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study, a comprehensive thermal-hydrological-mechanical-chemical (THMC) coupled model, integrated
with the Drucker-Prager elastoplastic constitutive criterion, was developed to prioritize the investiga-
tion of geomechanical stability under horizontal-well depressurization. The influence of bottom-hole
pressure (BHP), vertical positioning of the Producer Horizontal Section (PHS) and underburden ther-

Edited by Meng-Jiao Zhou mal convection on formation integrity was systematically evaluated to balance production efficiency

and geological risks. While a four-stage gas production evolution was observed, the results emphasize
Keywords: that geomechanical hazards are the primary limiting factor for aggressive drawdown strategies.
Natural gas hydrate Although lowering BHP enhances recovery, it exacerbates sediment compaction and threatens seabed
Horizontal-well stability. Conversely, maintaining BHP above a critical threshold of 4-5 MPa was identified as essential
Depressurization for preserving reservoir integrity. Furthermore, PHS placement was determined to be a critical control

Gas production

- for strain localization; a mid-reservoir location was found to optimize the trade-off between
Geomechanical safety

decomposition-induced weakening and heat transferred from underlying layers. Geomechanical anal-
ysis further revealed that subsidence is most pronounced near the wellbore, with high-risk deformation
occurring at the reservoir-overburden interface. These findings underscore the necessity of integrating
real-time deformation monitoring with adaptive well designs to mitigate geohazards during the

exploitation of deep-sea NGH resources.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction water molecules (Sloan and Koh, 2007). Owing to their enormous
methane storage capacity and widespread occurrence, NGHs are

Natural gas hydrates (NGHs) are crystalline compounds in increasingly recognized as a strategic alternative energy resource
which methane molecules are encapsulated within a lattice of (Chong et al., 2016). Estimates indicate that the global methane
reserves in hydrate form may be about twice the combined proven

reserves of conventional fossil fuels, highlighting their strategic
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primary focus of energy research has transitioned from resource
assessment to addressing the complex technical challenges of
their development (Yang et al., 2024).

In nature, NGH stability is maintained only under the high-
pressure and low-temperature conditions characteristic of
terrestrial permafrost and deep-sea continental margins (Skarke
et al., 2014; Wang et al., 2025). In marine environments, NGHs
are predominantly distributed along continental shelves and
slopes, typically at water depths exceeding 500 m (Makogon
et al., 2007). Over 95% of global NGH reserves are estimated to
reside in these deep-sea sediments (Max and Johnson, 2018).
Despite this abundance, commercial viability is fundamentally
hindered by significant technical and geomechanical safety
challenges (Li et al., 2025; Yuan et al., 2025). Several countries,
including the United States, Japan, and China, have conducted
field production tests to evaluate the feasibility of NGH exploi-
tation (Kurihara et al. 2010; Li et al., 2018, Moridis et al., 2004, ;
Yamamoto et al., 2014 Yamamoto et al., 2019). A notable example
is the second production test in the Shenhu area of the South
China Sea, which demonstrated that horizontal-well depressur-
ization significantly enhances recovery rates compared to vertical
configurations (Ye et al., 2020; Yin et al., 2022), but it simulta-
neously amplifies the geological risks inherent to hydrate-bearing
formations. Furthermore, to optimize production efficiency in
complex geological settings, multilateral horizontal wells have
been extensively investigated (Jin et al., 2023; Mao et al., 2023;
Wan et al,, 2024). Although such configurations significantly
expand the decomposition zone and accelerate gas recovery, they
inevitably provoke more drastic localized pressure drawdowns
and effective stress variations. This exacerbated geomechanical
response substantially elevates the risk of severe reservoir sub-
sidence and structural failure (Ye et al., 2024).

The exploitation of NGH-bearing reservoirs is complicated by
the fact that they often consist of weakly cemented, fine-grained
sediments, such as muddy silt (Hyodo et al, 2017; Lei and
Santamarina, 2018). Extensive depressurization in these unstable
formations can trigger seabed subsidence and submarine land-
slides, posing threats to offshore infrastructure and marine eco-
systems (Li et al, 2021b, Song et al., 2024). For instance, the
transient excess pore pressure generated during marine gas hy-
drate dissociation has been demonstrated to severely compromise
both the long- and short-term dynamic stability of submarine
slopes (Song et al., 2023). Therefore, preventing geohazards has
become a paramount concern for NGH exploitation, requiring a
balance between extraction efficiency and geomechanical stabil-
ity. Current research efforts are increasingly focused on developing
safer extraction techniques that can mitigate these risks while
maintaining economic viability (Tiong et al., 2025; Yang et al.,
2017).

The inherent risks of depressurization-based exploitation have
been confirmed by previous field trials. For instance, substantial
seabed subsidence was observed during Japan's first production
test in the Nankai Trough following NGH decomposition (Akaki
et al., 2016). This phenomenon is primarily driven by pore pres-
sure reduction, which increases effective stress on the sediment
framework, leading to compaction and structural deformation
(Yoneda et al., 2018). Furthermore, NGHs serve as a cementing
agent that enhances the mechanical stability of marine sediments.
Upon dissociation, the loss of this binding effect significantly
weakens the sediment's mechanical strength, exacerbating strata
deformation (Wu et al.,, 2020). These combined effects—pore
pressure depletion and reduced cohesion—can destabilize sub-
marine slopes, potentially triggering catastrophic secondary di-
sasters such as large-scale submarine landslides or even tsunamis
(Maslin et al., 2004).
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To quantify these risks, the mechanical properties of NGH-
bearing sediments must be accurately characterized. Yoneda
et al. (2015) conducted triaxial shear tests on intact core samples
from the Nankai Trough, revealing that the yield behavior of NGH-
bearing sediments follows the Mohr-Coulomb failure criterion.
Their work demonstrated a linear correlation between hydrate
saturation and Young's modulus, highlighting the stiffening effect
of hydrates on sediment structure. Dong et al. (2020) performed
systematic triaxial tests on laboratory-synthesized hydrate-
bearing cores and fitted the triaxial test results using the
Mohr—Coulomb, Drucker-Prager, and Lade-Duncan criteria,
finding that the first two criteria provided good agreement with
their experimental results. They also observed that both the in-
ternal friction angle and cohesion of NGH-bearing sediments have
a linear relationship with hydrate saturation. Zhang et al. (2015)
used tetrahydrofuran to form hydrate in sediment cores from the
South China Sea and demonstrated that the Drucker—Prager cri-
terion effectively captured the shear strength behavior of these
synthetic hydrate-bearing sediments. Wang et al. (2021) devel-
oped a statistical damage constitutive model that accurately de-
scribes both the strength characteristics and softening behavior of
NGH-bearing sediments; however, its high computational cost
limits its applicability. Ye et al. (2026) elucidated the multi-stage
gas production mechanisms inherent to Class I, II, and III hydrate
reservoirs utilizing a novel thermally-segmented rotatable reactor.
Their experimental results indicated that low hydrate saturation
enhanced permeability and thus accelerated gas production. These
studies collectively demonstrate that hydrate saturation signifi-
cantly influences sediment mechanical properties. In addition,
recent laboratory and modeling studies have shown that effective
stress and hydrate dissociation jointly control permeability evo-
lution during depressurization, directly impacting deformation
and production behavior (Wang et al., 2023; Wu et al., 2022).

