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ABSTRACT

Prolonged gas hydrate exploitation induces reservoir creep, leading to pore structure deformation,
permeability reduction, and elevated risks of wellbore instability, ultimately impeding sustainable
resource recovery. Accurate modeling of permeability evolution in hydrate-bearing sediments (HBS)
under creep conditions is therefore crucial. However, the non-uniform distribution and irregular
morphology of sediment particles complicate pore structures and fluid pathways, posing significant
challenges for prediction. This study proposes a novel theoretical permeability model for HBS that in-
corporates the degree of non-uniform particle distribution, particle shape, pore structure creep, hydrate
saturation, and hydrate pore morphology. Model validation against public datasets confirms its pre-
dictive capability. Sensitivity analysis reveals that pore structure creep, the degree of non-uniform
particle distribution, and particle shape significantly influence permeability, with increased non-
uniformity or larger particle aspect ratios leading to reduced permeability. For instance, after 40 h of
creep, permeability decreases from 5 to 1.3 mD as the damage-related parameter g increases from 0.4 to
1.0. The proposed model advances understanding of permeability evolution in HBS and provides a
theoretical basis for the long-term development of natural gas hydrates.
© 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

migration, sediment deformation, and gas production efficiency
(Lai et al., 2018; Liu et al., 2024).

Natural gas hydrate (NGH) holds great potential as an alterna-
tive energy source, offering extensive reserves found primarily in
marine sediments and permafrost regions (Li et al., 2018; Ren et al.,
2020; Liu and Li, 2021). With global natural gas consumption
projected to increase by 44% by 2040 (Mao et al., 2024), NGH is
receiving increasing attention for its potential to meet future en-
ergy demands (Gajanayake et al., 2023; Li et al., 2023). During the
development of NGH, permeability is a crucial physical parameter
that directly influences mass transfer, hydrate formation, solid
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Depressurization is an effective technique for extracting natural
gas hydrates from sediment pore spaces (Yoneda et al., 2019). The
low pore pressure induced by depressurization increases the effec-
tive stress, leading to compaction behavior of sediments in the initial
stage of extraction (Zhang et al., 2024b; Ouria, 2024). When dep-
ressurized to the target pressure and maintained stable, the effective
stress tends to be constant, and long-term hydrate extraction at this
point triggers creep in hydrate-bearing sediments (HBS) (Li et al.,
2019). Such creep compresses the pore spaces for fluid flow, result-
ing in reduced permeability and ultimately decreasing natural gas
production (Chen et al.,, 2023; Hu et al., 2025). Therefore, under-
standing how creep affects permeability evolution in HBS is essential
for sustainable and efficient NGH extraction. Since permeability not
only characterizes the fluid flow capacity in HBS, but also reflects the
complexity of the sediment's pore structure (Liu and Jeng, 2019;
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Zhangetal.,2022),itis influenced by various factors under HBS creep
(Ren et al., 2020). For example, the non-uniform distribution of
sediment particles, which induces spatial variations in particle
spacing (Bhade and Phirani, 2015; Liu et al., 2016), directly affects
fluid flow capacity (Hafez et al., 2021) and thereby emerges as a key
determinant of permeability (Peng et al., 2024). As permeability
primarily depends on the geometric characteristics of the porous
medium (Liu and Jeng, 2019), particle shape also can significantly
influences fluid flow within the sediment (Tickell and Hiatt, 1938; Li
et al.,, 2023; Song et al., 2024). Additionally, extensive triaxial creep
experiments (Miyazaki et al., 2011, 2017; Li et al., 2019; Chen et al.,
2023) have demonstrated that the effective stress greatly in-
fluences the mechanical behavior of HBS. Specifically, at low stress
levels, the creep of HBS shows strong time dependence, and when
the stress surpasses the sample's strength, HBS will directly collapse
(Miyazaki et al., 2017). Other factors such as hydrate saturation (Wu
et al.,, 2022; Zhang et al., 2022; Cheng et al., 2023) and hydrate pore
morphology (Katagiri et al., 2017; Lv et al., 2021; Wang et al., 2021)
also have non-negligible effects on permeability. Therefore, accu-
rately predicting permeability changes requires a comprehensive
consideration of these vital factors (i.e., the degree of non-uniform
particle distribution, particle shape, pore structure creep, hydrate
saturation, and hydrate pore morphology) on permeability of HBS.
Until now, many scholars have studied the relationship be-
tween hydrate saturation, hydrate pore morphology, and HBS
permeability (Li et al., 2014; Mahabadi et al., 2019; Lv et al., 2021;
Wang et al., 2021, 2025). To further study the fundamental
mechanisms influencing the permeability of HBS, some experi-
mental and theoretical studies have been carried out to explore the
influence of the degree of non-uniform particle distribution (Peng
et al., 2024), particle shape (Liu and Jeng, 2019; Yang and Chu,
2024), and pore structure creep on the permeability of HBS (Li
et al., 2016, 2019; Cai et al., 2020; Wang et al., 2024). For
example, based on Lattice Boltzmann method and Discrete
Element method, Liu and Jeng (2019), Yang and Chu (2024) studied
the impact of particle shape on HBS permeability, respectively. Li
et al. (2024) proposed a permeability prediction model for com-
plex geological conditions in the deep waters of the South China
Sea using machine learning methods. Peng et al. (2024 ) developed
a permeability model using vertical and horizontal particle dis-
tances to characterize the degree of non-uniform sediment parti-
cles. Their study suggest that non-uniform sediment particles
distribution will significantly affect permeability of HBS. Although
these studies can effectively study the impact of sediment particle
shape and non-uniform distribution on permeability of HBS, they
have not investigated the permeability of HBS under creep. Addi-
tionally, to better understand the permeability behavior of HBS
under creep, Cai et al. (2020) conducted long-term water flow
experiments on clay-silt sediment samples under stress condi-
tions, and corroborated that the compression of pore and throat
spaces in HBS accumulated as time increased. Besides experi-
mental methods, theoretical models can also provide critical per-
spectives on the mechanisms of HBS permeability changes under
creep effects (Lei et al., 2020; Li et al., 2022; Qu et al., 2025). For
example, by combining a three-dimensional nonlinear creep
constitutive equation and the KC equation, Zhang et al. (2020)
proposed a fractional-order permeability model to characterize
permeability of porous media at different creep stages. Recently,
using nonlinear creep damage constitutive models (Liu et al.,
2020; Hu et al.,, 2023; Sun et al., 2024), Lei et al. (2024a) and Qu
et al. (2025) proposed permeability models to study the perme-
ability change of HBS during creep. However, these theoretical
models neglect the degree of non-uniform particle distribution
(Kou et al., 2022; Song et al., 2024; Yang and Chu, 2024), and
simplify sediment particles to spherical particles (Peng et al.,
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2024), which can introduce errors into permeability prediction.
Thus, to more accurately predict the permeability behavior of HBS,
more reliable permeability models should be established that
incorporate creep, the non-uniform distribution and shape of
sediment particles.

