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Long-term extraction of natural gas hydrates can induce reservoir creep, leading to geological hazards
such as submarine landslides and wellbore instability. The presence of widespread natural fractures can
intensify this creep deformation by altering stress distributions, thereby significantly increasing engi-
neering geological risks. However, the influence of key parameters on the creep behaviour of fractured
hydrate-bearing sediments remains insufficiently understood. This study presents a systematic inves-
tigation into the creep properties of fractured and fracture-free hydrate-bearing sediments under
various conditions, including effective confining pressures and hydrate saturations. It provides a
reference for assessing the stability of fractured hydrate-bearing reservoirs. A comparative analysis of
total creep strain, attenuation-creep strain, and rheological rate was conducted to elucidate the distinct
mechanical responses of the two types of sediments. The results reveal that fractures fundamentally
alter the sediment’s creep behaviour. In fractured sediments, key creep parameters exhibit a non-
monotonic dependence on hydrate saturation, with total creep strain peaking at a critical saturation
of approximately 20%. In contrast, the same parameters in fracture-free sediments show a consistent
positive correlation with hydrate saturation. For both sediment types, the rheological initiation time
increases with both effective confining pressures and hydrate saturation, indicating this relationship is
independent of fracturing. Crucially, the total creep strain is predominantly governed by the
attenuation-creep stage, regardless of fracture presence. This work improves the understanding of creep
mechanics in fractured hydrate reservoirs and provides a critical theoretical basis for engineering
geological safety assessments and the optimisation of hydrate extraction strategies.
© 2026 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/).
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1. Introduction

Natural gas hydrates (NGHs) are clathrate crystals with a
widespread global distribution (Chen et al., 2026; Zhang et al.
2024b, 2025). Their complete combustion would release energy
roughly equivalent to that from burning all other existing fossil
fuels combined (Zhang et al., 2024c). Their vast reserves and clean-
burning nature make them a promising clean energy source with
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immense potential (Wu et al., 2025; Yang et al., 2026). However,
during NGH extraction, hydrate decomposition releases significant
amounts of free gas and water, triggering a redistribution of
reservoir stresses (Chen et al., 2025; Jiang et al., 2015; Tan et al,,
2021). Furthermore, hydrate decomposition reduces intergran-
ular cementation within the reservoir, thereby diminishing its
strength and stability. This process may induce marine engineer-
ing geological hazards, such as reservoir instability and submarine
landslides (Dong et al., 2024). Therefore, it is essential to investi-
gate the mechanical properties of the reservoir during NGH
extraction to ensure reservoir stability and the safety of extraction
operations (Zhang et al., 2026).

In recent years, numerous scholars have researched the me-
chanical behaviours of hydrate-bearing sediments (HBSs) under
varying influencing factors to ensure the engineering geological
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safety of reservoirs. Priest and Hayley (2019) studied the strength
characteristics of hydrated sand and its relationship with natural
hydrated sediments. The results showed that both laboratory-
synthesized and naturally hydrated sands exhibited a “cemen-
ted” morphology, and their friction angles and cohesion are
strongly influenced by the hydrate morphology, sample distur-
bance, and testing conditions. You et al. (2023) conducted drained
triaxial compression experiments to investigate the strength
properties of hydrate reservoirs under gas saturation and water
saturation conditions. Their results showed that the failure
strength of the specimens under excess gas conditions was
controlled by the cementation component, whereas under excess
water conditions, it was controlled by the frictional component.
Zhang et al. (2024a) performed a series of triaxial shear tests on
pore-filling HBSs, with results revealing that the shear strength of
the sediments increased uniformly with increasing hydrate satu-
ration (HS). They found that pore-filling hydrates enhanced the
strength of the sediments by improving the frictional properties
between the material constituents. Li et al. (2021) investigated the
effect of hydrate occurrence patterns on the mechanical behaviour
of sediments. The results indicated that the type of deviatoric
stress-strain curve (strain-softening or strain-hardening) during
shearing depends on the layer with the lowest HS. Moreover, the
inclusion of such a layer was found to reduce the overall strength
of the sediments. Du et al. (2023) prepared hydrate layers with
different thicknesses and angles to analyse the effect of hydrate
layer geometry on the strength properties of the reservoir. Their
results showed that increasing the thickness of the hydrate layer
increased the cohesion and the angle of internal friction of the
specimen, while the angle of the hydrate layer affected the contact
between the hydrate-bearing and hydrate-free layers, which in
turn influenced the mechanical properties of the reservoir. Sang
et al. (2025) noted that the layered distribution of NGHs impacts
the mechanical properties of HBSs, conducted a series of
consolidated-drained triaxial shear tests. Their results indicated
that an increase in HS in the upper layer increased the failure
strength, stiffness, and cohesion of the sediments, while having a
relatively minor influence on the internal friction angle. Liu et al.
(2021) used resonant column tests to systematically evaluate key
mechanical parameters such as shear modulus and damping ratio.
The results showed that the normalised modulus of highly satu-
rated specimens decreases abruptly and the damping ratio in-
creases dramatically under strain, implying a high sensitivity of
reservoir mechanical properties to hydrate saturation during the
extraction process. Li et al. (2025b) investigated reservoir seepage
characteristics using a custom-designed multi-phase seepage
experimental system. The results showed that the blocking effect
of multiphase fluids affects the migration of water more than that
of gas, and that specimens with larger porosity showed better fluid
flow recovery. Evidently, factors such as the three-phase distri-
bution within the sediment and the occurrence form of hydrates
have differing impacts on the mechanical properties of the reser-
voir. Understanding the resulting evolution of these mechanical
properties is central to addressing engineering geological issues in
NGH exploitation projects. However, current research on the me-
chanical properties of HBSs predominantly centres on static me-
chanical properties such as shear strength and elastic modulus,
while relatively little attention has been given to their long-term
creep behaviour.

Creep characteristics are a key consideration in the study of
engineering geological problems. Long-term extraction of NGHs
can induce creep deformation in the reservoir. For instance, free
gas generated from hydrate decomposition may accumulate in
localised areas, leading to overpressure (Chen et al.,, 2023; Liu
et al,, 2020). Additionally, the weakening of cementation can
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disrupt the stress distribution within the reservoir by affecting its
internal structure. Both of these factors can induce creep. The
resulting reservoir creep deformation is a primary cause of
geological hazards such as sand production, wellbore instability,
and submarine landslides during long-term NGH extraction (Zhou
et al., 2015). Preventing these engineering geological disasters is
an essential consideration for NGHs exploitation projects. Fig. 1
presents a schematic diagram illustrating the triggers of creep and
the geological hazards it can induce. The decomposition of natural
gas hydrates causes higher-pressure gas to appear locally in the
reservoir, weakens the originally existing cementation, and causes
displacement of soil particles. This will induce uneven local stress
in the reservoir and lead to creep. Under long-term action, obvious
stress differences emerged in the entire reservoir, leading to the
occurrence of disasters.