Field-scale numerical simulation serves as a critical tool for
optimizing the economic viability and safety of NGH exploitation
(Liu et al, 2022; Sun et al., 2019). Recent advancements have
enabled the evaluation of gas production performance using
thermal-hydrological-chemical (THC) coupling approaches. For
instance, Dong et al. (2023) clarified the thermodynamic non-
equilibrium mechanisms during long-period depressurization,
informing pressure-management strategies. It is also underscored
in Gong et al. (2025) that production efficiency and thermo-
hydrodynamic driving forces depend sensitively on pressure
strategies and reservoir conditions, with implications for stability
management (Cui et al, 2024). However, the integration of
comprehensive mechanical effects for geological risks assessment
remains underdeveloped.

To tackle this issue, Matsuda et al. (2016) conducted pioneering
work analyzing reservoir subsidence under depressurization,
demonstrating the influence of Young's modulus on deformation
patterns. Li et al. (2021a) investigated vertical wellbore deforma-
tion, emphasizing the combined effects of Young's modulus and
bottom-hole pressure on structural integrity. Lee et al. (2021)
proposed a cyclic depressurization method to enhance production
while controlling subsidence. Their results indicated that frequent
pressure oscillations from well opening/closing cycles could
induce geological fatigue, potentially leading to long-term for-
mation instability. Jin et al. (2018) extended the TOUGH + Hydrate
simulator to incorporate mechanical modeling, enabling analysis
of stress evolution in sediments during horizontal-well depres-
surization. More recently, the Thermo-Hydro-Mechanical-
Chemical (THMC) coupled framework has been adopted to eval-
uate the complex multi-physical processes of field-scale NGH
exploitation in the South China Sea. Ye et al. (2025a) utilized a
THMC model to evaluate gas production through depressurization
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coupled with thermal stimulation, revealing that the hydro-lock
effect in muddy silt reservoirs severely restricts gas permeation,
a limitation that can be partially mitigated through hydraulic
fracturing. Furthermore, Ye et al. (2025b) extended the THMC
framework to simulate hydrate-based CO, sequestration in post-
exploitation reservoirs, where the formation of mixed CO,-CHy
hydrates was demonstrated to facilitate geological restoration and
strata support.

Despite these developments, previous studies on thermal-
-hydrological-mechanical-chemical (THMC) coupling remain
inadequate for assessing long-term geological risks associated
with horizontal-well depressurization. A critical limitation lies in
the suboptimal integration of sediment mechanical behavior, pri-
marily resulting from the inefficient utilization of laboratory-
derived triaxial shear test data. While prior studies have pro-
vided profound insights into fluid migration and post-exploitation
remediation, the structural safety of the primary extraction phase
remains unresolved. Consequently, the dynamic trade-off between
heat transfer efficiency (specifically, the upward intrusion of
relatively warm underburden water) and geomechanical stabili-
ty—particularly under varying bottom-hole pressures (BHPs) and
vertical placements of the producer horizontal section (PHS)—has
not been systematically quantified.

To address these deficiencies, this study introduces a THMC-
coupled numerical simulation framework, incorporating a
Drucker-Prager (DP) elastoplastic constitutive model, for
balancing production efficiency and geological risks during NGH
depressurization. Selected for its computational robustness and
efficacy in capturing complex sediment deformation, the DP
model is rigorously parameterized using experimental shear test
data to accurately represent sediment deformation. Based on this,
this study systematically quantifies the spatiotemporal evolution
of geohazards driven by the dynamic interplay between wellbore
operational parameters and underburden thermal convection. By
evaluating both BHP and vertical PHS placement, this research
provides critical insights for establishing safer exploitation pro-
tocols that maximize heat transfer efficiency while prioritizing
long-term geomechanical stability.

2. Methodology
2.1. Mathematical model

Prior to model development, the following assumptions are
made: (1) Only gas-liquid two-phase flow is considered during the
exploitation of NGH-bearing reservoirs, and the flow obeys Darcy's
law. (2) The NGH-bearing reservoir is assumed to be homoge-
neous, with parameters such as porosity and saturation uniformly
distributed at the same horizontal position. (3) Gas dissolution and
diffusion in the liquid phase are neglected.

2.1.1. Mass conservation equations
The mass conservation equations for each component are given
as follows (Fu et al., 2025; Xue et al., 2023).

(1) Water phase
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a

ot (PwdSw) = — V(pwiw) — qw + My (1)
(2) Gas phase

7]

i (Pe#Sg) = = V(pgvg) — g + mg (2)
(3) Hydrate phase
0

T (Pn#Sp) =mw + mg (3)

where pw, pg and pn are densities of water, gas and hydrate,
respectively, kg-m~>; Sy, Sg and S, are their respective saturations;
qw and qg are the production rates of water and gas, m>.s~!; mgand
mg are the reaction rates of water and gas, kg-s~'; vy and vg are the

flow velocities of water and gas, m>-s~'; and ¢ is porosity.

