearing and hydrate-free quartz sands 
under isotropic loading and unloading. The symbol S H0 represents the initial hydrate 
saturation which is calculated from Eq. (1).
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3. Results

3.1. Void ratio and the effective void ratio

Fig. 3 presents the void-ratio evolution of hydrate-free and 
hydrate-bearing quartz sands under isotropic loading and 
unloading; every value is recorded after full consolidation at each 
load step. For hydrate-free sands, the void ratio falls from 0.710 to 
0.588 (i.e., a 17.2% compression) as the mean effective stress rises 
from 0.2 to 20 MPa, and rebounds to 0.638 (i.e., a 10.1% net 
compression) once the stress is unloaded back to 0.2 MPa. For 
hydrate-bearing sands, the initial void ratio is likewise 0.710, yet at 
every load stage the void ratio remains higher than that of the 
hydrate-free counterpart, unequivocally indicating the stiffening 
action of pore-occupied methane hydrate. While the mean effec-
tive stress climbs from 0.2 to 20 MPa, the void ratio drops to 
0.610 at S H0 = 0.183, to 0.622 at S H0 = 0.351, and to 0.641 at 
S H0 = 0.583, equivalent to compressions of 14.1%, 12.4%, and 9.7%, 
respectively. Upon unloading to 0.2 MPa, the void ratio recovers to 
0.662 at S H0 = 0.183, to 0.670 at S H0 = 0.351, and to 0.687 at 
S H0 = 0.583, corresponding to residual compressions of 6.8%, 5.6%, 
and 3.2%, respectively. These trends plainly illustrate that skeleton 
compressibility attenuates with growing methane hydrate satu-
ration, and that post-cycle residual deformation diminishes as 
initial hydrate saturation increases, corroborating the pore-scale 
stiffening role of methane hydrate.

Owing to void-ratio evolution during isotropic loading and 
unloading, hydrate saturation shifts with the mean effective stress, 
as depicted in Fig. 4(a). When the mean effective stress rises from 

0.2 to 20 MPa, hydrate saturation climbs to 0.213 for the initial 
hydrate saturation S H0 = 0.183, to 0.401 for S H0 = 0.351, and to 
0.647 for S H0 = 0.583, representing increases of 16.4%, 14.2%, and 
11.0%, respectively. After unloading back to 0.2 MPa, hydrate 
saturation falls yet remains above the initial hydrate saturation, 
corresponding to residual increases of 7.1%, 6.0%, and 3.4%, 
respectively. It is evident that the extent of hydrate-saturation 
increases induced by mean-effective-stress changes diminish at

higher initial hydrate saturations. Integrating the concurrent var-
iations in void ratio and hydrate saturation during isotropic 
loading and unloading, the evolution of the effective void ratio 
with the mean effective stress is presented in Fig. 4(b). For both 
hydrate-free and hydrate-bearing quartz sands, as the mean 
effective stress increases from 0.2 to 20 MPa, the effective void 
ratio decreases from 0.710 to 0.588 for S H0 = 0, from 0.514 to 0.424 
for S H0 = 0.183, from 0.369 to 0.299 for S H0 = 0.351, and from 0.210 
to 0.160 for S H0 = 0.583, corresponding to compressions of 17.2%, 
17.5%, 19.0%, and 23.8%, respectively. Upon unloading to 0.2 MPa, 
the effective void ratio rebounds to 0.638 for S H0 = 0, to 0.471 for 
S H0 = 0.183, to 0.337 for S H0 = 0.351, and to 0.193 for S H0 = 0.583, 
corresponding to residual compressions of 10.1%, 8.4%, 8.7%, and 
8.1%, respectively. It is clear that the compression magnitude of the 
effective void ratio after virgin loading grows with rising initial 
hydrate saturation; by contrast, the compression magnitude based 
on the void ratio diminishes with rising initial hydrate saturation. 
After a complete loading-unloading cycle, both the compression 
magnitude of the effective void ratio and that of the void ratio 
declines as the pore content of methane hydrate increases.