Therefore, studying the creep properties of NGH reservoirs is of
vital importance. Several studies have begun to explore these
time-dependent properties. Cai et al. (2020) proposed a classifi-
cation model by using computed tomography imaging technology
and combining with the water flow experiment of clay-silty
samples to explain the influence of axial stress and creep micro-
structure on the permeability of natural gas hydrate reservoirs.
Considering the possible coexistence of NGHs and ice, Li et al.
(2016) investigated the creep properties of hydrate-ice speci-
mens. Their conclusions indicate that the axial strain of the
specimens increases with decreasing confining pressure (CP) and
increasing temperature. The creep strain rate exhibits a negative
correlation with CP and initially increases then decreases with
rising temperature. To address this time-dependent deformation
behaviour of the near-wellbore formation, study by Li et al. (2024)
applied outward lateral stresses to HBSs to simulate the horizontal
stress state of the near-wellbore reservoir. The results indicate
that, before the effective stress reaches the long-term strength,
decelerating creep accounts for more than 70% of the lateral strain.
Hu et al. (2025) investigated the creep properties of HBSs during a
loading-unloading process. Their results demonstrate that lower
stress recovery in the unloading state leads to specimen compac-
tion. However, when the stress recovery reaches a certain
threshold, it results in an increase in creep strain. Liu et al. (2024)
studied the creep properties of HBSs using clay-silt sediments as
specimens, with results indicating that these HBSs exhibit typical
steady creep behaviour, and that the creep and volumetric strain of
the sediments show a positive correlation with the stress ratio and
effective confining pressure (ECP). Wang et al. (2025a) performed a
series of triaxial shear and creep experiments on over-
consolidated HBSs. The results reveal that, under the same con-
stant load and HS, an increase in the over-consolidation ratio leads
to a decrease in creep deformation and creep rate. Furthermore,
when there are significant differences in failure strength caused by
varying over-consolidation ratios and HS, the creep deformation
and creep rate are solely related to the constant load. This body of
research demonstrates that understanding the creep characteris-
tics of reservoirs during the NGH extraction is key to addressing
the associated engineering geological challenges.

Moreover, fractures are widely distributed in submarine HBSs
(Li et al., 2023b). The influence of these fractures on the reservoir
structure is an important aspect of studying the engineering
geological issues of hydrate reservoirs. Hydrates typically develop
within fractures in nodular, vein-like, laminated, and massive
forms (Li et al., 2022). Table 1 presents the distribution of fractures
in global hydrate reservoirs. The presence of fractures and the
unique state of hydrate occurrence within them endow fractured
hydrate-bearing sediments (FHBSs) with mechanical properties
distinct from those of fracture-free hydrate-bearing sediments
(FFHBSs). This distinction may exacerbate creep deformation
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Fig. 1. The role of creep deformation in causing submarine landslides.

Table 1
Fracture distribution in global hydrate reservoirs.
Type Geographical Sediment Reference
location type
Land areas  Krishna-Godavari Sand and clay Riedel et al. (2010)
basin in India
Ulleung Basin in Sand Lee and Collett
South Korea (2013)
Muli basin in China  Siltstone and Peng et al. (2019)
clayey silt
Coats of Vancouver Sand and clay Exley et al. (2010)
and Oregon
Marine Qiongdongnan and  Clay Wei et al. (2021)
areas Taixinan basin in
China
Gulf of Mexico Sand Sassen et al. (2001)
Umitaka spurinthe Clay Hiruta and

Sea of Japan Matsumoto (2022)

during the NGH extraction process. Previous studies have
compared the strength and permeability properties of FFHBSs and
FHBSs through triaxial experiments. The results indicate that the
strength of FFHBSs is typically greater than that of FHBSs. At the
same time, it is concluded that the existence of fractures leads to a
change in the lag of the permeability fracture point relative to the
stress fracture point, which is alleviated with the increase of HS,
and the permeability is most sensitive to the strain change in the
early stage of shear (Zhang et al., 2024b). Furthermore, in the
presence of hydrates, FHBSs exhibit lower cohesion but a larger
internal friction angle (Wang et al.,, 2025b). However, current
research into the mechanical properties of FHBSs remains inade-
quate, particularly regarding their creep properties, which are still
not well understood.

Therefore, this study investigates the creep properties of FHBSs
using a high-pressure, temperature-controlled hydrate triaxial
apparatus, with a comparative analysis performed on FFHBSs. By
analysing key parameters such as total creep strain and creep rate,
the creep behaviours of both FHBSs and FFHBSs will be elucidated.
This research seeks not only to improve the understanding of the
creep properties of FHBSs but also to provide theoretical guidance
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for the engineering geological safety assessment required for the
safe extraction of NGHs.

2. Experimental method
2.1. Experimental system

Fig. 2 illustrates the experimental system used in this study.
This system has been employed in our previous research (Wang
et al,, 2025b; Zhang et al., 2024b). This system comprises a gas
pressure control unit, a hydrate formation and triaxial mechanics
unit, and a data acquisition unit. The in-situ generation and
decomposition of methane hydrate, as well as the consolidation,
shear, and creep tests of the specimen, can be conducted using this
system.

Methane and nitrogen gases were supplied by Jining Xieli
Special Gas Co. and Qinhuangdao Aoshen Gas Co., respectively. The
ISCO D260 pump, which has a volume of 266.05 mL, was used to
generate pore pressures up to 517.1 bar with an accuracy of 0.5%.
The temperature was controlled by a TMS8035-R40 thermostatic
water bath with a control range of —20 to 50 °C and an accuracy of
+0.1 °C. An LF-50 kN triaxial tester, equipped with a 50 kN
maximum axial load (accuracy: 40.05 kN) and a 100 mm
maximum stroke (accuracy: +0.125 mm), ensured precise mea-
surements. The pressure chamber, fabricated from 316 L stainless
steel, can withstand pressures exceeding 16 MPa.

2.2. Specimen preparation

A mixture of montmorillonite and standard sand was used to
prepare specimens for this study. Fig. 3 shows the particle size
distribution curves for the two materials, along with key grain size
parameters (effective grain size dg, median grain size dso, and
constraining grain size dgp) and the calculated coefficients of cur-
vature (C¢) and uniformity (C,) (Wang et al., 2020; Zhou et al,,
2021). The montmorillonite exhibits C, > 5 and 1 < C. < 3, indi-
cating a well-graded particle size distribution. In contrast, the
standard sand shows C, < 5 with C; < 1, which corresponds to a
poorly-graded particle size distribution (ASTM, 2017).