2.1.2. Energy conservation equation
The energy conservation equation is given as follows (Qiu et al.,
2023, Xue et al., 2023):

g}
ot (CeffT> = V(ﬂeffVT) + [(UWpWCW +1/gngg)T] — nhAHh

+ qwCwT 4 qgCeT
(4)
Cetr = (1= ¢)p: G + ¢(5w,0wcw + Sgﬂgcg + Shﬂhch) (5)
Aeft = (1= #)2r + ¢(Swiw +Sgig +Snn) (6)

where T is absolute temperature, K; p; is density of the rock,
kg-m~3; C, Cw, Cg and Gy, are the specific heat capacity of the rock,
water, gas, and hydrate, respectively, J-kg = 1-K™1; 21, 2w, Ag and 1 are
their heat conductivities, W-kg~'.K~'; ny, is the reaction rate of
hydrate, mol-m~3.s~!; and AHy is latent heat absorbed during
hydrate decomposition per unit volume, J-mol~.

2.1.3. Reaction kinetics equation
The reaction kinetics equation is given as follows (Fu et al,,
2025):

_%h _

e (7)

p E
K02 A1 SwShPe (1 - p_§> -exp (—ﬁ)

where k° is the intrinsic reaction rate constant, mol-m2-Pa—1.s~1;
Aps is the specific surface area of hydrate particles, m~!; pe is the
gas hydrate equilibrium pressure, Pa, and varies with temperature;
pg is the liquid pressure, Pa. At a given temperature, hydrate
decomposition occurs when pg < pe, while hydrate formation takes

place when pg > pe.

2.14. Rock mechanics constitutive model

The yield failure behavior of NGH-bearing sediments conforms
to the DP yield criterion. The criterion is expressed as (Dong et al.,
2020; Masui et al. 2007; Yoneda et al., 2015):
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VI, =A+BI
1
=% [("1 —02)* + (01 —03)" + (02 — ”3)2]
L =061 +03+03
__bccosg
V3(3 —sin ¢)
__2sing
V33 —sing)

(8)

The internal friction angle, cohesion and Young's modulus of
the sediments are assumed to increase linearly with hydrate
saturation, as expressed as (Dong et al., 2020; Yoneda et al., 2015):

{ #(Sn) = do + dnSn

C(Sh) =Co+ ChSh
where &g and &y, are the internal friction angles of the sediment
matrix and hydrate, respectively, °; cp and cp are the corre-
sponding cohesion values, Pa; and ¢1 and o3 are the maximum
and minimum principal stresses, Pa. Under triaxial shear test
conditions, o1 = o3.

By substituting c and @ in Eq. (8) with the expressions in Eq. (9),
the relationship between the maximum deviatoric stress pmax (in
Pa) of the sediment and hydrate saturation can be obtained (Dong
et al, 2022):

(9)

2¢(Sy)-cos ¢(Sy) + 203-sin ¢(Sp)
1 — sin ¢(Sp)

Pmax = (61 — 63)max = (10)

The deviatoric stress p°° is calculated as half of pmayx, Which is
then used to determine the corresponding axial strain ¢° based on
the stress—strain curve obtained from triaxial shear tests. The
secant modulus E°° (in Pa) at various hydrate saturations Sy, is

calculated by (Dong et al., 2022):

S0 — 0 /50

(11)

The linear relationship between secant modulus and hydrate
saturation is expressed as (Dong et al., 2022):

ES0(Sp) =E30 + EOSy, (12)

where E3° and E2° are the secant moduli of the sediment matrix
and hydrate, respectively (in Pa).
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This elastoplastic constitutive model, based on the DP yield
criterion and calibrated with triaxial shear test data, is integrated
into the THMC simulation framework to compute sediment
deformation in the linear elastic regime prior to yield failure. The
model is both computationally efficient and adaptable, enabling
dynamic adjustment based on changes in NGH saturation during
hydrate exploitation.

2.1.5. Fluid viscosity model
To precisely characterize fluid transport within the hydrate-

bearing sediments, the temperature-dependent flow behaviors
of the water and gas phases are formulated as (Reid et al., 1959):

Hw = Qw-€XP (7“”)

pg=ag+ pg-T

(13)

(14)

where ay, and g, are water viscosity coefficients with the values of
4.74 x 1073 cp and 1515.70 K, respectively, while ag and pg are gas
viscosity coefficients with the values of 1.36 x 1072 cp and
3.8 x 107> cp/K, individually.

2.2. Model construction

As shown in Fig. 1(a), a homogeneous model of the NGH-
bearing reservoir was constructed based on field data from the
Nankai Trough pilot production test (Konno et al., 2017). The
model domain extends 1000 x 1000 x 390 m in the x, y, and z
directions, and is divided into 85 x 85 x 103 grid cells. Vertically,
the model comprises three Ilayers: an overburden layer
(z=110-390 m), an NGH-bearing reservoir (z = 50-110 m), and an
underburden layer (z = 0-50 m). The grid thickness is set to 2 m
from the model bottom to 50 m above the reservoir, and 10 m
elsewhere horizontally, cell size varies from 2 x 2 m at the center
and 32 x 32 m at the corners. The initial sediment subsidence is
assumed to be zero, and the model bottom is defined as a no-
displacement boundary. The overburden and underburden
layers, composed of muddy silt sediments without NGHs, have
horizontal permeabilities of 1 x 107> ym? and 100 x 10~ pm?,
respectively. According to the measured permeability ranges
(0.01-10 mD) (Konno et al., 2017) and the classical permeability
anisotropy range (0.1-1) (Feng et al., 2019; Zhu et al., 2020) of the
Nankai Trough, The NGH-bearing reservoir has an initial perme-
ability of 5 x 10~ ym? and the ratio of vertical to horizontal

(b)

14 ] Underburden

Reservoir|
|
12 Overburden

-
o
L

Hydrate stability zone

Pressure, MPa

Formation temperature pressure
NGH phase equilibrium curve

0 T T T

10 15

20

Temperature, °C

Fig. 1. (a) Schematic diagram of the NGH-bearing reservoir model, and (b) temperature-pressure profile of the modelled sediments and NGH equilibrium curve.
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Table 1

Main parameters of the NGH-bearing reservoir model.
Parameter Value Parameter Value
Reservoir dimensions 1000 x 1000 x 390 m b0 34.6°
Overburden thickness 280 m on 34.6°
Reservoir thickness 60 m Co 0 Pa
Underburden thickness 50 m Ch 8250 Pa
Overburden porosity 0.4 5(5)0 2.53 x 10° Pa
Reservoir porosity 0.4 EEO 0.36 x 10° Pa
Underburden porosity 0.4 Intrinsic permeability of overburden Kn=1 x 1073 pm?
Overburden water saturation 1 K, = 0.8 x 1073 ym?
Reservoir water saturation 0.29 Intrinsic permeability of NGH-bearing reservoir Kn =5 x 1073 ym?
Reservoir hydrate saturation 0.71 Ky =4 x 1073 ym?