In this work, an innovative theoretical model is developed to
predict HBS permeability under creep conditions, considering
factors such as the degree of non-uniform particle distribution,
particle shape, pore structure creep, hydrate saturation and hy-
drate pore morphology. Publicly available experimental results are
used to verify the developed model. A parameter sensitivity
analysis is then performed to assess the effect of key parameters
(specifically, non-uniform parameter, particle aspect ratio, effec-
tive stress, dimensionless creep parameter and damage-related
parameter) on permeability during creep. This derived model
can precisely forecast HBS permeability evolution during long-
term NGH extraction, providing theoretical support for miti-
gating wellbore instability risks, improving development effi-
ciency, and optimizing extraction strategies.

2. Model development
2.1. Model assumptions

During the long-term extraction of NGH, stress loading causes
time-dependent deformation of the sediment's pore structure (i.e.,
creep deformation) (Danesh et al., 2016; Guo et al., 2018). In this
work, pore structures of HBS are characterized using the capillary
bundle model (Fig. 1(a)) (Luo et al., 2023; Tang et al., 2024), which
satisfy the fractal characteristics (Yu and Li, 2001; Yu and Cheng,
2002). The creep behavior of HBS is described by a nonlinear
creep constitutive model (the details are shown in Fig. 2), in which
the creep process is separated into three stages: decelerating
creep, steady-state creep, and accelerating creep (Fig. 1(b)), where
the emergence of accelerating creep marks the failure of HBS (Hu
et al., 2023). This work focuses on grain-coating (GC) and pore-
filling (PF) hydrates (Fig. 1(c)) in the pore space (Wang et al.,
2021; Gao et al., 2024; Lei et al., 2024b; Tang et al., 2024). Addi-
tionally, the established permeability model complies with the
following assumptions.

(1) Under triaxial stress conditions, the radial stresses are
assumed to be equal (i.e., 62 = 63) (Miyazaki et al., 2017; Sun
et al,, 2024), and the stress is uniformly distributed (Lei
et al, 2024b; Zhang et al, 2024). A two-dimensional
Euclidean space is used to develop the model.

(2) Pore volume changes are due to the deformation of the
skeleton and pores in HBS, with the deformation of sedi-
ment particles and hydrates neglected (Tang et al., 2023).

(3) The pore space contains only GC hydrate, PF hydrate, and their
mixed morphologies (Wang et al., 2021; Gao et al., 2024). The
phase transition of hydrates is quantified by the variation in
hydrate saturation, while complex kinetic and thermody-
namic behaviors are not considered (Qu et al., 2024).

(4) The sediment particles consist of ellipsoidal particles (Song
et al.,, 2024), with their shape characterized by aspect ratio
(Yang and Chu, 2024; Li et al., 2023). The degree of non-
uniform distribution of particles in HBS is characterized by
the non-uniform parameter m (the ratio of the horizontal
distance to the vertical distance between adjacent sediment
particles) and the offset angle ¢ (i.e., the angle between the
center line of two adjacent particles and the flow direction)
(Peng et al., 2024). In addition, m and # remain constant
during creep (Fig. 1(d)).
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Fig. 1. Conceptual model of creep process of hydrate-bearing sediments under triaxial stress: (a) 3D structure of hydrate-bearing sediments; (b) General shape of creep curve of
HBS sample; (c) Morphology of GC and PF hydrates; (d) Non-uniform distribution of sediment particles.
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Fig. 2. Schematic of the nonlinear creep damage constitutive model of HBS.

2.2. Model derivation

The sediment skeleton consists of solid particles and hydrates
(Lin et al., 2019), and provided the initial values of porosity ¢ and
hydrate saturation Sy for HBS, the initial effective porosity ¢ is
determined by (Lei et al., 2020; Qu et al., 2024)

(1)

where ¢g represents the initial porosity, ¢. represents the initial
effective porosity, Sho represents the initial hydrate saturation.

During creep, due to the effects of axial stress o4, the second
principal stress o3, and the third principal stress o3, the sediment
skeleton deforms over time, leading to compression of the pore
space (Li et al., 2019). Thus, the porosity of hydrate-free sediments
under creep conditions can be derived by

Vo (Vo —AVp) Vo g —ev

TV T (Voo —AVp) Vio 1 —ev

®e =@o(1 —Sno)

(2)

where V), and V;, represent the pore volume and apparent volume
of HBS under creep conditions respectively, Vpo and Vpg are the

initial pore volume and apparent volume respectively, AV, denotes
the pore volume of change, ey is the volumetric strain.

For HBS, the porosity under creep conditions can be deter-
mined by combining Eq. (1) and Eq. (2)

_90(1 =Sho) —&v
1—£v

(3)

Assuming the total volume of hydrates remains constant during
creep (Qu et al., 2025), the hydrate saturation S, under creep
conditions is calculated by

Sho

S ~ VpoSno  VpoSho
L= -

= 4

Vp Voo —AVp 11— AVp/Vpo )
where AV}, /Vy,g can be determined by the following equation

_(Voo—AVp) Voo 1-AVp/Veo Ay _1-0/po ()

p= = =>
(VbO — AVp) /VpO 1/(/)0 — AVp/Vpo VpO 1- [

By substituting Eq. (5) into Eq. (4), the hydrate saturation Sy, is
expressed as
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constitutive model, derived from the Nishihara model (Yan et al.,
2020), to accurately represent the creep behavior of HBS
throughout the process. The modified model features a Hooke
element, a Kelvin element and an ideal viscous element in series
(Fig. 2), with the introduction of a nonlinear viscosity coefficient and
an elastomer that takes into account the temporal damage to HBS,
thereby describing the nonlinear creep characteristics of HBS. The
steady-state creep stage is primarily governed by the Kelvin element,
where H; denotes its three-dimensional viscosity coefficient of the
modified Kelvin element. When the axial load exceeds the long-term
strength o, accelerating creep occurs, causing permanent damage to
the HBS. The accelerating creep stage is primarily characterized by 2 Dfo) (3 _ Df)
the viscoplastic element, with H, serving as the three-dimensional max = Tmax0 (9)
viscosity coefficient of the modified viscoplastic element. {(2 — Df) (3 - ng) ]
According to the HBS creep model of Hu et al. (2023), the volu-

(8)

where rmax and ryin are the maximum and minimum pore radius
of HBS during creep respectively, App represents the initial overall
pore area in the cross-section of representative elementary vol-
ume (REV), A, represents the overall pore area in the cross-section
of REV during creep, Ds is the pore fractal dimension under creep.