Consistent with previous studies, the sediment material was
prepared by fully mixing montmorillonite and standard sand at a
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(1) Nitrogen gas; (2) ISCO pump; (3) Valve; (4) Methane gas; (5) Back pressure valve; (6) Thermostatic water bath; (7) Pneumatic-hydraulic booster pump;
(8) Air booster; (9) Pressure controller; (10) Silicone oil drum; (11) Oil pump; (12) Triaxial test instrument; (13) Computer; (14) AD module

Fig. 2. Schematic of the methane hydrate triaxial test system, with photographs of key devices highlighted by blue rectangles.
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Fig. 3. Particle size distribution.

mass ratio of 1:19, with the mass of montmorillonite being 17.88 g
per specimen (Wang et al., 2025b; Zhao et al., 2022; Zhang et al.,
2024b). The specific preparation procedure for the fractured
specimens was as follows:

(1)

(2)

Mixing and shaping: The mixture was divided into six equal
portions, which were then placed into a cylindrical mould
(100 mm in height and 50 mm in diameter). Each portion
was compacted by being struck three times with a gravity
hammer. At this point, the porosity of the sample is 0.3.

Fracture creation: The shaped specimen was placed into a
fracture manufacturing mould. A saw blade was then
repeatedly passed through guides in the mould to create the
fractures. Ultimately, three fractures with angles of 15°, 45°,
and 75° were formed in the upper, middle, and lower po-
sitions of the specimen, respectively. Each fracture was
rectangular, measuring 20 mm in length and 2 mm in width.
To ensure the repeatability and consistency of each experi-
ment, during the process of creating fractures, the pene-
tration angle of the saw blade and the amplitude of repeated
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pulling are restricted. Then, a sufficient number of sawing
operations are carried out to ensure that the cut surface is
relatively flat. This range of fracture angles is intended to
represent the variability observed in natural hydrate reser-
voirs, where angles vary with depth and region. For
instance, in the shallow section of Hole 10B in the Krishna-
Godavari Basin of India, low- and high-angle fractures are
present in the deep and shallow layers, respectively (Lee and
Collett, 2009). Simultaneously, high-angle fractures are
predominant in the shallow section of Hole 5A (Cook and
Goldberg, 2008). For the length and width of the fractures,
we mainly selected fractures of fixed length and width
based on the research of Du et al. (2020), to better study the
influence of the existence of fractures on the creep charac-
teristics of hydrate-bearing sediments. This approach is
consistent with our previous research (Wang et al., 2020;
Zhang et al., 2024b).

(3) Freezing: The prepared specimen was frozen for 12 h to set

its structure and ensure its integrity prior to testing.

The preparation procedure for a fractured specimen is illus-
trated in Fig. 4.

2.3. Experimental process

(1) In-situ NGH formation: The procedure for forming hydrates

within the specimen is illustrated in Fig. 5. First, the pre-
pared specimen was removed from the freezer and posi-
tioned between the upper and lower platens inside the
pressure vessel. Gas and water drainage were facilitated by
vents located at the centres of both platens. Second, the
specimen was sealed within a 1 mm-thick rubber mem-
brane to prevent contact with the silicone oil used as the
confining fluid (confining pressure, CP o). Third, an oil
pump and an ISCO pump were used to inject silicone oil into
the pressure vessel and methane gas into the pore space of
the specimen, respectively. Subsequently, a stepwise
method was used to raise both the CP and the pore pressure
to 5 MPa (Li et al., 2023a). Throughout this process, the CP
was maintained at a pressure slightly higher than the pore
pressure to ensure the rubber membrane remained in close
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Fig. 5. Hydrate formation process.

contact with the specimen. Finally, the temperature of the
thermostatic water bath was set to 0.5 °C. Based on the in-
situ temperature and pore pressure conditions of the
seabed reservoir and the stability phase diagram of the hy-
drate, establishing the required pressure and temperature
conditions for NGH formation (Zhao et al., 2025). The hy-
drate saturation measurement method in this study refers
to the research of Dong et al. (2020), Li et al. (2023a), Liu
et al. (2023c) and Zhao et al. (2022), once gas consump-
tion ceased, the final hydrate saturation was calculated by
inputting the volume of methane gas consumed (as
measured by the ISCO pump) into Eq. (1) (Wu et al., 2022):

Vm.P(‘
Vb my  ZkrMa
Voo iV nWp

Sh (1)

where Sy, represents the saturation of NGHs, V4, is the volume of
NGHs (mL), V;, denotes the volume of pores within the specimen
(mL), mp represents the mass of NGHs (g), pn is the density of NGHs
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(2) Consolidation: Following hydrate formation, a pneumatic-
hydraulic booster pump was used to inject silicone oil into
the pressure vessel to increase the CP. The specimen was
then consolidated for 24 h under a specific effective
confining pressure ECP ¢'. This duration was sufficient for
the ECP-induced sediment deformation to stabilise. The
relationship between ECP and CP is given in Eq. (2).

(2)

’
D':O'C—Pc

(3) Triaxial creep: After consolidation, the specimen was first
subjected to a shear rate of 0.1 %/min until the axial stress
reached the desired constant load q.. Since the vast majority
of water in the specimen has been converted into NGHs, this
process is an undrained shear. Subsequently, an axial creep
test was performed on the specimen under this constant
load for a duration of 72 h (Cameron et al., 1990; Chen et al.,
2023; Hu et al., 2023; Sun et al., 2024). The constant load
was calculated based on the failure strength gr and the stress
ratio Rc, as shown in Eq. (3):

dc =qsRe (3)

The failure strength values were determined from our previous
studies (Wang et al., 2025b), while the stress ratio R, was selected
based on existing creep studies of HBSs (Chen et al., 2023; Wang
et al., 2024; Zhu et al., 2020). The detailed test conditions are
provided in Table 2.

3. Results and discussion
3.1. Creep properties of FHBSs
Fig. 6 shows a typical creep curve (secondary consolidation),

illustrating the evolution of axial strain in HBSs over time. Based
on the creep rate, this process is typically categorised into three
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Table 2
Conditions for the triaxial consolidation and creep tests.
Case T, K P, R. Specimen &, She qs, qe,
number MPa type MPa % kPa  kPa
C-1 27365 5 0.6 Fractured 0.5 0 1217 730.2
C-2 18.66 4016 2409.6
c3 39.33 4328 2596.8
Cc-4 1.0 0 2371 14226
C-5 19.21 5234 31404
C-6 33.52 5262 3157.2
Cc-7 15 0 3328 1996.8
C-8 18.77 5638 3382.8
C-9 38.23 6139 36834
C-10 Fracture- 0.5 0 1241 7446
C-11 free 18.51 4430 2658.0
C-12 39.33 5052 3031.2
C-13 1.0 0 2341 1404.6
C-14 19.09 4930 2958.0
C-15 40.48 5686 3411.6
C-16 15 0 3513 2107.8
C-17 19.09 5357 3214.2
C-18 33.98 6100 3660.0
A
d

Axial strain, %

L

t1t  Balance
Compaction

Elapsed time, h

Fig. 6. A typical creep curve illustrating the three distinct stages of creep: attenuation,
steady-state, and acceleration.

stages: the attenuation-creep stage, the steady-creep stage, and
the acceleration-creep stage. In this study, the starting point of the
creep test (point a) is defined as the moment the axial stress
reaches the constant load, and the corresponding strain is defined
as the initial strain eg. The transition from the attenuation-creep
stage to the steady-creep stage is marked by the rheological
initiation point (point b). Similarly, the transition from the steady-
creep stage to the acceleration-creep stage is marked by the
damage point (point c) (Li et al., 2024; Wang et al., 2020; Zhu et al.,
2020). The attenuation-creep stage is predominantly governed by
work-hardening effects and the acceleration-creep stage by soft-
ening effects, while the steady-creep stage represents a dynamic
equilibrium between the two (Chen et al., 2023; Li et al., 2023c;
Wang et al., 2024).