1
1.74Wm 'K

Underburden water saturation
Rock thermal conductivity

Hydrate thermal conductivity 0.6Wm 'K!
Water thermal conductivity 0.7WmTK!
Gas thermal conductivity 0.03Wm 'K
Poisson's ratio 0.3

Intrinsic permeability of underburden

Ky = 100 x 1073 pm?
K, =80 x 1073 um?

Initial seabed temperature 5°C

Temperature gradient 0.03 °C-m~!
Initial seabed pressure 1 x 10* kPa
Pressure gradient 9.8 kPam™!

permeability is set as 0.8. The initial temperature and pressure
profiles from overburden to underburden are shown in Fig. 1(b),
and the NGH-bearing layer satisfies the thermodynamic stability
conditions for NGH occurrence. The main parameters of the
reservoir model are summarized in Table 1.

2.3. Model validation

The feasibility of the constructed model is validated by
comparing the simulation results with the data from the Nankai
Trough pilot production test (Konno et al., 2017). A vertical pro-
duction well penetrated 38 m into the hydrate-bearing layer and
perforated from z = 72 m to z = 110 m at the center of the reservoir
model. The well operated under a production pressure of 4 MPa.
Fig. 2 presents the simulated gas and water production rates
over a 7-day period. The simulated gas production rate closely
matches the field measurements starting from day three. However,
the simulated water production rate exceeds that observed in the
field test. This discrepancy may be attributed to two factors: (1)
During the initial days of the field production, some NGHs near the
wellbore may have already decomposed due to wellbore opera-
tions before the formal start of production, which was not
accounted in the simulation. (2) Downhole water separation de-
vices used in the field were not accounted for in the reservoir

40000 600
—— Gas production rate of field test
35000 4 — — — Gas production rate of simulation
—— Water production rate of field test F 500
< — — — Water production rate of simulation .Tc
S 30000 i
- €
£ F400
& 25000 1 2
8 s
c c
S 20000 F300 2
3 ]
= °
B 15000 1 ]
s F200 &
% 0000 2
1 B
(O] ’ g
r 100
5000 -
0 0
0 7

Time, d

Fig. 2. Comparison of simulated gas and water production rates with field
measurements.
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model, leading to overestimated water production. Similar over-
estimations have been reported in previous studies by Sun et al.
(2016) and Zhu et al. (2020), indicating that this is a recognized
and unsolved issue in current modeling approaches. Therefore, the
validated model in this study is considered reliable and suitable for
simulating the depressurization exploitation of NGH-bearing
reservoirs.

3. Results and discussion

3.1. Basic characteristics of horizontal-well depressurization of
NGH-bearing reservoirs

Horizontal-well depressurization has emerged as a pivotal
technique for the commercial exploitation of NGH resources (Yin
et al,, 2022). In this section, a base-case model with a horizontal
production well was established to investigate depressurization-
based NGH exploitation. The well design features: (1) a non-
perforated vertical section for structural integrity, and (2) a fully
perforated producer horizontal section (PHS) strategically posi-
tioned 20 m above the reservoir's bottom boundary (z = 70 m). The
production system operates at a constant bottom-hole pressure
(BHP) of 4 MPa, with the simulation extending over a 1000-day
period to capture both short-term production dynamics and
long-term reservoir response. This configuration represented a
balanced approach between production efficiency and geological
stability, enabling comprehensive evaluation of key performance
indicators including gas production rates, NGH decomposition
patterns, and formation stability throughout the exploitation
process.

3.1.1. Gas and water production characteristics

Fig. 3 shows the gas and water production rates of the base case
over a 1000-day simulation period, and the corresponding cu-
mulative production. Based on the variation of gas production rate,
the production process can be divided into four stages. Stage A
(Rapid rise): The gas production rate quickly increased from zero
to a peak of 2777 m> d~! by day 59. Stage B (Sharp decline): The
rate sharply decreased to 1876 m> d~! by day 150. Stage C (Gradual
decline): A slow decline was observed, with the rate falling to
570 m> d~! by day 542. Stage D (Low production): From day 542 to
day 1000, the gas production rate slightly increased to 598 m> d~!
by day 652, followed by a decline to 239 m> d ! at the end of the
simulation. The water production rate initially rose sharply,
reaching a peak of 42 m® d~! in Stage A, followed by a continuous
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Fig. 3. (a) Gas and water production rates and (b) cumulative gas and water production under the base case scenario.

decline during Stages B and C, and eventually stabilizing at
2.6 m> d~! in Stage D. Over the 1000-day production period, the
cumulative gas and water productions reached 9.31 x 10° m? and
9875.4 m>, respectively, corresponding to a cumulative gas-to-
water ratio of 94.27.

To further analyze the production behaviors, the evolution of
sediment properties across different stages was investigated. Fig. 4
shows the spatiotemporal distributions of temperature, pressure,
hydrate saturation, and gas saturation within the reservoir. In
Stage A (day 50), as shown in Fig. 4(b), gas production triggers
obvious pressure drawdown around the horizontal wells, driving
rapid NGH decomposition at the position of x = —21.91 to 21.91 m
and z = 50.00 to 79.20 m (Fig. 4(c)). The pressure reduction
extended into the underburden layer, causing upward water
inflow from the underburden that carried additional heat into the

(a) Temperature distribution

T,°C
17.0
I 14.4
1.8
9.2
6.6
e — v 000 —

(b) Pressure distribution

NGH-bearing reservoir and further accelerated NGH decomposi-
tion (Fig. 4(a)). The decomposition of NGHs near the gas-producing
well significantly increased the permeability in these areas, pro-
moting efficient pressure transmission and leading to sharp in-
creases in both gas and water production. These numerical
observations are highly consistent with recent experimental
findings (Ye et al., 2026), which demonstrated that the pressure
drops derived from the production of free gas facilitates upward
thermal convection, which effectively compensates for the latent
heat consumed during natural gas hydrate (NGH) dissociation.
However, experimental investigations typically employ the rigid
boundary conditions in high-pressure reactors, which inherently
suppress geomechanical deformation and maintain static sedi-
ment skeletal structures (Shi et al., 2024; Yao et al., 2024; Ye et al.
2026). Conversely, the field-scale THMC model integrated with the
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Fig. 4. Simulated distributions of (a) temperature, (b) pressure, (c) hydrate saturation, and (d) gas saturation in the base case.
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Drucker-Prager elastoplastic criterion reveals that
depressurization-induced effective stress variations lead to dy-
namic porosity reduction, sediment compaction, and potential
structural failure, which underscores the necessity of incorpo-
rating coupled elastoplastic geomechanical evaluations to accu-
rately predict long-term production efficiency and geohazard
risks.