By solving Eq. (8), the correlation between the initial maximum
pore radius and the maximum pore radius under creep conditions
of HBS can be given as

metric strain e, under three-dimensional stress condition, where the Since the minimum and maximum pore radius of HBS satisfy rmin/
second and third principal stresses are equal, can be described as rmax < 0.01 (Du et al,, 2020), the ratio is set to 0.01 to simplify the
61—03 o01+203 o01—03 Gq (eat — ])
= 1_— _ _
=736, T oK, 3Gy { exp { Hya 01 03505
o1 —03 01+ 2{)'3 c1 — 03 Gy (eat — 1)
1-e - 7
3G, | 9K, | 3G { xp { Hya ™
ey = 5 1,01 — 03 2 Os
61 — 03 — 05 61 — 03 — Os t
f t exp ( —
3H, ' 3G, °°F (ﬁ)

model in this study (Lei et al., 2020; Qu et al., 2025; Tang et al., 2024).

where o1, 62 and o3 are the axial stress, the second principal stress and .
Therefore, the cross-sectional area of REV can be calculated by

the third principal stress, respectively; Gg is the shear modulus for the

Hooke element in MPa, Kj is the bulk modulus for the Hooke element 5 2D,
in MPa, G is the shear modulus of the modified Kelvin element in MPa, A— D¢ hax [ Tmax’ (10)
G, is the shear modulus of the modified viscoplastic element in MPa, H; 2 - Dy rrzn_ir? f

is the three-dimensional viscosity coefficient of the modified Kelvin

element in MPa-h, H, is the three-dimensional viscosity coefficient of where A is the cross-sectional area of REV. Using Eq. (10), the
the modified viscoplastic element in MPa-h; a and g represent the
dimensionless creep parameter, and the damage-related parameter,
respectively; t and t; are the creep duration and the damage threshold
time, respectively; o5 denotes the long-term strength.

capillary characteristic length L is given by L = VA.
The average tortuosity = of HBS during creep can be calculated as

20 | 4a : \/am(]—(p)
1 1 sin 6 + (a cos 0) n
1_,/Amd—e) (1AM =) | 1
T “ T cos (11)
2
3 ]+% (tano)?+ |1-a _4m(d-¢) + M@
8 1- am(1 - ¢) [(Cot6)2+a2}n T
T

Porosity ¢, hydrate saturation Sy, and volumetric strain &, of
HBS under creep conditions can be obtained by Egs. (3), (6) and (7)
respectively. Based on the fractal theory and Eq. (B1), the pore
fractal dimension under creep conditions is Df = 2-—
(In ) /In(Tmin /Tmax). Assuming that the specific surface area of
HBS stays unchanged under creep conditions, the following
equation is obtained (Lei et al., 2018a, 2018b, 2021).

where 7 represents average tortuosity of HBS (the detailed deri-
vation of average tortuosity is shown in Appendix A), m represents
non-uniform parameter, « is the aspect ratio of the ellipsoidal
particles, @ is the offset angle.

Studies have shown that hydrate occurrence patterns can be
divided into: pore-filling, grain-coating, cementing, load-bearing,
and pathy (Ren et al, 2020). Nevertheless, accurately and
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comprehensively quantifying all hydrate morphologies is difficult.
In addition, PF and GC hydrates are viewed as the two dominant
hydrate growth patterns in HBS (Gao et al., 2024; Lei et al., 2024b;
Qu et al,, 2024; Tang et al., 2024). Therefore, this study primarily
focuses on PF and GC hydrates, and the pore radius of HBS with GC
and PF hydrates is determined by

ree=1y1-5,
{TPFT(l—\/S_h)

where r¢c, rpr are the pore radius with GC hydrate and PF hydrate
respectively.

(12)

Amax Vv ]751,
Qcc = — A qA)dNQ1) = ¢

/150 ; (’Imin) 3+Dr—D¢
L Amax

max (1-1/S1)
Qe = - /lm(l_ S5 WANGE) =

s 3+Dr—Dy
1-— ( mm)
/1max
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According to Hagen-Poiseuille theory (Washburn, 1921; Yu,2008),
the flow rate through a single pipe of diameter 4 is calculated by

n AP
q(a)= 128 Lt u (13)
where ¢ is the flow rate through a single pipe, AP is the pressure
drop across the tube, 1 is the pore size of HBS, y is the fluid dynamic
viscosity, L; is the actual length of the capillary, which can be
calculated by Eq. (B3).
By adding up the flow rate from each pipe by combining Eq. (13)
and Eq. (B5), the total flow through the REV cross-section of HBS
with GC and PF hydrates can be determined by

x AP L3PDg 34D;
128 4 3+ D;—D; +DT_Df(ﬂmaxV1 ~5n)

(14)

% %%[ﬁmax(l — \/S_h) ]3+DT

‘ Input relevant parameters ‘

I

[

| Determined parameters ‘

l

}._

Undetermined parameters

|

I
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|
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Fig. 3. Workflow of the proposed permeability model.
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where Qgc and Qpr are the total flow through the REV cross-section
of HBS with GC and PF hydrates respectively, Dt is the tortuosity
fractal dimension, which can be obtained by Eq. (B2). Due to the
Euclidean dimension is 2 in this work, we have 1 < Dr < 2,and 1 <
Dg< 2 (Yu and Cheng, 2002). As mentioned before, Amin/Amax = 0.01,
Eq. (14) can be simplified to

x AP 120D,
Qoc == /Amm -5, AN = 128 w 3+Dr—Dy (ﬂmax b Sh)
max (1-V/5) m AP LéfnTDf

Qpr = — q(A)dN(2)

Suntr-ve)

According to Darcy's law (Lei et al., 2020), the permeability of
HBS with GC and PF hydrates is given by

_uloQge = LB Dy ——\3+Dr
Kee="pa ~128 4 3+DT713f(’1ma"Vl 51)

plgQe  m L1Pr Dy B 34D;
Ker="3pA ~128 4 3+DT7Df[’lm‘”‘(1 VSu)]

(16)

where Kgc and Kpr represent the permeability of HBS with GC
hydrate and PF hydrate respectively. Since the hybrid hydrate pore
morphology is dominant in HBS in most cases (Wang et al., 2021),
the transition saturation model proposed by Wang et al. (2021),
which accounts for the combined effects of PF and GC hydrates
morphologies, is adopted in this work to calculate the perme-
ability of HBS

K= (KGC)1/[1+(5h/7)"] (KPF)1—1/[1+(5h/7)"] (17)
where y is transitional hydrate saturation, indicating the point at
which the permeability of HBS begins to shift from one
morphology-dominated mode to another, n represents the evolu-
tionary direction of hydrate pore morphology: when the hydrate
morphology transitions from GC to hybrid, 5 is positive; when the
transition is from PF to hybrid morphology with increasing hydrate
saturation, 5 is negative (Wang et al., 2021).

2.3. Workflow of permeability determination

As shown in Fig. 3, the procedure for permeability determina-
tion of HBS under creep conditions is outlined. The primary steps
are listed below:

Step 1: Input the relevant parameters required by the
permeability model, which are divided into determined and un-
determined parameters. Determined parameters include initial
porosity g, initial hydrate saturation Sy, initial maximum pore
radius rmaxe, initial minimum pore radius ryjn, the first principal
stress o1, the second principal stress o>, the third principal stress
o3, the shear modulus for the Hooke element Gg, the bulk
modulus for the Hooke element Kp, the shear modulus of the
modified Kelvin element Gy, the shear modulus of the modified
viscoplastic element G, the three-dimensional viscosity coeffi-
cient of the modified Kelvin element H;, the three-dimensional
viscosity coefficient of the modified viscoplastic element H;, the
creep duration t, the damage threshold time t;, the long-term
strength ;. Undetermined parameters include the dimension-
less creep parameter a, the damage-related parameter $, transi-
tional hydrate saturation y, the evolutionary direction of hydrate
pore morphology # the non-uniform parameter m, the offset
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angle 6, aspect ratio of ellipsoidal particles a. Notably, rmaxe and
mino May be considered undetermined parameters if they are
hard to obtain.

Step 2: Parameters ¢ and hydrate saturation Sy, under creep
conditions can be obtained by Eqs. (3) and (6). The volumetric
strain ey is calculated by Eq. (7).