Fig. 7 illustrates the creep curves for FHBSs under various HS.
The acceleration-creep stage is only observed in the specimen with
no hydrates (Sp = 0%) tested at an ECP of 0.5 MPa. This can be
attributed to two combined factors. First, under a relatively low
ECP, the specimen is less compacted and therefore exhibits weaker
deformation resistance. Second, the absence of hydrates means
there is no inter-particle cementation to provide structural
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Fig. 7. Creep curves for fractured hydrate-bearing sediments (FHBSs) at various hy-
drate saturations (Sy) under ECPs (o) of (a) 0.5 MPa; (b) 1.0 MPa; (c) 1.5 MPa.

support. Consequently, the uncemented sediment is more prone to
structural failure under sustained loading, leading to the onset of
the acceleration-creep stage. The general absence of this stage in
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Fig. 8. TCS of FHBSs as a function of S under different ECPs.

the other tests is consistent with the results of similar triaxial
creep experiments conducted by other researchers on HBSs (Li
et al., 2016; Nakashima et al., 2021). It should also be noted that
the initial strain ¢y depends on the stress-strain response during
the initial shearing phase required to reach the target creep stress.
As this is primarily related to the material’s strength properties, a
detailed analysis can be found in our previous study (Wang et al.,
2025b).
Fig. 8 presents the total creep strain (TCS) of FHBSs during the
creep process. As HS increases, the TCS initially rises and then
declines. As we previously reported, FHBSs at 20% and 40% HS
show comparable failure strengths, which exceed those of the 0%
saturation specimens (Wang et al., 2025b). Therefore, FHBSs with
an HS of 0% are subjected to the minimum constant stress. During
the compression process, the friction and extrusion between par-
ticles develop more frequently, exhibiting stronger resistance to
deformation. In FHBSs with 20% HS, hydrates predominantly
accumulate near fractures, leading to a non-uniform stress dis-
tribution within the specimen and facilitating particle rotation and
slippage (Wang et al., 2025b). Moreover, the lower HS results in
thin and brittle hydrate deposits at fractures within the FHBSs.
Compared to the well-developed cementation network in high-
saturation FHBSs, these fragile structures provide weaker sup-
port, making the material more prone to deformation under con-
stant loading (Gabitto and Tsouris, 2010). Additionally, hydrates
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can undergo dynamic dissociation and regeneration under phase
equilibrium conditions, which provides favourable conditions for
fracture deformation, particularly for FHBSs with relatively low
hydrate content (Durham et al., 2003; Sun et al.,, 2023). In sum-
mary, the parameter evolution observed in FHBSs during creep
results from multi-field coupling, as shown in Fig. 9.

Furthermore, as the ECP increases, the TCS is observed to rise.
An increase in ECP exerts a compaction effect on the specimen,
which intensifies friction between particles and thereby enhances
the intrinsic deformation resistance of the FHBSs (Wang et al.,
2023; Xu et al., 2023). However, under the experimental condi-
tions of this study, a higher ECP is accompanied by a higher con-
stant creep load. This increase in the applied stress is the dominant
factor, ultimately leading to a greater TCS.

Based on the total creep behaviour shown in Fig. 8, the creep
strain during the attenuation-creep stage (Fig. 10), the creep rate
during the attenuating-creep stage (Fig. 11), and the rate during
the steady-creep stage (Fig. 12) were statistically analysed. The
relationships between these three parameters and HS under
various ECPs are consistent with the trend observed for the TCS.
This implies that under the corresponding constant loads, the
deformation resistance of the FHBSs ranks in the following order of
hydrate saturation: 0% > 40% > 20%.

In addition, as the ECP increases, the attenuation-creep rates
(ACR) for the experimental groups with HS of 20% and 40% are
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observed to converge. This can be explained by the differing re-
sponses of the specimens to compaction. For the FHBS with 20%
HS, an increase in ECP leads to fracture closure and specimen
compaction. This brings hydrate particles into closer contact with
sand particles, densifying the initially weak cementation network
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and thereby enhancing the specimen’s deformation resistance
(Wei et al., 2023). In contrast, for the FHBSs with 40% HS, the hy-
drates are already more compactly distributed. Consequently, the
compaction effect from the increased ECP is less pronounced,
resulting in only a slight improvement in its resistance to
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deformation. This result indicates that the sensitivity of the
deformation resistance of FHBSs to ECP decreases as the ECP in-
creases, particularly under high HS conditions (Liu et al., 2023a).
This behaviour can be attributed to the coupled effects of particle
compaction (a hardening mechanism) and potential damage to the
hydrate’s cementation structure under high pressures (a softening
mechanism). The initial HS dictates the internal structure of the
FHBSs, which in turn governs how their creep behaviour responds
to these competing effects under increasing ECP.

As the ECP increases, it is also noted that the attenuation-creep
strain (ACS) follows the same variation trend as the TCS, while the
rheological rate (RR) behaves differently. This suggests that the key
structural rearrangement processes, such as initial particle rear-
rangement, cementation damage, and fracture closure, occur
predominantly during the attenuation-creep stage rather than the
steady-creep stage. Consequently, the ACS plays a more significant
role in determining the final TCS.