3.2. Effective absolute permeability and coefficient of the 
permeability stress sensitivity

Fig. 5(a) illustrates the evolution of effective absolute perme-
ability with the mean effective stress during isotropic loading and 
unloading. For hydrate-free quartz sands, the effective absolute 
permeability declines from 234.0 to 40.2 mD as the mean effective 
stress rises from 1 to 20 MPa, and upon unloading back to 1 MPa, it 
marginally recovers to 53.5 mD, yielding a cyclic permeability 
damage ratio of 77.1%. For hydrate-bearing quartz sands, as the 
mean effective stress increases from 1 to 20 MPa and then unloads 
to 1 MPa, the effective absolute permeability falls from 40.5 to 5.6 
mD and rebounds to 13.4 mD for S H0 = 0.183, from 18.1 to 0.75 mD 
and rebounds to 5.8 mD for S H0 = 0.351, from 7.4 to 0.26 mD and 
rebounds to 3.6 mD for S H0 = 0.583, corresponding to permeability 
damage ratios of 66.9%, 68.0%, and 51.4%, respectively. Overall, the

Fig. 4. Changes in hydrate saturation of hydrate-bearing quartz sands (a) and the effective void ratio of hydrate-bearing as well as hydrate-free quartz sands (b) under isotropic 
loading and unloading. The symbol S H0 represents the initial hydrate saturation, and the effective void ratio is calculated from Eq. (2). The initial effective void ratio is 0.710, 0.514, 
0.369, and 0.210 for S H0 = 0, 0.183, 0.351, and 0.583, respectively.
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permeability damage ratio induced by isotropic loading and 
unloading diminishes with rising initial hydrate saturation. The 
coefficient of permeability stress sensitivity during isotropic 
loading is depicted in Fig. 5(b). It reveals that the coefficient for 
both hydrate-free and hydrate-bearing quartz sands across all 
initial hydrate saturations generally decreases with increasing 
mean effective stress, implying that higher stresses attenuate 
permeability sensitivity. This trend is further highlighted in 
Fig. 6(a), which presents the permeability stress sensitivity

coefficient normalized by the value enclosed in the dotted ellipse 
in Fig. 5(b); the overall pattern is well captured by the following 
equation:

Н s= 
η

η(3 MPa)
= 
( 
1 + ln 

( σ ́
3 MPa

)) a 
(6)

where the symbol a is an empirical index which quantitatively 
dictates both the direction and the magnitude of how the
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permeability stress sensitivity evolves with changing mean 
effective stress, and its value is fitted as − 1.136 in this study. 
Fig. 6(b) displays the permeability stress sensitivity coefficient 
normalized by that of hydrate-free quartz sands, and the overall 
trend with hydrate saturation is captured by the following 
equation:

Н H= 
η(S H )

η(S H = 0) 
= 1 + b⋅S H (7)

where the symbol b is an empirical parameter, and its value is 
fitted as 1.167 in this study. For the normalized permeability stress 
sensitivity evolving with hydrate saturation, Zhang et al. (2022) 
propose an empirical equation of the following form:

Н H = 1 + c⋅(S H ) 2 (8)

where the symbol c is an empirical parameter, and its value is 
fitted as 2.039 in this study. However, the coefficient of determi-
nation for Eq. (8) is markedly lower than that for Eq. (7). It is 
evident that empirical parameters b and c quantify the direction 
and strength with which hydrate saturation modifies the perme-
ability stress sensitivity in hydrate-bearing sediments.

4. Analyses and discussion

4.1. A model of the void ratio in hydrate-bearing sands during 
isotropic loading and unloading

It has been demonstrated that the pore-hosted methane hy-
drate modifies the void-ratio evolution of hydrate-bearing sands 
under isotropic loading and unloading. Quantifying this hydrate 
influence begins with one of the simplest formulations that cap-
ture the stress dependence of the void ratio for unsaturated soils 
devoid of gas hydrates, expressed as follows:

e = e 0 − α p ln 
(

1 + 
p ́ 

P r

) 

− α s ln 
(

1 + 
s

P atm

) 

(9)

where the symbol p ́ denotes mean effective stress, s denotes 
matrix suction, e 0 denotes the initial void ratio prior to changes in 
mean effective stress and matrix suction, P r denotes a reference 
pressure, α p denotes soil compressibility with respect to mean 
effective stress, and α s denotes soil compressibility with respect to 
matrix suction. Eq. (9) is widely incorporated in constitutive 
models for unsaturated soils—for example, Alonso et al. 
(1990)—and has also been employed in the development of 
water-retention models (Chang and Zhou, 2025; Cheng et al., 2019; 
Cui et al., 2025; Zhou and Ng, 2014). In this study, the specimens 
are water saturated with water, so Eq. (9) is simplified as follows:

e = e 0 − α p ln 
(

1 + 
p ́ 

P r

) 

(10)

where the parameter α p equals the compression index λ under 
isotropic loading and the swelling index κ under isotropic 
unloading. Because theoretical analyses (Uchida et al., 2012) and 
experimental data (Hyodo et al., 2013; Yan et al., 2023; Zhou et al., 
2021) indicate that λ and κ are essentially independent on hydrate 
saturation, these two indices for hydrate-bearing sands are taken 
identical to those for hydrate-free sands in this study, while the 
reference pressure P r is treated as a hydrate-saturation-dependent 
parameter.