In Stage B (day 150), Fig. 4(b) reveals that the inlet pressure had
propagated throughout the NGH-bearing reservoir, substantially
reducing the pressure gradient between the reservoir and the
horizontal well and thereby weakening the driving force for fluid
flow. Meanwhile, the overall reservoir temperature declined due
to both the latent heat consumption associated with NGH
decomposition and the heat removed by produced gas and water.
Pressure reduction also induced pore water intrusion from the
underburden layer, partially compensating for the energy deficit
and sustaining NGH decomposition. Consequently, the primary
NGH decomposition front was laterally constrained to a physical
scale of approximately 109 m from the production well, with its
vertical propagation reaching the upper boundary of the NGH-
bearing reservoir. However, as the sensible heat of the formation
was rapidly depleted, most regions beyond 109 m of the gas-
producing well no longer satisfied the thermodynamic condi-
tions for further NGH decomposition. As a result, NGH decompo-
sition became increasingly localized, primarily occurring near the
bottom boundary below the horizontal wellbore.

During Stage C (day 500), Fig. 4(c) illustrates that the NGH
decomposition zone was observed to propagate laterally across the
entire reservoir (as indicated by the green line at the bottom of the
NGH-bearing reservoir). Near the horizontal gas-producing well,
NGHs were almost completely decomposed due to favorable
thermodynamic conditions. However, as reservoir sensible heat
became rapidly depleted, most of the energy for further decom-
position must be supplied from the surrounding environment. This
process was constrained by the limited heat transfer capacity of
the reservoir, resulting in a gradual decline in decomposition ef-
ficiency. During this stage, heat input from the underburden layer
became increasingly important, with upward intrusion of rela-
tively warm water helping to compensate for heat loss and miti-
gating the decline in gas production.

By Stage D (day 1000), as indicated in Fig. 4(a) and (b), most of
the reservoir no longer satisfied the pressure-temperature con-
ditions required for further NGH decomposition. The pressure
drop had propagated throughout the underlying formation, but
the limited heat transfer capacity of this layer constrained its
contribution to further NGH decomposition. Consequently, as
shown in Fig. 4(d), hydrate-derived gas production continued to
decline, and the remaining gas accumulated near the top-center of
the reservoir due to buoyancy, pressure gradients, and caprock
trapping. This gas accumulation briefly enhanced gas production
between days 542-652, but as the pressure differential became
insufficient to overcome buoyancy forces, the production well was
unable to effectively extract gas from this region, resulting in
another decline. By the end of the simulation, 16.0% of the NGHs in
the reservoir have decomposed, of which 7.1% remained unpro-
duced, yielding a final recovery factor of 14.87%.

3.1.2. Sediment deformation

The exploitation of NGH-bearing reservoirs can lead to the
deformation of the geological sediments, primarily due to two
mechanisms. (1) Loss of structural support from NGH decompo-
sition: NGH acts as a cementing agent that enhances the
mechanical strength of sediments. During exploitation, the
decomposition of NGHs reduces this structural support, weak-
ening the reservoir and making it more susceptible to

7327

Petroleum Science 23 (2026) 7321-7337

deformation. (2) Reduction in pore water pressure and pore vol-
ume compression: Pore water within the sediments supports a
portion of the overburden stress. According to Terzaghi's consoli-
dation theory, depressurization and water extraction reduce the
pore pressure, increasing the effective stress borne by the sedi-
ment skeleton. This results in compaction of the sediment parti-
cles and shrinkage of pore volume, particularly when the low-
compressibility pore water is lost. These deformation processes
can cause seabed subsidence and wellbore instability, necessi-
tating a detailed assessment of the geological risks associated with
the NGH production via depressurization.

Fig. 5(a) illustrates the spatiotemporal evolution of sediment
subsidence in the base case. Subsidence initiated around the hor-
izontal section of the production well and spread outward, form-
ing a symmetrical distribution along x = 0 m. During the initial 50
days of NGH production, the maximum sediment subsidence
remained below 1 m, although noticeable deformation occurred
near the production well. With ongoing production, settlement
accumulated progressively, and, by day 1000, seabed subsidence
reached 4.6-4.8 m, posing a significant risk to subsea infrastruc-
ture such as wellheads, pipelines, and foundation systems. This
highlights the urgent need for effective mitigation strategies dur-
ing NGH exploitation. Differential subsidence insulted in defor-
mation of different sediment layers. The subsidence difference in
vertical displacement between the seabed and the upper bound-
ary of the reservoir reflects the overburden deformation. Similarly,
the displacement difference between the reservoir's upper and
lower boundaries indicates the internal reservoir deformation,
while the displacement of the reservoir's lower boundary repre-
sents underburden deformation.