Fig. 13 illustrates the rheological initial time (RIT) of the FHBSs
under different saturations. As the RIT, which represents the
duration of the attenuation-creep stage, is observed to increase
with rising HS. This trend can be attributed to the following
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Fig. 13. Rheological initial time for FHBSs as a function of S, under various ECPs.
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factors: (1) At HS = 0%: In the absence of any hydrate cementation,
the sediment particles can rearrange rapidly in response to the
applied stress, resulting in the shortest RIT and the earliest onset of
the steady-creep stage. (2) At HS = 20%: The specimen contains a
partial and likely brittle cementation network. This structure
provides some initial resistance but is susceptible to damage un-
der constant loading, prolonging the time required to reach a
steady state compared to the hydrate-free case (Chuvilin et al.,
2018). (3) At HS = 40%: The presence of a denser hydrate
network provides significant structural integrity. Consequently,
the processes of breaking these more robust cementation bonds
and rearranging the particles require more time to complete,
leading to the longest observed RIT (Zhou et al., 2024).
Additionally, the RIT is observed to increase with increasing
ECP. This is because the higher ECP enhances inter-particle friction
and compaction. This increased resistance to particle rearrange-
ment results in a slower attainment of the steady-creep stage and
thus a longer RIT. This finding is contrary to that of Zhu et al.
(2020), who reported a decrease in RIT with increasing ECP. The
discrepancy can likely be attributed to fundamental differences in
both hydrate morphology and the host sediment used (Wu et al.,
2022). In the present study, hydrates were generated in situ and
formed cementing structures within the fractures and between
particles. In contrast, the research conducted by Zhu et al. (2020)
involved preparing samples by mixing hydrates with quartz sand
particles. This resulted in the hydrates in the samples being in the
form of pore-filling hydrates, and these hydrates provided much
weaker structural cohesion and resistance to deformation. In this
study, the existence of fractures in the samples led to the hydrate
mainly existing in a cemented structure. This sample preparation
method is fundamentally different from Zhu et al. (2020). The role
played by the cemented structure when the samples is subjected
to force enables the samples to exhibit stronger structural cohe-
sion and resistance to deformation. Furthermore, the sediment
matrix itself plays a crucial role. Zhu et al. (2020) used kaolinite,
which has distinct chemo-mechanical properties compared to the
sand-montmorillonite mixture used here. In their kaolinite spec-
imens, an increase in ECP reportedly promoted several softening
mechanisms, including particle fragmentation and the melting of
any co-existing ice (due to freezing point depression). These pro-
cesses could lead to water-induced swelling of the kaolinite and
accelerate hydrate decomposition, both of which would cause the
specimen to deform more easily and shorten the RIT (Zhu et al,,
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Fig. 14. Creep curves of FHBSs with different R, at an ECP of 0.5 MPa and S, of 20%.
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2020). It should be emphasized here that the swelling ability of
kaolinite upon contact with water is much higher than that of the
mixture of montmorillonite and quartz sand in this paper (Radjai
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et al., 1998). In summary, the distribution properties of hydrates
greatly determine the deformation resistance of FHBSs.

In addition, we also studied the creep curves of FHBSs with an
ECP of 0.5 MPa and a hydrate saturation of 20% under different
creep stress ratios, as shown in Fig. 14. The results demonstrate
that only when R attains a value of 0.9 the samples manifest an
evident accelerated creep stage. This phenomenon can be ascribed
to the fact that a higher R. entails a greater continuous load. Under
such condition, the FHBSs become more susceptible to structural
failure, which in turn triggers the onset of the accelerated creep
stage. As can be observed from Fig. 15, the TCS of FHBSs during the
creep process exhibits a continuous increase with the elevation of
R¢, which is consistent with the research on the creep deformation
of hydrate-bearing frozen clay at different creep stress ratios
prepared by the “mixture method” (Zhu et al., 2020). The under-
lying mechanism is that as R increases and the continuous load is
applied, the hydrate cementation structure within the samples is
more likely to fracture. This promotes the propagation of fractures
and intensifies structural damage, ultimately leading to greater
creep deformation (Liu et al., 2023b; Yang et al., 2010).

Fig. 16(a) and (b) further analysed the strain and its rate during
the attenuation-creep strain stage. It was discovered that the ACS
exhibited a similar variation trend to the TCS under different R.
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Fig. 16. Parameters of the attenuation creep stage of FHBSs with different R. at an ECP of 0.5 MPa and Sy, of 20%: (a) ACS; (b) ACR.
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conditions. This finding implies that R. exerts a significant influ-
ence on the creep characteristics of FHBSs. Regarding the ACS,
when compared with samples at a low stress ratio, samples at a
high stress ratio demonstrate a slightly elevated strain rate.
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Although the strain rate of samples with a high R. at the same time
point is marginally higher than that of samples with a low R, the
overall difference is not substantial.

As shown in Fig. 17(a), the RIT of FHBSs under different R.
conditions increase with the increase of R.. This is mainly because
a higher R leads to an increase in continuous load, thereby
enhancing the friction and compressive effect between particles,
hindering the re-arrangement of particles, and thus delaying the
time to enter the steady-creep stage, resulting in a corresponding
increase in RIT. Fig. 17(b) shows that the RR increases with the
increase of R., especially when R. reaches 0.9, its rate increases
significantly. This is because the particles inside the sample have
been rearranged closely during the attenuation-creep stage. When
reaching the steady-creep stage, the creep variable and rate are
mainly affected by the continuous load.

3.2. Creep properties of FFHBSs

For comparison, the creep properties of FFHBSs were also
investigated. Fig. 18 illustrates the creep curves for FFHBSs at
different HS, showing that none of the specimens reached the
acceleration-creep stage within the 72-h test duration. The TCS
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was plotted from these curves and is shown in Fig. 19. It is clear
that, in contrast to the behaviour of the fractured specimens, the
TCS of FFHBSs increases with increasing HS at all tested ECPs. This
is primarily because the constant load applied during the creep
test, which is based on the failure strength, also increases with HS
(Zhang et al., 2024b). While FFHBSs with 40% hydrate saturation
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exhibit a higher failure strength, this strength is mobilised at large
strains (approximately 20%), by which point the specimen has
been significantly compacted. In contrast, the creep process occurs
at much lower strains where the specimen is less compacted, and
deformation is predominantly governed by damage to the hydrate
cementation bonds under the applied load (Chen et al., 2023; Liu
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et al., 2024). Therefore, for the FFHBSs, the structural support
provided by the increased hydrate content is insufficient to
counteract the greater deformation caused by the correspondingly
higher constant creep load.

Figs. 20-22 show the ACS, ACR, and RR of the FFHBSs, respec-
tively. For these specimens, the trends for all three parameters
follow that of the TCS, increasing consistently with rising HS. The
ACRs for FFHBSs with 20% and 40% HS do not converge with
increasing ECP, which is a distinct contrast to the behaviour
observed in the FHBSs. This finding validates the explanation
provided in Section 3.1, which attributed the convergence phe-
nomenon specifically to fracture-related mechanisms. The
absence of this behaviour in the fracture-free specimens strongly
suggests that fractures fundamentally alter the occurrence state of
hydrates within the sediment, whereas in FFHBSs, the hydrate
particles are distributed more uniformly throughout the sediment
matrix.

A pattern similar to that of the FHBSs is also observed in the
FFHBSs: the attenuation-creep strain (ACS) varies with ECP in the
same manner as TCS, whereas RR does not. This consistency across
both specimen types suggests that the TCS is predominantly
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governed by the ACS, irrespective of the presence of fractures.
Furthermore, for all hydrate-bearing specimens, the ACS shows
limited sensitivity to changes in ECP, an observation that aligns
with the results of Zhu et al. (2020). Finally, when comparing the
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influence of the two main experimental variables, a clear conclu-
sion can be drawn. For both FHBSs and FFHBSs, the variations in
the measured creep parameters with hydrate saturation exhibit
more systematic and predictable trends compared to their varia-
tions with ECP. This suggests that, within the experimental con-
ditions of this study, HS is a more dominant factor than ECP in
controlling the creep behaviour of these sediments.