Fig. 7(a) presents the fitting outcome obtained with Eq. (10) for 
hydrate-free quartz sands under isotropic loading. The reference 
pressure P r is 55.73 MPa, and the compression index λ is 0.3685.

With λ fixed at 0.3685, the fitting results for hydrate-bearing 
quartz sands at initial hydrate saturations of 0.183 and 0.351 are 
displayed in Fig. 7(b) and (c), respectively. The reference pressure 
P r is 66.48 MPa for S H0 = 0.183 and 77.39 MPa for S H0 = 0.351. It is 
evident that the reference pressure P r rises with the growing 
presence of methane hydrate in pores, and this trend is accurately 
captured by the following linear equation:

P r (S H0 )
P r (S H0 = 0) 

= 1 + d⋅S H0 (11)

where the fitting parameter d quantifies how strongly hydrate 
saturation alters the reference pressure (and hence the mechanical 
stiffness) of hydrate-bearing sediments, with its magnitude tied 
directly to the dominant hydrate morphology, and its value is 
1.264 in this study (Fig. 7(d)).

For hydrate-free quartz sands subjected to unloading, Eq. (10) 
remains applicable, and the fitting outcome is displayed in Fig. 8(a) 
with e 0 = 0.638. The reference pressure P r is 1.349 MPa, and the 
swelling index is 0.0178, which is likewise fixed for hydrate-
bearing sands (Fig. 8(b) and (c)). The parameter e 0 equals 0.662 
for S H0 = 0.183 and 0.670 for S H0 = 0.351. Correspondingly, the 
reference pressure P r is 1.122 MPa for S H0 = 0.183 and 1.439 MPa 
for S H0 = 0.351. As illustrated in Fig. 8(d), the reference pressure P r 
for unloading fluctuates with increasing initial hydrate saturation, 
averaging 1.303 MPa, which yields a zero fitting parameter in Eq. 
(11).

For the initial hydrate saturation of 0.583, the reference pres-
sure P r under isotropic loading is calculated from Eq. (11) as 
96.80 MPa, and this value is then applied to predict the void ratio 
via Eq. (10). The predicted void ratio plotted in Fig. 9(a) aligns 
closely with the measured values, with deviations confined within
±1%. Likewise, the reference pressure P r during unloading is 
1.303 MPa, and the corresponding predictions in Fig. 9(b) 
(e 0 = 0.687) also match the measured void ratio, again with errors 
held within ±1%.

4.2. Positive and negative effects of methane hydrate with respect 
to the effective pore volume

Fig. 3 demonstrates that, under an identical mean effective 
stress, the void ratio in both hydrate-free and hydrate-bearing 
quartz sands rises with increasing initial hydrate saturation. 
Conversely, Fig. 4(b) reveals that the effective void ratio declines as 
the initial hydrate saturation increases. This contrast confirms that 
pore-occupied methane hydrate concurrently exerts positive and 
negative influences on the effective pore volume evolution with 
the mean effective stress.

During isotropic loading, the void ratio of hydrate-bearing 
quartz sands at an initial hydrate saturation of 0.183 is replotted 
in Fig. 10(a) as open blue triangles. In the absence of methane 
hydrate in pores, the void ratio would coincide with that of 
hydrate-free quartz sands, shown in Fig. 10(a) as open black 
squares. The yellow delta-shaped region denotes the positive 
strengthening effect of methane hydrate on effective pore volume 
change. The effective void ratio of hydrate-bearing quartz sands 
with an initial hydrate saturation of 0.183 is plotted as solid blue 
triangles in Fig. 10(b). Ignoring the hydrate-saturation shift caused 
by isotropic loading (Fig. 4(a)), the effective void ratio would 
follow the dashed blue curve in Fig. 10(b). The gray delta-shaped 
region signifies the enhanced filling effect of methane hydrate 
arising from compression. The gap between the open blue tri-
angles in Fig. 10(a) and the solid blue triangles in Fig. 10(b) 
quantifies the negative effect of methane hydrate on effective pore 
volume change, encompassing both the normal and the enhanced
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filling contributions. Analogous curves for hydrate-bearing quartz 
sands at higher initial hydrate saturations (i.e., 0.351 and 0.583) 
are displayed in Fig. 10(c)–(f). It is evident that both the 
strengthening (i.e., yellow region) and the enhanced filling (i.e., 
gray region) effects of methane hydrate intensify as the pore 
content of methane hydrate increases.