Fig. 5(b) further visualizes the vertical displacement of the
seabed and of the upper and lower boundaries of the NGH-bearing
reservoir over time, showing that the greater difference between
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two boundary curves caused the larger compressive deformation
of the corresponding layer. As shown in Fig. 4(b), by day 50, pore
pressure drop had propagated throughout the reservoir, triggering
overall compression. Near the production wells, NGH decompo-
sition reduced sediment strength, leading to pronounced settle-
ment within the decomposition zone. Significant deformation was
also observed in the underlying formation beneath the wells,
primarily due to the compaction from pore water extraction.
Throughout the simulation, the reservoir's lower boundary at
x = 0 m experienced pronounced subsidence caused by the up-
ward vertical pressure gradient, partially counteracting the
downward effective stress. With time, subsidence of the seabed
and reservoir boundaries continued to increase, but deformation
gradually stabilized as pore pressure equilibrated within the
reservoir. Consequently, compressive deformation increased pro-
gressively in all three layers. By day 1000, the maximum vertical
deformations of the overburden layer, NGH-bearing reservoir, and
underburden layer are 3.03 m, 0.63 m, and 1.19 m, corresponding
to 1.08%, 1.04%, and 2.37% of their initial thicknesses, respectively.
These results indicate that the underburden layer exhibited the
highest relative deformation. Although its mechanical strength
was assumed equal to that of the overburden layer, its higher
permeability facilitated pore water loss, and combined with its
lower mechanical strength relative to the NGH-bearing reservoir,
made it particularly prone to compaction and deformation.

As illustrated in Fig. 5(b), the non-uniform subsidence of the
seabed over time led to the gradual development of reservoir
slopes. To quantitatively characterize this process, the seabed
slope angles along the x-direction were extracted and plotted in
Fig. 6(a). Because the subsidence was symmetrically distributed
with respect to x = 0 m, the maximum vertical displacement
occurred at the center, where the slope angle remained zero. Away
from the centerline, differential subsidence generated local slopes
that evolved dynamically as pore pressure was redistributed. The
location of the maximum seabed slope shifted outward from
x = 0 m (blue arrows in Fig. 6(a)), reflecting the outward diffusion
of pore pressure gradients. Fig. 6(b) shows the temporal evolution
of the maximum seabed slope angle. Initially, the slope angle
increased rapidly during the early production stage, rising from
0° to a peak of 0.097° by day 140, corresponding to the stage of
sharp pore pressure decline and pronounced reservoir compaction
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near the gas production well. With progressive pressure equili-
bration, the slope angle gradually decreased to 0.032° by day 1000,
reflecting a reduction in differential subsidence and a tendency
toward mechanical and hydraulic equilibrium. This transient
rise—fall pattern demonstrates that seabed slope evolution is
closely governed by pore pressure redistribution under depres-
surization. Importantly, the results indicate that the risk of seafloor
instability or submarine landslides does not monotonically
intensify with production time. Instead, the hazard is most critical
during the early-to-intermediate production stage, when pore
pressure gradients and differential settlements are strongest. Over
the long term, as the reservoir reaches a near-uniform pore pres-
sure state, the likelihood of large-scale slope failure is substantially
reduced. Nevertheless, even small slope angles may become crit-
ical under unfavorable geological or environmental conditions
(such as weak sediment layers, seismic activity, or ocean currents),
emphasizing the importance of site-specific geological risks
assessment and proactive risk mitigation during NGH exploitation.

3.1.3. Wellbore integrity

Sediment subsidence and strain induced by the depressuriza-
tion process, extending from the reservoir interval down to the
seabed, represent critical geomechanical hazards that may
significantly threaten the stability and operational longevity of
subsea infrastructure. Such subsurface deformations can lead to
misalignment, mechanical failure, or even collapse of critical
components, thereby compromising the overall integrity of the gas
production system. Of particular concern is the potential risk
posed to the wellbore integrity due to depressurization-induced
NGH production. As reservoir pressure declines during produc-
tion, NGHs destabilize and decompose into gas and water. This
decomposition process is often accompanied by significant vol-
ume expansion and alterations of the in-situ stress regime, which
can trigger localized or widespread sediment movement. The
resulting vertical subsidence and induced strains, particularly
around the wellbore, can adversely affect well integrity.

In the base case, the vertical segment of the production well
was situated between depths of z= 70 m and z = 390 m along the
x = 0 m profile. This interval is identified as the most geo-
mechanically sensitive portion of the well and is therefore of pri-
mary concern when assessing mechanical stability under
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depressurization. To evaluate the wellbore's mechanical stability,
we monitored the vertical distributions of sediment subsidence
and axial strain along this segment. These parameters are shown
in Fig. 7, which provides a detailed profile of how the seafloor and
subsurface strata respond mechanically to the pressure draw-
down. In Fig. 7, the vertical axis (z) corresponds to depth, while the
plotted values denote the magnitude and direction of strain in the
surrounding sediments. It is important to note that in this context,
positive strain values indicate compressive deformation, whereas
negative strain values signify tensile deformation. Such tensile
strains are particularly critical, as they may approach or exceed the
tensile strength of the formation or cement sheath, increasing the
likelihood of micro-fracturing or wellbore collapse.