Fig. 23 shows the RIT at different saturations for the FFHBSs.
The duration of the attenuation-creep stage is observed to be
positively correlated with both HS and ECP, displaying the same
pattern as that recorded for the FHBSs. This consistent behaviour
indicates that the presence of fractures does not alter the funda-
mental influence of HS and ECP on the RIT.
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3.3. Comparison of creep properties between FHBSs and FFHBSs

This section provides a direct comparison of the creep prop-

erties of FHBSs and FFHBSs. Fig. 24 shows the creep curves for both
specimen types under identical test conditions. Based on these
data, the TCS, ACS, and RR were determined for a comparative

analysis.

As shown in Fig. 25, the TCS of the FHBSs is consistently greater
than that of the FFHBSs under all tested conditions of HS and ECP.
This difference can be attributed to the influence of the fractures
on the sediment structure at varying hydrate saturations: (1) At
HS = 0%, the pre-existing fractures in the FHBSs act as planes of
weakness that provide additional void space, allowing for greater
axial compaction under load compared to the more uniform
FFHBSs. (2) At HS = 20%, in the FHBSs, hydrates preferentially form
within the fractures, leading to a heterogeneous structure with
localised, thin, and brittle cementation that is susceptible to
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Table 3
Experimental conditions for the additional shear and creep tests.
Case T, P, R¢ Specimen &, She qs, Qe
number K MPa type MPa % kPa kPa
S-a 27365 5 0.6 Fractured 0.5 0 1217 -
S-b 9.83 3735 -
S-c 15.8 3918 -
S-d 22.7 4016 -
S-e 26.8 4321 -
S-f 32.8 4319 -
S-g 37.7 4328 -
C-a 0 - 730.2
C-b 10.10 - 2241
C-c 1450 - 2350.8
C-d 18.66 - 2409.6
C-e 2650 - 2592.6
C-f 3280 - 25914
C-g 3933 - 2596.8
—9— 5,=0%,05MPa  —@— S,=9.83%,0.5MPa —@— S,=15.8%, 0.5 MPa
5000 4 —@— S,=22.7%,0.5MPa —@— S, =26.84%, 0.5MPa @ S,=32.8%, 0.5 MPa
@ S,=37.77%, 0.5 MPa
©
<
)
8
17
S
K]
>
a

Fig. 29. Deviatoric stress-strain curves for FHBSs at various S, under an ECP of

0.5 MPa.
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Creep curves for FHBSs at various Sy under an ECP of 0.5 MPa.
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Fig. 31. TCS for FHBSs under an ECP of 0.5 MPa.

breaking during creep. In contrast, the FFHBSs develop a more
uniform, interlocking cementation network throughout the sedi-
ment matrix, which provides greater overall resistance to defor-
mation (Li et al,, 2022). (3) At HS = 40%, even at this higher
saturation, where the hydrate network in the FHBSs is denser, the
inherent structural discontinuity caused by the fractures persists.
The more homogeneous cementation network within the FFHBSs
remains structurally superior and therefore more resistant to
creep deformation (Wei et al., 2023; Zhang et al., 2011). A sche-
matic illustrating these differing deformation mechanisms is
presented in Fig. 26. The fact that the structural differences be-
tween the two specimen types are so clearly reflected in the total
creep strain reinforces the conclusion from Section 3.1: the
defining deformation processes occur predominantly during the
attenuation-creep stage.

Figs. 27 and 28 present a comparison of the ACS and RR for both
specimen types. As expected, ACS exhibits a phenomenon
consistent with the TCS, where the strain in FHBSs is consistently
higher. This corresponds to the results discussed in sections 3.1
and 3.2. The following explanations are given for the compara-
tive results of RR: (1) Multiple sets of conditions showed that
FHBSs possessed higher RRs, with higher RRs being observed only
for FFHBSs with 40% HS and ECPs of 0.5 MPa and 1.5 MPa. This is
because the presence of the fracture reduces the deformation
resistance of FHBSs as a whole, for the reasons expressed in the
previous section. (2) HS is 40%, ECP is 0.5 MPa: An ECP of 0.5 MPa
and a constant load of 2596.8 kPa failed to have a damaging effect
on the hydrate at the fracture. Fracture-filling hydrates in the
rheological stage provide solid support for the FHBSs. As a result,
FHBSs have a lower RR relative to FFHBSs. (3) HS is 40%, ECP is
1.5 MPa: The HS of the FHBSs is 4.25% higher than that of FFHBSs,
which enriches the backbone network of the FHBSs (Huaimin
et al,, 2018). The difference in RR between the FHBSs and FFHBSs
is only 0.0002 %/h, so it is likely that the FHBSs would have had a
higher RR than the FFHBSs without this extra saturation. This
suggests that an additional HS of about 4% compensates for the
lower resistance to deformation caused by the fracture structure.

3.4. Critical saturation of creep properties of FHBSs

As observed previously, the TCS of FHBSs exhibits a non-
monotonic trend, first increasing and then decreasing with rising
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Fig. 32. Schematic diagram illustrating the proposed mechanisms for the creep behaviour of FHBSs at S, below and above the critical saturation point.

Table 4
Detection of model predictive ability.
Specimen Shy % &', MPa TCS calculated TCS experimental Error, % ACS calculated ACS experimental Error, %
type value value value value
Fractured 14.5 0.5 1.8715 1.7361 7.2 1.3962 1.3699 1.88
32.8 0.5 1.7778 1.8293 2.9 1.4756 1.3084 113

Three-dimensional distribution of total-creep strain and model prediction surface

Fractured (F=1)

TCS, %

6

Fracture-free (F = 0)

TCS, %

Fig. 33. Three-dimensional distribution of TCS and model prediction surface.

HS. This suggests the existence of a critical saturation, hypoth-
esised to be near an HS of 20%, at which the creep deformation of
FHBSs is maximised. We increased the HS values of the test groups
by approximately 10%, 15%, 25% and 30% at an ECP of 0.5 MPa to
further verify this hypothesis. The corresponding test parameters
are shown in Table 3.

Figs. 29 and 30 show the deviatoric stress-strain curves and the
creep curves for these FHBSs, respectively. The stress-strain curves
in Fig. 29 confirm that the failure strength of the FHBSs increases
monotonically with HS, which is consistent with our previous
findings (Wang et al., 2025b).

Fig. 31 plots the TCS of the FHBSs as a curve of HS, including the
additional data points. The results confirm that the TCS increases
to a maximum value at an HS of 18.66% before decreasing. This
confirms the existence of a critical saturation around which the
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relationship between TCS and HS inverts. The competing mecha-
nisms governing this behaviour, similar to those discussed in
section 3.1, can be summarised as follows: (1) When HS is less than
the critical saturation: In this regime, three factors contribute to
increasing creep strain as HS rises. Firstly, the specimen’s failure
strength increases, necessitating a higher constant creep load
(Wang et al., 2025b). Secondly, the initial formation of hydrate is
non-uniform due to fractures, creating a heterogeneous stress
distribution and a brittle, incomplete cementation network that is
susceptible to damage. Thirdly, the formation of NGHs absorbs the
water in FHBSs, thereby enabling the generation of large pores
(Wu et al., 2018). These combined effects lead to a net decrease in
the overall deformation resistance of the FHBSs. (2) When HS is
equal to the critical saturation: At this point, the proportion of
factors contributing to increased deformation resistance begins to
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rise. From this saturation onwards, the deformation resistance of
the FHBSs starts to be enhanced. (3) When HS is greater than the
critical saturation: As HS increases further, the fracture-filling
hydrate becomes progressively denser, and the distribution of
hydrate at non-fracture sites becomes more homogeneous (Li et
al.,, 2018). The resulting hydrate network, having achieved a
certain scale, provides good support for the FHBSs, which en-
hances their overall deformation resistance. A schematic diagram
illustrating this is shown in Fig. 32.