3+Dr

(15)

T128 4 m[im“(l - \/§;) ]3+DT

Step 3: Then the REV cross-sectional area A and the capillary
characteristic length L are calculated based on Eq. (10). And the
tortuosity fractal dimension Dt and the average tortuosity = under
creep conditions are determined by Eqs. (B2) and (11).

Step 4: Permeability K;c and Kpg can be calculated by Eq. (16).
Finally, the permeability of HBS K is determined by Eq. (17). Un-
determined parameters in this model should be updated when
there is a discrepancy between the predicted results and the
experimental data. The process is repeated until the predicted
results align with the experimental data. Using the calibrated pa-
rameters with Eq. (17), the creep permeability of HBS under
different stress conditions can be determined.

3. Results and discussion
3.1. Model validation

3.1.1. Verify the strain of HBS under creep conditions

As shown in Fig. 4, the creep strain calculated by Eq. (7) under
varying stresses and initial hydrate saturations is compared with
the experimental results measured by Sun et al. (2024). In 2024,
Sun et al. (2024) performed triaxial compression creep experi-
ments on hydrate-bearing sandy sediments with initial hydrate
saturations of 20%, 30%, and 40% to investigate the creep charac-
teristics of HBS under long-term high stress. According to their
experimental conditions, the initial hydrate saturation, the effec-
tive porosity (0.388) of HBS, the long-term strength in HBS are
determined to ensure consistency with the experimental mate-
rials. The acceptable range of creep parameters is adopted from Hu
et al. (2023). Moreover, the following parameter values are used in
our model: m = 0.2, 8 = =/9, a« = 0.8, t; =40 h, rpaxo = 3.91 pm.
Tables 1-3 summarize the parameter values used in these fig-
ures. Fig. 4 shows that the model's predicted strain closely aligns
with experimental data, confirming its accuracy and effectiveness.
The results in Fig. 4 indicate that, under triaxial loading conditions,
when the axial stress is less than the long-term strength, the initial
creep strain is relatively small, the creep rate decreases rapidly,
and the HBS creep transitions into a stable creep phase. This
suggests that the strain of HBS can remain stable under lower
stress levels. When the axial stress surpasses the long-term
strength, the creep curve transitions from the stable phase to the
accelerated phase, during which the creep rate increases signifi-
cantly. Notably, the long-term strength in HBS enhance from 2.2 to
3.4 MPa as the initial hydrate saturation increases from 20% to 40%.
Furthermore, the strain of HBS during the accelerated creep phase
decreases as hydrate saturation increases: ey, = 6.07% when
Sho = 20% (Fig. 4(a)), ey = 4.77% when Spg = 30% (Fig. 4(b)), and
ey = 3.99% when Spo = 40% (Fig. 4(c)). This phenomenon can be
mechanistically explained by the load-bearing capacity of hydrate
in HBS, where the hydrate provides structural support to the
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sediment framework, thereby enhancing its rigidity and strength
(Qu et al., 2024; Wang et al., 2025).

3.1.2. Verify the permeability of HBS under creep conditions

The proposed model's predicted permeability is assessed in
comparison with experimental data from Cai et al. (2020) (Fig. 5).
By conducting the seepage experiments on HBS samples from gas
hydrate reservoirs in the Shenhu area of the South China Sea, Cai
et al. (2020) investigated the fundamental mechanism behind
permeability change of HBS under creep. In the modeling setup,
the reasonable range of the parameter values is obtained from Hu
et al.(2023) and Wang et al. (2021), as shown in Table 4. Other key
parameters are set as follows: gg = 0.33, Sho=31%, m=0.2,0 = =/9,
a=0.8,t;=60h,a=-6.06 x 1072, and g = 3.94. As illustrated in
Fig. 5(a), the porosity predicted by our model matches well with
the test data. In addition, Fig. 5(a) and (b) indicate that, when the
axial stress increases from 10 to 100 kPa, porosity decreases from
18.6% to 11.2%, and permeability decreases from 13.44 to 3.51 mD.
Moreover, Fig. 5(b) demonstrates that during the creep process,
even under a constant axial stress, the permeability decreases
continuously over time. Table 4 shows that the value of parameter
n rises over time, indicating that during creep, the GC hydrate
transitions to PF hydrate in HBS. The compression of the pore
space in HBS under creep conditions (Zhong et al., 2020) may be
the main factor, causing an increase in hydrate saturation (Qu
et al.,, 2025). Essentially, as hydrate saturation increases, gas hy-
drates tend to occur predominantly at the center of the pores
(Zhang et al., 2024).

To further validate the accuracy of our proposed model,
experimental permeability data from Lu et al. (2019) are compared
with the calculated permeability results from the derived model
(Fig. 6). To study the evolution of permeability in hydrate-bearing
clayey-silt sediment during gas hydrate exploitation via depres-
surization, Lu et al. (2019) conducted four groups of water seepage
experiments under various stress conditions: (I) for the first
seepage experiment, s; = 20, 60, 80, 90, 100, 150, 200 kPa; (II) for
the second seepage experiment, o; = 20, 60, 80, 90, 100 kPa; (III)
for the third experiment, 1 =10, 30, 40, 50 kPa; (IV) for the fourth
experiment, s;1 = 10, 30, 50, 75, 100 kPa, corresponding to
Fig. 6(a)-(d), respectively. The stress loading conditions are
adjusted to correspond with the axial stress applied in the
experiment during the modeling procedure. The model parame-
ters are set as follows: ¢g = 0.33, Spo = 31%, m = 0.2, = =/9,
a = 0.8, and t; = 60 h, with additional parameters detailed in
Table 5. As depicted in Fig. 6, the predicted permeability does
not closely align with the experimental permeability during the
early period (0-1200 min), whereas they align well in the later
period. Fluctuations in the experimental instruments during the
early measurements are responsible for the discrepancy in the
initial period. Overall, the proposed model successfully captures
the permeability evolution of HBS under creep conditions.
Consistent with the results in Figs. 5 and 6 shows that permeability
decreases over time even under constant stress. The value of
parameter 5 in Table 5 also illustrates that the hydrate pore
morphology changes from GC to PF under creep.

To validate the applicability of the proposed model for pre-
dicting the permeability of gas hydrate-bearing sediments in
permafrost regions, experimental permeability data from Chuvilin
et al. (2025) are compared with the permeability calculated by Eq.
(17) (Fig. 7). Chuvilin et al. (2025) measured the gas permeability
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Table 1

Parameters for the model validation in Fig. 4(a).
Parameters F' = 1.8 MPa F' = 2.0 MPa F' =22 MPa F' = 2.4 MPa
os®, MPa 2.2
Go°, MPa 2489 689 2489 2489
Ko°, MPa 580 480 58 58
G:°, MPa 100 70 48 48
G,", MPa 40 40 60 40
H®, MPa-h 42 15 78 78
H,°, MPa-h 250 250 250 250
a’ 0.3 0.15 0.15 0.15
s 1.85 1.85 1.85 1.85

2 These values are obtained from Sun et al. (2024).
> The acceptable range of these values are obtained from Hu et al. (2023).