Fig. 7 reveals that strains in the reservoir and the underburden
layer remained consistently positive throughout the
depressurization-induced NGH production process, indicating that
these formations were primarily subject to compressive defor-
mation. This compressive behavior is primarily driven by the
reduction in pore pressure as NGHs dissociate and release gas and
water, which increases effective stress and causes the sediment
matrix to compact. In contrast, the overburden layer exhibited
localized negative strains, representing tensile deformation, dur-
ing the first 50 days of production. This tensile response is likely
due to the rapid initial drop in reservoir pressure, which resulted
in a transient stress redistribution. Being less directly affected by
the immediate decompression of the reservoir, the overburden
layer initially experienced a stretching effect, especially near its
interface with the NGH-bearing reservoir, before gradually stabi-
lizing as the system approaches a new equilibrium state.
Furthermore, as demonstrated in Fig. 4, the zones within the
reservoir that exhibited the most pronounced strain values closely
coincide with regions of NGH decomposition. These are the areas
where the decomposition process was most active, leading to
significant changes in the sediment's physical properties,
including a marked reduction in mechanical strength. NGH
decomposition not only releases gas and increases pore fluid vol-
ume but also alters the sediment fabric, reducing cohesion and
increasing pore pressure in localized zones, all of which contribute
to enhanced strain localization. The presence of such high-strain
zones indicates potential vulnerability in the reservoir structure,
where the risk of shear failure, compaction-induced fracturing, or
wellbore deviation may be elevated. Additionally, the strain pro-
files in Fig. 7 display sharp gradients at both the upper and lower
boundaries of the reservoir. These abrupt changes are attributed to
the mechanical contrast between the relatively strong NGH-
bearing reservoir and the comparatively weaker overburden and
underburden layers. The overburden, typically composed of less
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Fig. 7. Vertical profiles of subsidence and strain at x = 0 m in the base case.
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consolidated or more porous sediments, has lower shear strength
and stiffness, making it more prone to tensile deformation or
differential movement. Similarly, although generally stronger than
the overburden, the underburden layer can still experience local-
ized failure or compaction under increased effective stress, espe-
cially near the reservoir boundary where stress concentrations are
high. These mechanical contrasts amplify the strain gradients
across the interfaces, creating zones of concentrated deformation
that may influence the overall stability of the wellbore. The
observed subsidence, which represents the cumulative vertical
displacement from the deepest to the shallowest layers, is a direct
consequence of the integrated vertical strain across the strati-
graphic column. As illustrated in Fig. 7, subsidence increased
gradually from the bottom upward in the early stages of produc-
tion and subsequently decreases. This non-monotonic behavior
reflects the combined effects of reservoir compaction and over-
burden tension, and illustrates the dynamic adjustment of the
geomechanical system as the pressure drop propagates. Such
behavior underscores the dynamic nature of sediment response
during NGH production and highlights the importance of moni-
toring sediment deformation over time. Given these observations,
horizontal well depressurization strategies must pay special
attention to deformation behavior at the reservoir's upper
boundary, where the transition from the reservoir to the over-
burden occurs. This region is particularly critical, as it not only
experiences significant strain gradients but also represents the
zone where the wellbore transitions from its horizontal to vertical
orientation, often the most structurally sensitive segment. Defor-
mation in this area, if not properly managed, could lead to
misalignment between well casing and the surrounding forma-
tion, potentially resulting in well casing damage, loss of zonal
isolation, or even wellbore dislocation. Such mechanical disloca-
tion can compromise the sealing integrity of the well, increase the
risk of gas or fluid migration along the annulus, and ultimately
jeopardize the safety and efficiency of the production operation.

Therefore, to ensure the long-term integrity and operational
reliability of the production well, it is essential to integrate
detailed geomechanical modeling with real-time monitoring of
subsurface deformation. Strategies such as optimized well place-
ment, enhanced casing and cementing designs, controlled
depressurization rates, and the use of flexible or expandable
wellbore architectures should be considered to mitigate the
adverse effects of strain localization and differential movement.
Moreover, proactive measures to manage stress arching, reinforce
critical interfaces, and accommodate potential wellbore-seafloor
interaction are crucial in minimizing the risk of structural fail-
ure. In summary, the findings illustrated in Figs. 4 and 7 collec-
tively emphasize the complex interplay between NGH
decomposition, sediment deformation, and wellbore integrity,
highlighting the need for a geomechanically informed approach to
the design and operation of hydrate production systems.

3.2. Effect of bottom-hole pressure (BHP)

This section conducted a systematic investigation into the in-
fluence of BHP on both gas production efficiency and geo-
mechanical safety during the depressurization process of NGH-
bearing reservoirs via horizontal-well. A comprehensive analysis
was carried out across six discrete BHP levels, specially ranging
from 3 MPa to 8 MPa, which were denoted as BHP3-BHP8. To
ensure that the observed effects can be accurately attributed to
pressure variations and to eliminate the confounding influence of
well-geometry factors, the well geometry was meticulously kept
constant throughout the study. In this setup, the horizontal section
of the well was positioned 20 m above the reservoir base, at a
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depth of z= 70 m. This fixed well-geometry configuration provides
a stable and consistent framework for isolating and analyzing the
sole impact of BHP on the production processes within the NGH-
bearing reservoir.

3.2.1. Effect on gas and water production

The variations in cumulative gas and water production over
time under different BHPs are illustrated in Fig. 8. A distinct rela-
tionship between BHP and production is demonstrated. Specif-
ically, lower BHPs were consistently associated with higher
cumulative gas and water production at any given time. By the
1000th day of the production process, the BHP3 case, which rep-
resented the lowest BHP level among the six studied, achieved the
highest gas production of 1.22 x 10 m?, in sharp contrast, the
BHP8 case, corresponding to the highest BHP level, yielded the
lowest gas production of only 0.16 x 10% m>. This large difference
in gas production clearly highlights the strong influence of BHP on
the gas-releasing process within the NGH-bearing reservoir.

Fig. 9 further presents the gas recovery ratio and gas—water
ratio on the 1000th day. The gas recovery ratio is a key metric
that reflects the proportion of the total recoverable resources that
have been successfully extracted from the reservoir. The gas-water
ratio, on the other hand, provides insights into the relative
amounts of gas and water produced, which has important impli-
cations for the economic viability of the NGH production process.
The results shown in Fig. 9 indicate that lower BHPs result in
higher gas recovery ratios and gas-water ratios. A higher gas re-
covery ratio means that a larger proportion of the gas stored in the
NGHs has been successfully extracted, while a higher gas-water
ratio implies that a greater amount of gas is being produced
relative to water. These two factors combined offer improved
economic performance as a higher gas recovery ratio maximizes
the extraction of the valuable gas resource, and a higher gas-water
ratio reduces the handling and disposal costs associated with
water production. This observed phenomenon can be attributed to
the fact that lower BHP accelerates the decomposition of NGHs,
and that gas production is more sensitive to pressure variations
than water production. As the BHP decreases, gas can be more
easily released from the gas hydrate structure, resulting in a faster
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Fig. 9. Gas recovery ratio and gas-water ratio on the 1000th day under different BHPs.

increase in gas production than water production. This differential
sensitivity of gas and water production rates to pressure changes is
the fundamental reason why lower BHPs lead to higher cumulative
gas and water production, as well as improved gas recovery and
gas-water ratios.