3.5. Mathematical model

3.5.1. Creep strain model

In this section, MATLAB software was used to fit the experi-
mental data for TCS and ACS from both FHBSs and FFHBSs
(excluding the conditions in Table 4). The aim was to derive a
multivariable quadratic polynomial equation capable of describing

Petroleum Science 23 (2026) 7538-7560

these parameters for both sediment types. The results of these
statistical fits are shown in Figs. 33 and 34. For the model, HS and
ECP were used as continuous independent variables, while a
fracture determination factor F was used as a categorical variable.
The TCS or ACS served as the dependent variable. The factor F was
defined as 1 for FHBSs and O for FFHBSs. The resulting regression
equations for TCS and ACS are given in Eq. (4) and Eq. (5),
respectively. The model for TCS yielded a mean error of 0.108, a
mean squared error of 0.13, and an R? of 0.969. The model for ACS
yielded a mean error of 0.097, a mean squared error of 0.014 and an
R? of 0.970. These empirical equations can be used to predict the
TCS and ACS of both FHBSs and FFHBSs for a stress ratio R. of 0.6
under various operational conditions. According to the investiga-
tion, stress ratio R of 0.6 is more in line with real engineering
(Wang et al., 2024a; Yoshimoto and Kimoto, 2022; Zhu et al,,
2020). We used this model to calculate the calculated values of
other working conditions and compared them with the

Three-dimensional distribution of attenuation-creep strain and model prediction surface
Fractured (F=1)

24

2.2

25

20

ACS, %
@

0.5

Fracture-free (F = 0)

0

Fig. 34. Three-dimensional distribution of ACS and model prediction surface.

Table 5
Model parameter fitting results.
Specimen type o/, MPa Shh % qc, MPa qc/E n, h! n, MPa/h Ah™™ m t,, h
Fractured 0.5 0 0.73 0.156 3.841 0.0043 0.0356 0.534 9.699
10.10 2.24 1.020 1.095 0.0088 0.0274 0.912 10.432
14.50 2.35 0.975 1415 0.0095 0.0225 0.555 11.017
18.66 241 1.024 1.122 0.0172 0.0218 0.827 11.628
26.50 2.59 1.111 0.973 0.0092 0.0171 0.537 17.768
32.80 2.59 1.024 0.502 0.0073 0.0091 0.785 21.133
39.33 2.6 0.884 0.516 0.0052 0.0025 1.083 26.874
1.0 0 1.42 0.429 2424 0.0035 0.0206 0.545 10.54
19.21 3.14 1.263 1.068 0.0097 0.0071 1.052 27.223
33.52 3.38 1.192 0.612 0.0043 0.0010 1411 38.96
1.5 0 2.01 0.446 2.284 0.0025 0.0108 0.739 19.487
18.77 3.16 1.646 0.491 0.0092 0.0064 1.100 28.926
38.23 3.68 1.429 0.501 0.0045 0.0001 2.406 46.101
Fracture-free 0.5 0 0.74 0.049 7.510 0.0067 0.0107 0.403 5.698
18.51 2.66 0.448 1.010 0.0148 0.0088 0.597 18.276
39.33 3.03 0.536 0.984 0.0061 0.0072 0.797 30.855
1.0 0 1.40 0.115 5.526 0.0070 0.0041 0.566 6.067
19.09 2.96 0.404 1.286 0.0104 0.0035 0.667 21.19
40.48 341 0.591 0.861 0.0044 0.0021 0.854 31.47
1.5 0 2.11 0.197 2.457 0.0041 0.0013 0.877 14.767
19.09 3.21 0.454 1.161 0.0095 0.0011 1.010 22.278
33.98 3.66 0.625 0.841 0.0029 0.0009 1.253 37.75
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Fig. 35. FHBSs parameter fitting relationship: (a) n is related to S, and ¢'; (b) 5 is related to S and ¢'; (c) A is related to Sy and ¢'; (d) m is related to Sy, and &',

experimental data, as shown in Table 4. Meanwhile, these working
conditions are displayed in triangles in Fig. 33. Obviously, the
predictive ability of this model has been confirmed. Such predic-
tive models can help to estimate the deformation capacity of a
reservoir during NGH extraction, this provides theoretical guid-
ance for the engineering geological issues involved in the exploi-
tation of natural gas hydrates, thereby aiding in the assessment of
extraction risks and the optimisation of production schemes.

TCS=0.13514+0.03091 - S}, + 0.38611 - F — 0.0071867 - & - Sy,
+0.094202 - S, - F+0.14097 - 6% +0.023063 - - Sy, - F
~0.0029212-S,%2-F

(4)

ACS=0.02525+0.02771-S;, +0.25049 - F — 0.0065832 - 5 - Sy,
+0.069413 - S}, - F+0.16287 - 6> +0.023264 -6 - S}, - F
—0.0021379-S,2-F

(5)
However, this model has limitations before it can be widely
applied. Currently, it may only be applicable to our experimental

conditions. We have proposed this and will gradually improve it in
the future.
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3.5.2. Time-dependent constitutive model

In this paper, we propose a time-dependent constitutive model
to describe the creep behaviour of FHBSs and FFHBSs. We
respectively adopt the simplified form of the generalized Kelvin-
Voigt model to fit the curves of the attenuation-creep stage, and
adopt the simplified form of the Bailey-Norton model to fit the
curves of the steady-creep stage (Li et al., 2025a; Sun et al., 2024),
and incorporate the influence of hydrate saturation and effective
confining pressure on each parameter, as shown in Egs. (6)-(8).