Table 2

Parameters for the model validation in Fig. 4(b).
Parameters F' =24MPa F =26MPa F =28MPa F =3.0MPa
os", MPa 2.8
Go®, MPa 2489 2489 3489 2489
Ko°, MPa 480 580 68 580
G1°, MPa 118 130 100 180
G,°, MPa 100 100 100 120
H:", MPa-h 18 40 42 82
H,", MPa-h 250 250 250 200
a° 0.09 0.22 0.1 0.25
5 1.85 1.85 1.85 3.25

2 These values are obtained from Sun et al. (2024).
b The acceptable range of these values are obtained from Hu et al. (2023).

of gas hydrate-bearing sediment samples from permafrost regions
under different axial pressures (61 =4, 5, 6, 7, 8,9, 10 MPa). To be
consistent with the experiment, the parameters are set as follows:
@0 = 0.37, Sho = 51%, m = 0.2, 0 = n/9 and a = 0.8. As can be seen
from Fig. 7, the predicted results generally fit well with the
experimental data. However, when the axial pressure increases
from 6 to 7 MPa, the permeability measured in the experiment
drops suddenly, and there is a deviation between the prediction
result and the experimental data. A possible reason is that before
this axial stress range, the reduction in permeability is caused by
the compression of pore space due to effective stress, while at this
moment, the phase equilibrium in the pore structure is broken,
and the decomposition of hydrates in the pore structure leads to a
sudden change in the pore space structure (Chuvilin et al., 2025).

3.2. Parameter sensitivity analysis

In this part, to deepen the understanding of the proposed
model and supply a theoretical foundation for NGH extraction, a
parameter sensitivity analysis is performed to evaluate the effect

Petroleum Science 23 (2026) 524-540

of key parameters (e.g., Sho, 61, M, a, @, and B) on creep strain and
permeability of HBS under creep conditions. During the modeling
process, the relevant input parameters are set based on Fig. 6(a).
Specifically, these parameters are as follows: ¢g = 0.33, Spo = 31%,
Tmaxo = 5.95 pm, m = 0.2, 0 = n/9, « = 0.8, t; =40 h, a = —6.06 x
1072, p = 3.94, y = 0.3, and 5 = —1.6. As illustrated in Fig. 8, the
initial hydrate saturation significantly affects both creep strain and
permeability. Specifically, a higher initial hydrate saturation leads
to a smaller creep strain (Fig. 8(a)). This indicates a clear inverse
correlation between initial hydrate saturation and creep strain.
This phenomenon can be mechanistically explained by the load-
bearing capacity of hydrates within the HBS. As hydrate satura-
tion increases, the hydrate phase assumes a greater proportion of
the external load, effectively reinforcing the sediment skeleton
(Wu et al., 2023). This reinforcement mechanism enhances the
overall stiffness of the sediment system, consequently suppressing
creep deformation through improved structural resistance to
time-dependent strain. In addition, during HBS creep process, a
lower initial hydrate saturation leads to a higher initial perme-
ability and a greater reduction in permeability (Fig. 8(b)). For
example, for the HBS with Syp = 20%, the permeability decreases
by 24.9% when the time increases from 0 to 40 h, while the
permeability with Spo = 40% decreases by 23.0% within the same
time period. The possible reason is that, at lower hydrate satura-
tion, a substantial proportion of pore spaces remain unoccupied,
creating more compressible pore spaces in HBS, which in turn
causes a more significant reduction in permeability (Yoshimoto
and Kimoto, 2022).

Fig. 9 illustrates the impact of ellipsoidal particle aspect ratio «,
non-uniform parameter m, dimensionless creep parameter a,
related damage parameter g, and axial stress o1 on permeability of
HBS during creep. As shown in Fig. 9(a), the smaller the aspect
ratio of the ellipsoidal sediment particles, the larger the perme-
ability of HBS (when « increases from 0.4 to 1.6, the predicted
permeability calculated by Eq. (17) decreases from 33.5 to 18.3 mD
in the initial stage of creep). This indicates that, along the flow
direction, the permeability of sediments composed of transverse
ellipsoidal particles (a < 1) is greater than that of longitudinal
ellipsoidal particles (a« > 1). This is because transverse ellipsoidal
particles facilitate a looser particle arrangement, creating larger
pore spaces and thus higher permeability. Moreover, the smaller
aspect ratio a results in a longer a; of ellipsoidal particles, forming
straighter seepage channels that reduce tortuosity and tortuosity
fractal dimension, thereby increasing seepage flow (Xiong et al.,
2025). In contrast, longitudinal ellipsoidal particles experience a
stacking effect, arranging more tightly, which results in smaller
pore space and lower permeability (Song et al., 2024). The rela-
tionship illustrated in Fig. 9(b) shows that the smaller the non-
uniform parameter m, the more non-uniform the distribution of
sediment particles, resulting in a reduced permeability of HBS

Table 3

Parameters for the model validation in Fig. 4(c).
Parameters F' = 2.2 MPa F' = 2.5 MPa F' = 2.8 MPa F' = 3.1 MPa F' = 3.4 MPa F' = 3.7 MPa
os”, MPa 34
Go”, MPa 2489 2489 2489 2489 2489 2489
Ko°, MPa 650 250 200 190 190 170
G1°, MPa 135 150 169 160 160 80
G,°, MPa 100 100 100 100 100 100
H;", MPa-h 12 12 12 12 12 12
H,", MPa-h 250 250 250 250 250 250
a® 0.08 0.08 0.08 0.08 0.08 0.06
A 1.85 1.85 1.85 1.85 1.85 1.85

2 These values are obtained from Sun et al. (2024).
b The acceptable range of these values are obtained from Hu et al. (2023).
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Fig. 5. Comparison of predicted porosity and permeability with experimental data
under different stresses (o1 = 10, 30, 50, 75, 100 kPa): (a) Porosity; (b) Permeability.

(when m increases from 0.1 to 0.8, the predicted permeability in-
creases from 13.4 to 80.4 mD in the initial stage of creep). Addi-
tionally, at the same creep time, the closer m is to unit, the greater
the increase in permeability. This demonstrates that the non-
uniform distribution of sediment particles plays a crucial role in
the permeability of HBS. As indicated in Fig. 9(c), during the creep-
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stable stage (2-34 h), the permeability of HBS is strongly influ-
enced by the dimensionless creep parameter a, with permeability
decreasing as the value of parameter a increases. This is due to the
fact that, the parameter a in the Kelvin unit of the proposed model
indicates the pore structure deformation of HBS during the creep-
stable stage. In general, a higher value of parameter a is associated
with a greater deformation in the creep-stable stage. Thus,
parameter a and the permeability of HBS are negatively related
during the creep-stable stage. Similarly, the accelerated creep
stage is governed by viscoplastic deformation, characterized by the
damage parameter 4. In essence, a larger value of parameter g
implies a greater pore structure damage of HBS during the accel-
eration creep stage (1740 h), resulting in a smaller permeability
(Fig. 9(d)). For instance, for a given creep time 40 h, the perme-
ability of HBS decreases from 4.9 to 1.3 mD when the damage
parameter $ varies from 0.4 to unit. Fig. 9(e) shows that as axial
stress increases, the compression of pore space contributes to a
reduction in permeability. This reduction becomes more pro-
nounced as the creep time increases, which is expected. For
example, when t = 40 h, the permeability of HBS decreases from
17.1 to 0.4 mD when the axial stress o7 varies from 0.4 to 1.2 MPa.
Fig. 9(f) presents a two-factor sensitivity analysis of the aspect
ratio a of sediment particles and the non-uniform parameter m.
Generally, larger values of m and smaller particle aspect ratio «
increase the permeability of the HBS. When the aspect ratio of
ellipsoidal particles changes, the extent of permeability reduction
corresponding to different m values varies. Specifically, when
m = 0.4, as a changes from 0.4 to 1.4, the permeability decreases by
90.5%; when m = 0.1, as a changes from 0.4 to 1.4, the permeability
decreases by 31.9%. At the same particle aspect ratio, increasing
the value of m can significantly increase the permeability. For
example, when « = 0.4, as m changes from 0.1 to 0.2, the perme-
ability increases from 16.9 to 31.5 mD, and as m changes from 0.1 to
0.4, the permeability increases from 16.9 to 221.3 mD. This dem-
onstrates the coupled effect of the aspect ratio « and the non-
uniform parameter m on permeability.