To quantify the positive and negative impacts of methane hy-
drate, three coefficients are introduced. The first, termed the 
strengthening effect coefficient R s , captures the positive contri-
bution and is defined as follows:

R s =

∫ p ́
pʹ
0
(e(S H0 ) − e(S H0 = 0))dp ́

p ́ 
(12)

where the symbol p ́ 0 denotes the initial mean effective stress (set 
at 0.2 MPa in this study), e(S H0 ) is the void ratio of hydrate-bearing 
quartz sands (i.e., the blue triangles in Fig. 10(a), the red circles in 
Fig. 10(c), and the purple diamonds in Fig. 10(e), and e(S H0 = 0) is 
the void ratio of hydrate-free quartz sands (i.e., the black squares 
in Fig. 10(a)–(c), and (e)). The second coefficient, the normal filling 
effect coefficient R n , quantifies part of the negative effect and is 
expressed as follows:

R n =

∫ p ́
pʹ
0
(e ́ (S H0 ) − e(S H0 ))dp ́

p ́
(13)

where the symbol e ́ (S H0 ) denotes the effective void ratio of 
hydrate-bearing quartz sands, calculated without accounting for 
the change in hydrate saturation caused by compression (i.e., the 
dashed curves in Fig. 10(b), (d), and 10(f)). The third coefficient, the

enhanced filling effect coefficient R e , captures the remaining 
negative influence and is defined as follows:

R e =

∫ p ́
pʹ
0
(e ́ (S H ) − e ́ (S H0 ))dp ́

p ́ 
(14)

where the symbol e ́ (S H ) denotes the effective void ratio of 
hydrate-bearing quartz sands accounting for hydrate-saturation 
change caused by compression (i.e., the blue triangles in 
Fig. 10(b), the red circles in Fig. 10(d), and the purple diamonds 
in Fig. 10(f)). By definition, these three coefficients in Eqs. (12)–(14) 
are dimensionless, and their sum is defined as the total effect 
coefficient R t = R s + R n + R e governing the effective pore volume. 

Fig. 11(a) illustrates the strengthening effect coefficient R s of 
hydrate-bearing quartz sands versus the mean effective stress. The 
coefficient R s rises with increasing mean effective stress, and, at 
any given stress, it also rises with increasing initial hydrate satu-
ration. Fig. 11(b) presents the normal filling effect coefficient R n 
under various mean effective stresses; the negative sign denotes 
an adverse influence. The coefficient R n is essentially independent 
of the mean effective stress, yet its absolute magnitude grows with 
increasing initial hydrate saturation, reflecting a stronger effect as 
methane hydrate content increases. Fig. 11(c) depicts the enhanced 
filling effect coefficient R e ; its absolute value escalates with both 
the mean effective stress and the initial hydrate saturation. 
Notably, the absolute value of R n is one order of magnitude larger 
than both the absolute values of R s and R e , highlighting the 
dominance of the normal filling effect. This conclusion is rein-
forced in Fig. 11(d), where the total effect coefficient R t is 
displayed.
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As Fig. 12 illustrates, magnitudes of those three coefficients 
scale with initial hydrate saturation; their physical underpinning is 
captured by the simple relation:

R s ;R n ;R e = m 1
̅̅̅̅̅̅̅̅
S H0

√ 
(15)

where m 1 is a fitting parameter. Values of m obtained are 0.01787 
for the strengthening effect coefficient R s (Fig. 12(a)), − 0.5613 for 
the normal filling effect coefficient R n (Fig. 12(b)), and − 0.01274 for 
the enhanced filling effect coefficient R e (Fig. 12(c)). For the total 
effect coefficient R t , m 1 equals − 0.5562 (Fig. 12(d)), nearly

identical to that for R n , confirming that the dominant influence on 
effective pore volume is the normal filling effect of methane 
hydrate.