_ Jea(t) t<ta
&)= { ia(t)‘t +es(t) t>ta (6)

ea(t) =211 —exp(—n- )] + ot (7)

es(t) =A-(t — ta)™ (8)

Among them, &(t) is the creep variable, £,(t) is the attenuated
creep variable, &(t) is the steady-state creep variable, g. is the
constant load, E is the elastic modulus, n is the attenuation rate, 7 is
the viscosity coefficient, A is the steady-creep coefficient, m is the
time index of steady-creep stage, and t, is the attenuation creep
time. The slope between the first two data points in the initial
stage of the creep curve is selected as the elastic modulus E. To
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Fig. 36. FFHBSs parameter fitting relationship: (a) n is related to Sy, and ¢'; (b) 7 is related to Sy, and ¢'; (c) A is related to Sy, and ¢'; (d) m is related to S, and o'

Table 6 Table 9
Model parameter n fitting results. Model parameter m fitting results.
Specimen type ao a; a, as ay Specimen type do dq d; ds dy ds
Fractured 0.438 -1.772 0.532 -0.178 —-0.950 Fractured 0711 0256  -1.102 0104 0235  0.031
Fracture-free 1.019 7.008 —44.541 0.092 —3.884 Fracture-free 0.639 0.631 —0.692 0.529 0.571 0.085
determine the other parameters, nonlinear least squares fitting
3::;17 fitti | was performed on the experimental creep curves obtained from
parameter y Ttting resu'ts. FHBSs and FFHBSs under different hydrate saturation (Sy) and
Specimen type  bo by by bs by bs effective confining pressure (¢’) conditions. This process employed
Fractured 0.006 0049 —0001 -0.136 -0.0002 0.002 an iterative optimisation algorithm, minimizing the sum of
Fracture-free 0020 1002 -0.541 -0211 -0.001 0.010 squared residuals between the model predictions and the exper-
iment data, to obtain a set of optimal parameters for each curve, as
shown in Table 5.
To further reveal the macroscopic variation patterns of model
Table 8 parameters and their dependence on geological conditions, after
Model parameter A fitting results. obtaining the fitting parameters of all experiments, a second-stage
Specimen type  co 1 1o o Ca bs statistical analysis is conducted. In this stage, each parameter (n, 5,
Fractured 0061 —0104 —0059 0010 0017 0052 A, m) is regarded as the dependent variable, while S and ¢’ are
Fracture-free 0.020 -0012 -0.023 -0002 0.007 0.008 taken as the independent variables, and a systematic bivariate
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regression analysis is carried out. By trying and comparing various
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Fig. 37. Comparison of FHBSs experimental data and fitting curves at various hydrate
saturations (S,) under ECPs (o) of (a) 0.5 MPa; (b) 1.0 MPa; (c) 1.5 MPa.

empirical models including linear, quadratic, power-law, and
exponential functions, based on statistical indicators such as the
coefficient of determination (R%), the best empirical formula that
can most accurately describe the relationship of each parameter
with S, and ¢ is selected. The parameter n is fitted by Eq. (9), which
describes the quantitative relationship between n, Sy and ¢'. The
optimized fitting graphs of FHBSs and FFHBSs are shown in
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Fig. 38. Comparison of FFHBSs experimental data and fitting curves at various hy-
drate saturations (Sy) under ECPs (&) of (a) 0.5 MPa; (b) 1.0 MPa; (c) 1.5 MPa.

Figs. 35(a) and 36(a) respectively. The parameters are listed in
Table 6.

(9)

The parameter 5 is fitted by Eq. (10), which describes the
quantitative relationship between 7, S, and ¢'. The optimized
fitting graphs of FHBSs and FFHBSs are shown in Figs. 35(b) and
36(b) respectively. The parameters are listed in Table 7.

n=agp+ay/[1+exp(az-(Sp+a3)+as-(Syp+az))]
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n=hg + by-Sy + by-6 + b3-S, + by-0”® + bs-S-0' (10)

The parameter A is fitted by Eq. (11), which describes the
quantitative relationship between A, Sy and ¢'. The optimized
fitting graphs of FHBSs and FFHBSs are shown in Figs. 35(c) and
36(c) respectively. The parameters are listed in Table 8.

A:C0+C]-Sh+C2-(T/+C3-Sh2+C4-(7’2 +C5~Sh-(7, (11)

The parameter m is fitted by Eq. (12), which describes the
quantitative relationship between m, S, and ¢'. The optimized
fitting graphs of FHBSs and FFHBSs are shown in Figs. 35(d) and
36(d) respectively. The parameters are listed in Table 9.

m:d0+d1-5h+d2~a/+d3-5h2+d4-o'2 +d5-sh-0'/ (12)

In Figs. 37 and 38, the solid lines represent the fitting results,
while the scattered points correspond to the experimental data. It
is worth noting that the correlation coefficients of the model
fitting all reached values above 0.98. This strong correlation in-
dicates that the parameters in Table 5 effectively represent the
creep behaviour of FHBSs and FFHBSs at different hydrate satu-
rations and effective confining pressures.

4. Conclusion

In this study, the creep properties of FHBSs and FFHBSs were
investigated under various ECPs and HS. The influences of HS and
ECP on key creep parameters, TCS, ACS, ACR, RR, and RIT were
analysed. A direct comparison of these properties between the two
specimen types was also conducted, and the existence of a critical
saturation for the creep of FHBSs was investigated and confirmed.
The main conclusions are as follows:

(1) The presence of fractures dictates the sediment’s response
to hydrate saturation. For FHBSs, the TCS, ACS, ACR, and RR
exhibit a non-monotonic trend, initially increasing and then
decreasing with rising HS. In contrast, these parameters for
FFHBSs are all positively correlated with HS. The ACRs for
FHBSs with 20% and 40% HS converge at higher ECPs (e.g.,
1.5 MPa), a phenomenon not observed in FFHBSs.

(2) For both specimen types, the RIT increases with increasing
HS and ECP.

(3) The presence of fractures consistently results in higher TCS
and ACS in FHBSs compared to FFHBSs. The RR of FHBSs is
also larger than that of FFHBSs under most conditions.

(4) A critical HS exists for FHBSs at approximately 20% HS, at
which the TCS peaks. Below this critical saturation, TCS in-
creases with HS; above it, TCS decreases with increasing HS.

(5) Empirical multivariable quadratic polynomial equations
were developed using linear regression to model the TCS
and ACS for both FHBSs and FFHBSs as a function of ECP and
HS. These models can be used to predict reservoir defor-
mation during NGH extraction, thereby aiding in risk
assessment and the optimisation of production schemes.

This study has focused on investigating the creep behaviour of
FHBSs. The conclusions drawn from this study can provide theo-
retical basis for the geological safety of fractured reservoirs during
the NGH extraction process. In the future, our work will focus on
the creep characteristics of FHBSs under different fracture rough-
ness and stress ratios, increase the data volume and creep dura-
tion, and continuously improve the existing mathematical model
to achieve promotion and enhance practical application value. In
addition, we will comprehensively consider the synergistic effects
of temperature changes and hole pressure variations during
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heating and depressurization mining as well as different stress
paths. Moreover, we will conduct in-situ CT triaxial creep experi-
ments to achieve in-situ, real-time and high-resolution visualiza-
tion observation of the internal microstructure of fractured
hydrate-bearing sediments, and obtain more reliable explana-
tions of the rheological mechanisms. Finally, we will conduct a
more comprehensive and systematic study on the mechanical
properties of fractured hydrate sediments by combining multiple
thermal-water-mechanical-chemical coupled numerical simula-
tions. These future studies will enable a more in-depth and
comprehensive investigation into the engineering geological is-
sues involved in the extraction of natural gas hydrates.
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