Based on the above sensitivity analysis, it can be seen that the
particle aspect ratio a, non-uniform parameter m, dimensionless
creep parameter g, related damage parameter g, axial stress o1, and
creep time t have significant effects on the permeability of HBS
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Fig. 6. Comparison of predicted permeability with experimental data under different stresses: (a) s1 = 20, 60, 80, 90, 100, 150, 200 kPa; (b) 1 = 20, 60, 80, 90, 100 kPa; (c) 51 = 10,

30, 40, 50 kPa; (d) 67 =10, 30, 50, 75, 100 kPa.

532



Y.-H. Shang, G. Lei, X.-Y. Yuan et al.

Petroleum Science 23 (2026) 524-540

Table 4
Parameters for the model validation in Fig. 5.
Parameters Go®, MPa Ko®, MPa G1%, MPa G,%, MPa Hy% MPa-h Ho%, MPa-h 7P 7°
Fig. 6(a) 14 350 27 53 1162 637 / /
Fig. 6(b) 300 583 287 461 1162 450 0.3 —6.4(0-20 h)
—~3(20-80 h)
—-2.2(80 h-)
2 The acceptable range of these values are obtained from Hu et al. (2023).
b The reasonable range of these values are obtained from Wang et al. (2021).
Table 5
Parameters for the model validation in Fig. 6.
Parameters Fig. 6(a) Fig. 6(b) Fig. 6(c) Fig. 6(d)
Fmax0’s KT 5.95 6.2 6.48 41
Go°, MPa 300 300 300 300
Kq°, MPa 583 583 583 583
Gi", MPa 287 287 287 287
G,°, MPa 461 461 65 2615
H;", MPa-h 1162 1162 1162 583
H,°, MPa-h 193 35 30 193
a® (x1072) —-6.06 —6.06 —6.06 —6.06
s 3.94 3.94 3.94 3.94
I 0.3 0.3 0.3 03
0 ~3.4(0-20 h) ~43(0-10 h) ~6(0-10 h) ~5(0-20 h)
~1.6(t>20h) ~4(10-20 h) ~4(10-20 h) ~2.4(20-80 h)
—24(t>20h) —32(t>20h) —~13(t>80h)

2 The acceptable range of rpyaxo are obtained from Lu et al. (2022) and Xia et al. (2023).
b The acceptable range of these values are obtained from Hu et al. (2023).
¢ The acceptable range of these values are obtained from Wang et al. (2021).
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Fig. 7. Comparison of predicted permeability with experimental data tested by

under creep conditions. By performing multiple regression anal-
ysis on these six factors, the following empirical equation with a
correlation coefficient of 0.992 is obtained.

K=10.014+0.071t+m?>+13.701a—10.236a+ !> —0.4440,

(18)

3.3. Model advantages and limitations

In this work, a creep permeability model for hydrate-bearing

sediments (HBS) is developed, taking into account the degree of
non-uniform particle distribution, particle shape, pore structure,

hydrate saturation and hydrate pore morphology. The proposed

Chuvilin et al. (2025) under different stresses: o; =4, 5, 6, 7, 8, 9, 10 MPa. model represents sediment particles as ellipsoids, which more
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closely resemble natural grain morphology than traditional
spherical approximations (Song et al., 2024), thereby providing a
more physically realistic representation. Moreover, the proposed
model employs non-uniform parameters and offset angles to
characterize the non-uniform distribution of sediment particles,
which more accurately reflects the real characteristics of the
reservoir. Additionally, the proposed model comprehensively
considers other factors such as pore structure, hydrate saturation,
and hydrate pore morphology, which enables it to more accurately
capture the permeability evolution of HBS under various loading
conditions compared to former models. Therefore, during the
long-term exploitation of natural gas hydrates, the permeability
model established in this study can be used to accurately predict
the dynamic evolution of permeability under creep, thereby
optimizing key mining parameters (such as well spacing and
depressurization rate) to effectively avoid engineering risks such
as wellbore instability and formation sand production caused by
sudden changes in permeability (Li et al., 2025). Additionally, the
model can analyze the evolution characteristics of permeability
over time to predict the critical conditions for submarine landslide
risks, providing key parameters for disaster early warning (Li and
Wu, 2022; Gan et al., 2025b).

Despite its contributions, the model has several limitations that
warrant further investigation. First, real sediment particles are
irregular rather than regularly shaped ellipsoids (Kerimov et al.,
2018). To characterize particle shape, more parameters such as
sphericity, roundness, and roughness should be used (Wu et al.,
2023; Song et al., 2024). Additionally, to avoid complicating the
derivation of the theoretical model, the aspect ratio of ellipsoidal
particles is used to represent the particle shape. Secondly,
although many researchers believe that changes in hydrate satu-
ration can represent hydrate phase transitions (Liu et al., 2019;
Zhang et al., 2024), during the long-term exploitation of NGH,
hydrate phase transitions are likely to happen near the production
wells, involving complex thermodynamic and dynamic behaviors
(Kvamme, 2021; Gan et al., 2025a). However, the model proposed
in this study only considers changes in hydrate saturation, which is
inadequate to fully capture the complexity of these phase transi-
tions. Thirdly, this study only focuses on GC hydrate, PF hydrate
and their hybrid morphology. In fact, there are various hydrate
morphologies within HBS pore structure, such as cementing and
load-bearing, which have also been shown to affect the fluid flow
and stiffness of HBS (Sanchez et al., 2017). To further refine our
model, other hydrate occurrence patterns will be explored in
subsequent research. Finally, sediment particles may undergo
breakage under high stress levels (Liao et al., 2024; Hu et al., 2011)
(and even under low stress for some soft granular materials (Qian
et al., 2024)), but since the average tortuosity model adopted in
this paper is derived based on the assumption of intact particles,
particle breakage is not considered. This issue is planned to be
further explored in future research. Moreover, in future research,
we will introduce stress threshold criteria into the creep model to
clarify the dominant mechanisms in different stages and improve
the dynamic characterization of permeability evolution
throughout the entire creep process (Starkova et al., 2011).