4.3. Positive and negative effects of methane hydrate with respect 
to the effective absolute permeability

The effective absolute permeability of both hydrate-free and 
hydrate-bearing quartz sands in this study is correlated with the 
effective void ratio through:
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log 
(

K
1 mD

) 

= n 1 (e ́
 ) 2 + n 2 (e ́

 ) + n 3 (16)

where n 1 , n 2 , and n 3 are empirical parameters whose val-
ues—together with the corresponding coefficients of determi-
nation—are listed in Table 1. Because the void-ratio range of 
hydrate-bearing quartz sands under isotropic loading (Fig. 3) falls 
well within the calibration range of Eq. (16) for hydrate-free sands 
(Table 1), the host-sediment effective absolute permeability is 
assumed to follow Eq. (16) with n 1 = 66:7, n 2 = − 79:2, and n 3 = 

25:1. Likewise, the effective void ratios calculated for hydrate-
bearing sands while ignoring hydrate-saturation change also lie

within the applicable ranges of Eq. (16) for hydrate-bearing cases 
(Table 1); hence, the effective absolute permeability of hydrate-
bearing quartz sands—evaluated with an effective void ratio that 
neglects hydrate-saturation change—is likewise assumed to obey 
Eq. (16) using the corresponding parameter set.

Fig. 13(a)–(c) present the evolution of the effective absolute 
permeability K hs of the host sediments as open blue triangles 
(S H0 = 0.183), red circles (S H0 = 0.351), and purple diamonds 
(S H0 = 0.583), respectively. Open black squares denote the effec-
tive absolute permeability K hf of hydrate-free quartz sands. It is 
evident that K hs for hydrate-bearing quartz sands exceeds K hf , and 
the yellow delta-shaped region quantifies the positive influence of
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methane hydrate on effective absolute permeability. Fig. 13(b), (d), 
and 13(f) illustrate the effective absolute permeability K uh of 
hydrate-bearing quartz sands when hydrate-saturation changes 
caused by compression are ignored, shown as dashed blue 
(S H0 = 0.183), red (S H0 = 0.351), and purple (S H0 = 0.583) curves. In 
these panels, the effective absolute permeability K hb of hydrate-
bearing quartz sands that accounts for compression-induced hy-
drate-saturation changes is plotted as solid blue triangles 
(S H0 = 0.183), red circles (S H0 = 0.351), and purple diamonds 
(S H0 = 0.583). The gray delta-shaped region represents the 
compression-enhanced filling effect of methane hydrate, which is 
detrimental to effective absolute permeability. The effective ab-
solute permeability K hf and K hb is directly measured, whereas K hs 
and K uh cannot be measured and are instead computed from Eq. 
(16) using the corresponding fitting parameters listed in Table 1. 

To quantify the positive and negative influences of methane 
hydrate on effective absolute permeability, three coef-
ficients—analogous to those for the effective void ratio—are 
defined as:

Y s =

∫ p ́
pʹ
0

( 
K hs − K hf 

) 
dp ́

p ́
(17) 

Y n =

∫ p ́
pʹ
0
(K uh − K hs )dp ́

p ́
(18)

Y e =

∫ p ́
pʹ
0
(K hb − K uh )dp ́

p ́
(19)

where Y s , Y n , and Y e denote the strengthening, the normal filling, 
and the enhanced filling effect coefficients governing effective 
absolute permeability, respectively. The sum of these three co-
efficients defines the total effect coefficient Y t with respect to the 
effective absolute permeability.

Fig. 14(a)–(c) illustrate the evolution of the strengthening effect 
Y s , the normal filling effect Y n , and the enhanced filling effect Y e 
coefficients governing effective absolute permeability; the nega-
tive sign denotes a positive contribution. All three effects intensify 
as the initial hydrate saturation rises, and their physical depen-
dence is captured by:
( 

Y s
1 mD

) 

; 

(
Y n

1 mD

) 

; 

(
Y e

1 mD

) 

= m 2
̅̅̅̅̅̅̅̅
S H0

√ 
(20)

where fitting parameters m 2 = 63:01 for Y s , m 2 = − 314:3 for Y n , 
and m 2 = − 5:898 for Y e . Eq. (20) also applies to the total effect 
coefficient Y t , whose fit is displayed in Fig. 14(d); the overall trend 
of Y t closely mirrors that of Y n (Fig. 14(b)), confirming that the 
normal filling effect of methane hydrate dominates the effective-
absolute-permeability response to isotropic loading.