4. Conclusions

In this study, a theoretical permeability model for hydrate-
bearing sediments (HBS) under creep conditions is developed,
incorporating factors such as the degree of non-uniform particle
distribution, particle shape, pore structure, hydrate saturation and
hydrate pore morphology (including grain-coating, pore-filling
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and hybrid morphology). The accuracy of the proposed model is
verified through comparison with a range of published test data on
the permeability of HBS during creep. The key findings of this
study are presented below.

(1) Higher initial hydrate saturation results in smaller creep
strain and reduces deformation during the accelerated creep
phase, thereby enhancing the rigidity and strength of HBS.

(2) The permeability of HBS decreases over time under constant
effective stress, with the hydrate pore morphology tran-
sitioning from grain-coating to pore-filling during creep.

(3) The aspect ratio « of ellipsoidal sediment particles signifi-
cantly affects the permeability of HBS, with permeability
increasing as the aspect ratio decreases. Permeability is
greater under seepage flow parallel to the major axis than
under flow parallel to the minor axis.

(4) Non-uniform particle distribution greatly influences the
permeability of HBS. Greater non-uniformity results in
lower permeability, whereas a more uniform distribution
substantially enhances it at the same creep time.

(5) Permeability decreases as the dimensionless creep param-
eter and the damage parameter increase, due to the creep-
stable stage being governed by the Kelvin unit and the ac-
celeration stage being governed by the viscoplastic unit,
respectively.

In conclusion, the theoretical permeability model proposed in
this work can accurately predict the permeability evolution during
the creep process of HBS with various hydrate pore morphologies
(grain-coating hydrate, pore-filling hydrate and the hybrid
morphology) and non-uniform particle distribution. This research
provides theoretical support for the development of natural gas
hydrates, which helps optimize the extraction planning and
reservoir stability assessments during long-term hydrate
exploitation.
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Nomenclature

Latin symbols

a Creep parameter (dimensionless)

a Long axes of ellipsoidal particles, pm

ax Short axes of ellipsoidal particles, pm

A Cross-sectional area of REV, cm?

bg Initial center-to-center horizontal distance of two
adjacent particles, pm

b Center-to-center horizontal distance of two adjacent
particles, pm

Co Initial center-to-center distance of two adjacent
particles perpendicular to the flow direction, pm

C Circumference of the ellipse, pm

Dso Initial pore fractal dimension (dimensionless)

Ds Pore fractal dimension under creep (dimensionless)

Dr Tortuosity fractal dimension (dimensionless)

Go Shear modulus for the Hooke element, MPa

Gy Shear modulus of the modified Kelvin element, MPa

Gy Shear modulus of the modified viscoplastic element, MPa

Hy Three-dimensional viscosity coefficient of the modified
Kelvin element, MPa-h

H; Three-dimensional viscosity coefficient of the modified
viscoplastic element, MPa-h

Ko Bulk modulus for the Hooke element, MPa

Kpr Permeability of HBS with PF hydrate, mD

Kec Permeability of HBS with GC hydrate, mD

L Measurement scale of length, cm

m Non-uniform parameter, dimensionless

AP Pressure drop, MPa

q Flow rate of a single pipe, cm?[s

Qpr Total flow through the cross-section of the REV with PF
hydrate, cm?/s

Qqc Total flow through the cross-section of the REV with GC

hydrate, cm?/s

Tmax0 Initial maximum pore radius of HBS, pm

Tmax Maximun pore radius of HBS under creep, pm

Tmin0 Initial minimum pore radius of HBS, pm

T'min Minimum pore radius of HBS under creep, pm

Ro Initial radius of the spherical particle, pm

TPE Pore radius with PF hydrate, pm

rec Pore radius with GC hydrate, pm

Sho Initial hydrate saturation of HBS (dimensionless)

Sh Hydrate saturation of HBS under creep (dimensionless)
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t Creep duration, h

t1 Damage threshold time, h

Vo Initial apparent volume, cm?

Vb Apparent volume under creep, cm>
Vpo Initial pore volume, cm?

Vp Pore volume under creep, cm?

AVp Pore volume of change, cm>

Greek symbols

a Aspect ratio of the ellipsoidal particles (dimensionless)

B Damage-related parameter (dimensionless)

y Transitional hydrate saturaton (dimensionless)

o1 The first principal stress, MPa

o2 The second principal stress, MPa

o3 The third principal stress, MPa

o Long-term strength, MPa

ey Volumetric strain (dimensionless)

[ Offset angle, °

T Average tortuosity (dimensionless)

A Pore size of HBS, pym

Amin Minimum pore size of HBS, um

Amax Maximum pore size of HBS, pm

@ Porosity of HBS under creep (dimensionless)

) Initial porosity of HBS (dimensionless)

Pe Initial effective porosity of HBS (dimensionless)

u Fluid dynamic viscosity, Pa-s

n Evolutional direction of hydrate pore morphology
(dimensionless)

Appendix A. Derivation of average tortuosity =

In this study, the average tortuosity model for hydrate-bearing
sediments (HBS) with non-uniform particle distribution is derived
based on the model by Peng et al. (2024) under the following as-
sumptions: (I) all particles are identical ellipsoids, with no overlap
between particles; (II) the fluid within the HBS is a Newtonian fluid in
alaminar flow state. As depicted in Fig. A1(a), the smallest unit of the
particle arrangement is represented by yellow lines, with fluid
flowing parallel from left to right through adjacent particles within
the unit(the red lines represent the fluid paths). Due to the symmetry
of the unit structure, a quadrilateral outlined by black dashed lines is
used as the calculation model for the average tortuosity, as shown in
the enlarged view in Fig. A1(b).

(b)

b — 2a,a, 1/(ajcot H*+a3

r
b

Fig. A1. Schematic diagram of ellipsoidal sediment particle arrangement in HBS: (a) Particle position arrangement with a given m and 6; (b) The geometric relationship between

adiacent particles and assumed flow paths in pore space.
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As shown in Fig. A1(b), the aspect ratio of the ellipsoidal par-
ticles is obtained as a = g2 (A1)

where a denotes the aspect ratio of the ellipsoidal particles, a;
and ap are the long and short axes of ellipsoidal particles,
respectively.

Regardless of the shape used to represent the sediment parti-
cles, the initial porosity of the HBS remains constant, thus the
porosity calculated using ellipsoidal sediment particles is equal to
that calculated using spherical sediment particles. Therefore, ac-
cording to the geometric relationship illustrated in Fig. A1(b), the
initial porosity of HBS can be expressed as

_ bOCO - TEROZ _ bOCO — naa%

boco boco (A2)

%o

where ¢ denotes the initial porosity of HBS, by is the initial center-
to-center horizontal distance of two adjacent particles in the flow
direction, co represents the initial center-to-center distance of two
adjacent particles perpendicular to the flow direction, Ry is the
initial radius of the spherical particle. By simplifying Eq. (A2), the
following relation can be given as

(11_

a _ [m(1— )
by

an

(A3)

where m represents non-uniform parameter, which can be calcu-
lated by bg/co. Parameter m characterizes the ratio of the hori-
zontal distance to the vertical distance between adjacent sediment
particles. The value of m varies with different types of sediments
(Zhang et al., 2024a), when m takes different values, the relative
positions of sediment particles change.