To compare the positive and negative influences of methane 
hydrate on both the effective void ratio and the effective absolute 
permeability, two dimensionless coefficients are introduced:

N E=
R s

abs(R n + R e ) 
(21)

N K=
Y s

abs(Y n + Y e ) 
(22)
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When either coefficient exceeds unit, the positive effect of 
methane hydrate prevails. Fig. 15 displays N E and N K across the 
tested initial hydrate saturations. It is shown that N E remains 
virtually unchanged with increasing initial hydrate saturation, 
whereas N K rises slightly. Crucially, all values for both coefficients 
are well below unit, confirming that the negative influence of 
methane hydrate dominates the evolution of the effective void 
ratio and the effective absolute permeability.

4.4. Limitations and implications

A variety of theoretical and empirical expressions link soil hy-
draulic permeability to properties such as void ratio, specific sur-
face area, and pore geometry; representative examples include the 
analytically derived Kozeny-Carman (KC) equation and empirical 
power- or exponential-form relations (Ren and Santamarina, 
2018). For hydrate-bearing sediments, the KC equation is 
commonly taken as the starting framework for new models that 
correlate permeability with the hydrate saturation—defined as 
unit minus the ratio of effective porosity over intrinsic porosity

(Dai and Seol, 2014; Lei et al., 2023; Liu et al., 2021). A semi-
empirical extension of the KC equation has also been advanced 
to describe the hydraulic permeability of hydrate-bearing sedi-
ments under external loading (Zhang et al., 2022) and has since 
been adopted by other investigators (Xu et al., 2024). While these 
models capture the underlying physics, they offer limited preci-
sion in quantitative permeability predictions. To achieve a more 
accurate portrayal, this study proposes Eq. (16), a higher-order 
exponential form, whose coefficients of determination all ex-
ceeds 0.989 (Table 1). It must be emphasized that Eq. (16), with its 
specific parameter set, is valid only over the effective-void-ratio 
intervals specified in Table 1. The host-sediment void ratio in 
hydrate-bearing quartz sands spans 0.610–0.710, fully within the 
applicable range of 0.588–0.710; hence, Eq. (16) can be reliably 
applied to compute the host-sediment permeability. The same 
holds for the effective absolute permeability of hydrate-bearing 
sediments when compression-induced hydrate-saturation 
changes are disregarded. Although direct verification of this 
assumption is impractical—owing to measurement diffi-
culties—the predicted values are regarded as optimal, and the

Fig. 12. With respect to the effective void ratio, changes in the strengthening effect coefficient (a), the normal filling effect coefficient (b), the enhanced filling effect coefficient (c), 
and the total effect coefficient (d) of hydrate-bearing quartz sands under different conditions of the initial hydrate saturation. The solid bule curve is drawn from Eq. (15) with 
different values of the fitting parameter m 1 .

Table 1
The fitting parameters of Eq. (16) for the effective absolute permeability of hydrate-free and hydrate-bearing quartz sands under different conditions of the effective void 
ratio.

Initial hydrate saturation The fitting parameters of Eq. (16) R 2 Application range of the (effective) void ratio

n 1 n 2 n 3

0 66.7 − 79.2 25.1 0.9895 [0.588, 0.710]
0.183 127 − 108 23.8 0.9967 [0.424, 0.514]
0.351 265 − 156 23.0 0.9991 [0.299, 0.369]
0.583 869 − 289 23.6 0.9988 [0.160, 0.210]
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revealed physical bases for the positive and negative roles of 
methane hydrate remain trustworthy.

During depressurization-driven gas recovery from natural gas 
hydrates, the hydraulic permeability of the hydrate reservoir is 
governed by the structural characteristics of the fluid-occupied 
pore volume (Zhang et al., 2020); this volume, in turn, is jointly 
controlled by factors such as effective stress and hydrate satura-
tion. Under external loading, higher hydrate saturation renders 
hydrate-bearing sediments less compressible (i.e., a larger host-
sediment void ratio) yet simultaneously occupies more pore 
space. Consequently, an optimal hydrate saturation may exist that 
maximizes fluid-occupied pore volume while sustaining adequate

hydraulic permeability. This study introduces a decoupling 
framework to quantify the positive and negative impacts of 
methane hydrate on both the effective void ratio and the effective 
absolute permeability, offering strong potential for optimizing 
hydraulic permeability during depressurization. However, the re-
ported coefficients are strictly first-order estimates derived from a 
single monotonic loading-unloading cycle; they omit the hyster-
etic effects of cyclic stress reversals common near the wellbore. 
Multi-cycle loading could either further densify the skel-
eton—reducing permeability—or induce dilation and partially 
restore it. Consequently, direct upscaling of these coefficients to 
long-term production forecasts risks under- or over-predicting
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Fig. 13. Changes in the effective absolute permeability of hydrate-bearing quartz sands under isotropic loading. The initial hydrate saturation is 0.183 (a, b), 0.351 (c, d), and 0.583 
(e, f). The open black squares in (a), (c), (e) represent the effective absolute permeability of hydrate-free sands. The open blue triangles in (a), red circles in (c), and purple di-
amonds in (e) stand for the effective absolute permeability of hydrate-bearing sands. The dashed curves with blue in (b), red in (d), and purple in (f) colors stand for the effective 
absolute permeability of hydrate-bearing sands without the hydrate saturation variation. The solid blue triangles in (b), red circles in (d), and purple diamonds in (f) represent the 
effective absolute permeability of hydrate-bearing sands with the hydrate saturation variation.
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injectivity and productivity, depending on the actual stress-path 
history.

By intentionally adopting an isothermal, drained framework, 
this study provides an essential baseline that cleanly isolates and 
quantifies the individual mechanical (stress-strain) and hydraulic 
(single-phase water flow) responses of hydrate-bearing sedi-
ments. This simplification eliminates the confounding effects of 
thermal and chemical processes, enabling—for the first time—a 
clear identification of the intrinsic links between hydrate satura-
tion, effective stress, and permeability evolution. The resulting 
data set and constitutive relations therefore serve as a rigorous

reference against which future fully coupled thermal-hydraulic-
mechanical-chemical models can be benchmarked and cali-
brated, significantly reducing the uncertainty currently associated 
with multi-physics simulations of real hydrate production 
scenarios.

5. Conclusions

This study conducts isotropic compression/swelling and water-
flow experiments on saturated hydrate-free and hydrate-bearing 
quartz sands, analyzing the intrinsic and effective void ratios 
together with the effective absolute permeability. A concise model 
is proposed to capture the evolution of the intrinsic void ratio in 
hydrate-bearing sands under isotropic loading and unloading. 
During loading, the positive and negative influences of methane 
hydrate on the effective void ratio and the effective absolute 
permeability are decoupled, quantified, and discussed. The prin-
cipal findings are summarized below.

(1) The presence of methane hydrate in sand pores mitigates 
the decline in void ratio but amplifies the decrease in the 
effective void ratio under identical isotropic loading; resid-
ual changes in both void ratio and effective void ratio after 
unloading diminish with increasing hydrate saturation.

(2) The effective absolute permeability of hydrate-bearing 
sands declines with rising hydrate saturation and mean 
effective stress; hydrate occupancy restrains the cyclic-
loading-induced damage to permeability. Permeability 
stress sensitivity weakens at higher mean effective stresses 
yet strengthens at higher hydrate saturations.
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(3) Changes in the void ratio of hydrate-bearing sands during 
isotropic loading and unloading can be predicted with the

compact model e = e 0 − α p ln 
( 

1 +p ́
P r

) 

where P r (S H0 )
P r (S H0 =0)

= 1 +

d⋅S H0 , yielding a prediction error within ±1%. For loading,
α p equals the compression index λ = 0.3685; P r (S H0 = 0) 
equals 55.73 MPa, and d = 1.264 in this study. For unloading,
α p equals the swelling index κ = 0.0178 in this study; 
P r (S H0 = 0) equals 1.349 MPa which essentially invariant 
with hydrate saturation.

(4) Dedicated strengthening, normal filling, and the enhanced 
filling coefficients quantify the positive and negative im-
pacts of methane hydrate on the effective void ratio and the 
effective absolute permeability. The absolute magnitudes of 
these coefficients grow with increasing initial hydrate
saturation, and their normalized evolution obeys the simple
expression m

̅̅̅̅̅̅̅̅
S H0

√ 
. The normal filling coefficient exceeds 

the other two by one order of magnitude, confirming that 
hydrate filling governs the effective void-ratio and perme-
ability responses of hydrate-bearing sands.
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