As shown in Fig. A1(b), 01 is the center of the ellipse, dj, ds3, d4
and dg are the intersection points of the quadrilateral formed at
the centers of the four ellipses and the four ellipses respectively, d;
and d- are the tangent points of the common tangent lines to two
laterally adjacent ellipses, ds5 is symmetric to dg. Since the fluid is in
laminar flow, the middle region is divided into the longest path

dyd; + d3ds + duds , and shortest path dyds (Fig. A1(b)), thus the
flow path in this region should be represented by the average
value, with the typical flow length being bg.

Based on the geometry of the ellipse, the circumference of the
ellipse and the distances from the center of the ellipse to points d>,
d3 on the ellipse are obtained as

C =2na, +4(a; — ap) (A4)
— 1

01d; =aya A5
M= 2\/a% sin 62 + a3 cos ¢ (A5)
_— 1

01dy =aqa A6
e 2\/a% cos 6% + a2 sin ¢ .

where C represents the circumference of the ellipse, § represents

the offset angle, 0;d, and o0;d3; represent the distances from the
center of the ellipse to points dy, d3 on the ellipse, respectively.

The elliptic arc dfdz and d;ds are approximated by the length
of the arc, which are
d{az =d_r:216 ~ (129 (A7)

where d:dz and d;ds are the length of elliptic arcare, respectively.
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The longest and shortest paths through the pore space of the
fluid in the middle region when the typical flow length being bg
can be written as

1

2

T T
@ﬂym¢ﬁﬂmyMﬂg+m@+%%:2

Ll ,max —

1
aZ sin¢” + a3 cos ¢

2
1
41| (botan®)® + | by —2ayap, |-
J(O ) <0 ]z\la%cotaz—i-a%)

bg
a, +2(a; —ay) —2a,0+———2a,a
ndy +2(ay —az) 20+ 1 2\/

+2a,0
(A8)
: 2
Ly min = +| (bo tan 0)% + [ by — 2a1a5, [—————— | + 20,0
1,min (bo ) (0 1 2”a%cot62+a%> 2
(A9)

where L1, max and L1, min denote the longest and shortest flow paths
when the typical flow length being by, respectively.

By combining Eq. (A8) and Eq. (A9), the average path of the fluid
is obtained as

. Ll‘max + L],min

L= 5
3 — 2
= bo tan 6)% + ( by — 2ayay, |———
4 (bo ) (0 172 a%c0t92+a%>
- a +2(a —a)—2a9+b—0
nay 1—0 20+ 5

+ 2a26)

*a 1
72(11 ap "
a? sin ¢* + a3 cos 62

(A10)

where L is the average flow path when the typical flow length
being bo.
Therefore, the tortuosity r; can be calculated as

L

=5 (A11)

1

where 77 is the tortuosity when the typical flow length being bg.

According to the model of Peng et al. (2024), if only the middle
region is available for flow, the typical flow length becomes by —
2ay, and the tortuosity of HBS should be calculated using the
average tortuosity. The longest and shortest paths in the pore
space of the fluid can be obtained as

1

2

~ o~~~
@ﬂy%ﬂﬁdﬂy%ﬂg+m@+@%=z

LZAmax =

1
aZ sin¢” + a3 cos ¢

2
1
41| (botan6)® + | by —2ayay, [
\J(o ) <o ]zwa%cot02+a§>

bg
a, +2(a; —ay) —2a,0+———2a,a
ndy +2(aq —ap) 20+ 1 2\/

(A12)
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2
1
Ly min = « | (bg tan 0)% + ( by — 2a1ay, |———
2,min \j(o ) 0 102 & cot & + a2

(A13)

where Ly max and Ly min denote the longest and shortest flow paths
when the typical flow length being bg — 2a;, respectively.
Then the average path of the fluid can be determined by
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where zeliipsoid iS the average tortuosity of the sediment particles
assuming they are ellipsoidal.

When the aspect ratio of the ellipsoidal particle is 1 (i.e., a =1,
a; = a, = Rp), the ellipsoidal particles transform into spherical
particles, and the average tortuosity calculated using Eq. (A16) is
equal to that calculated by Peng et al. (2024).

Tellipsoid = Tsphere

combining Eq. (A12) and Eq. (A13), which is
1 1+# L#—( —29—2)& +2&9
7 Lamax + Lomin 4 Ro| |cos@ T bg bo
L =—"5—— 1-22
1 bo
3 1 2 2 1
= b tan 6)* + | by — 2a1a5, |—————— 2
al\® (0 1 ZVG%C0t92+a§> Sl 1R \/(tan6)2+(1 2@51110)
4 o bo
1-2—~
b o
= _ _ _70
ndy + 2(a; — ay) 2a29+cose (A17)
Jrf
1 where zsphere is the average tortuosity of the sediment particles
—2a1a2 - . .
a% sin 62 + a% cos 02 assuming they are spherical.
By combining Eqs. (A3) and (A16), the average tortuosity of HBS
(A14) under creep conditions can be obtained by
wa — 20— |— 4a . \/am(l —9)
1 1 sin 6 + (a cos 6) T
T-y e (1 —ay/ A=) 1
T ¢ T cos 0 (A18)
2
§ 1+ 1 (tan0)2+ 1-— M Ma
8|, fam(i-g [(cot9)2+a2]n n
T

where L, represents the average flow path when the typical flow
length being bg — 2a;.

The tortuosity 7 can be determined by

L

_ Al
2 =5 24, (A15)
where 7 is the tortuosity when the typical flow length being by — 2a;.

Finally, the tortuosity of the HBS composed of ellipsoidal par-
ticles can be obtained by averaging Eqgs. (A11) and (A15)

where 7z represents the average tortuosity of HBS during creep, ¢ is
the porosity of HBS during creep.

Appendix B. Fractal characteristics of hydrate-bearing
sediments

Since the pore structure of HBS satisfies fractal characteristics,
when the Euclidean dimension is 2, the initial pore fractal dimen-
sion Dy is determined by (Yu and Cheng, 2002; Lei et al., 2019)

B o aq
o —20-2 | ———m——— |a—
LA 1 (f sin02+(acosa)2) bo N
4 a;
1-2ya & .
1 L bol | 4201 - et T
Tellipsoid = 5 +2(1 - a)Va b0+cose (A16)
5| ¢ 3 ’
s+ —a (tan9)2+<122—1,/7“2 2) +2ag—]6
1-2a b_l 0\ (cot0)” + o o
L 0l
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In ¢

Djg=2—+——"F——
fo In(rmino/Tmaxo)

(B1)

where Dy is the initial pore fractal dimension, rmaxo and rmino are

the initial maximum and minimum pore radius of HBS
respectively.
The tortuosity fractal dimension is calculated by (Peng et al.,
2024)
In{ |z Df + Dt — 1 Df
N L)L) -

ln(L/}“min)

where Dr is the tortuosity fractal dimension, Anjp is the minimum

pore size of HBS,  is the average tortuosity of HBS during creep.
The actual length L, of the capillary is calculated by

Ly =A1"DrpDr (B3)

Based on Yu (2008), the scaling relationship of the cumulative
pore number can be described as

where N denotes cumulative population of pores, Amax is the
maximum pore size of HBS. By taking the derivative of Eq. (B4)

(B4)

—dN = DA, A~ (Pt 1)dy (B5)
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