Fig. 10 shows the spatial distribution of NGH saturation in the
reservoir on the 1000th day for different BHPs. By examining the
spatial patterns of NGH saturation, valuable insights can be ac-
quired into the extent and distribution of NGH decomposition
within the reservoir. It is evident that lower BHPs lead to more
extensive NGH decomposition. Specifically, as the BHP was
increased gradually from 3 MPa to 8 MPa, the lateral extent of the
completely dissociated NGH zone was 224.33, 174.86, 140.21,
109.363, 85.53, and 58.89 m, separately. When the BHP is relatively
low, the equilibrium state of the NGHs in the reservoir is signifi-
cantly disrupted. According to the principles of thermodynamics,
NGHs are stable within a specific range of pressure and tempera-
ture. A decrease in BHP pushes the system out of this stability
range, initiating the decomposition process of NGHs into gas and
water. As the BHP drops further, the driving force for NGH

decomposition becomes stronger. This results in a more
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Fig. 10. Distributions of NGH saturation in the reservoir on the 1000th day under different BHPs.

widespread breakdown of NGHs throughout the reservoir. For
example, in the case of BHP3, which represent the lowest BHP
levels, the areas with lower NGH saturation (indicating more NGH
decomposition) are more extensive compared to the case of BHP
with the highest BHP levels. However, even under low BHP con-
ditions, NGH decomposition is largely confined to the region
directly beneath the horizontal section of the producer well. This
spatial confinement of NGH decomposition is a critical factor that
influences the overall gas recovery efficiency. The producer well
serves as the primary pathway for the extraction of gas and water
from the reservoir. The pressure drawdown created by the pro-
duction process is most significant in the vicinity of the wellbore.
As a result, the effect of the low BHP is most pronounced in the
area directly beneath the horizontal section of the well. The high-
permeability zone around the wellbore allows for easier fluid flow,
facilitating the decomposition of NGHs in this region. But as we
move away from the wellbore, the pressure drawdown gradually
decreases, and the influence of the low BHP becomes less
significant.

3.2.2. Effect on geomechanical stability

Fig. 11 illustrates the sediment subsidence occurring on the
1000th day under different BHP conditions. This visual represen-
tation is crucial for understanding how varying BHP levels impact
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Fig. 11. Sediment subsidence on the 1000th day under different BHP levels.
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the geological risks of the sediment layers during NGH production.
As the BHP increased from 3 MPa to 8 MPa, the sediment subsi-
dence consistently and significantly decreased across all layers,
showing a clear inverse relationship. At relatively low BHP, the
pore pressure in the reservoir decreases significantly, resulting in a
larger pressure drawdown. This increases the effective stress
acting on the sediment particles, causing them to be more com-
pacted. Meanwhile, low BHP also promotes extensive NGH
decomposition. The decomposition releases gas and water, and the
extracted gas and water further reduces the pore pressure.
Together, the increase in effective stress and the reduction in pore
pressure leads to significant sediment compaction and subsidence.
By contrast, at higher BHP, such as at BHPS8, the reservoir pore
pressure decreases only slightly, helping maintain mechanical
stability within the reservoir. Because the overall pressure envi-
ronment is less disturbed, the effective stress on sediment parti-
cles does not increase significantly. In addition, higher BHP
suppresses NGH decomposition. Since NGH decomposition is the
primary factor leading to the release of gas and water and the
associated changes in sediment properties, a lower degree of
decomposition keeps pore water content relatively stable, thereby
limiting both effective stress increase and sediment subsidence.
Fig. 12 presents the maximum seabed subsidence and slope
angle over a 1000-day production period under various BHP sce-
narios. Both parameters decreased notably as BHP increases. This

6 0.15
—®&— Maximum seabed subsidence
e —W¥— Maximum seabed slope angle o
s O o
e 2
9] ©
2 4 Fo10 @
e k)
»n [
B 31 B
o Q
8 3
3 ®
24 I 0.05
3 g
€ £
£ =
] [
s’ s
0 T T T T T T 0

5 6

BHP, MPa

Fig. 12. Maximum seabed subsidence and slope angle under different BHP levels.
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decreasing trend is a clear indication of the positive impact of
higher BHP on seabed stability. When BHP increased from 3 MPa to
8 MPa, the maximum seabed subsidence declined from 5.31 m to
2.52 m, representing a significant reduction. Similarly, the
maximum slope angle reduced from 0.11° to 0.045°, which was a
reduction of over 50%. These results indicate that a higher BHP
effectively alleviates effective stress buildup and mitigates pres-
sure heterogeneity within the sediment, thereby reducing the risk
of excessive seabed deformation and slope instability. At low BHP,
a large pressure drawdown between the wellbore and the sur-
rounding sediments significantly increases effective stress, leading
to differential settlement and the formation of slopes. In contrast,
higher BHP maintains a more stable reservoir pressure, limiting
stress increases and reducing sediment compression. Further-
more, pressure heterogeneity under low BHP conditions can cause
uneven stress distribution, resulting in differential settlement and
slope formation. Higher BHP helps to minimize this pressure
heterogeneity, ensuring a more uniform stress field and thereby
reducing slope instability. The significant reductions in maximum
seabed subsidence and slope angle with increasing BHP highlight
the importance of carefully managing the BHP during NGH pro-
duction. Maintaining an appropriate BHP not only ensures the gas
production efficiency but also enhances long-term seabed stability
and safe offshore operations. This has far-reaching implications for
the sustainable development of offshore NGH resources.

3.2.3. Effect on wellbore integrity

Fig. 13 shows the distributions of sediment subsidence and
strain along the z-direction at x = 0 m in the sediment on the
1000th day under different BHP levels. The results show that as
BHP decreased, both sediment subsidence and the associated
vertical strain intensified at all depths along the production well,
indicating that lower BHPs amplified the deformation response of
the surrounding strata. Specifically, when the BHP decreased from
8 MPa to 3 MPa, the vertical strain at the seabed increased from
0.002 m to 0.005 m, reflecting a substantial weakening of the
sediment's resistance to deformation. These results suggested
lower BHP levels significantly elevate the risk of wellbore defor-
mation and structural instability. The underlying mechanism is
associated with enhanced NGH decomposition, higher gas and
water production, and redistribution of effective stress caused by
low BHP levels. The resulting increase in subsidence and strain
along the entire vertical profile poses significant risks to the
wellbore integrity. Although the wellbore is typically cased and
cemented to maintain stability, excessive vertical strain observed
at low BHP may lead to casing deformation, cement sheath failure,
or even wellbore collapse. These structural issues not only impact
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Fig. 13. Vertical profiles of sediment subsidence and vertical strain at x = 0 m on the
1000th day under different BHP levels.
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operational efficiency but also heighten the potential for cata-
strophic failures, such as uncontrolled fluid release.

In summary, the findings from Figs. 8-13 collectively under-
score a critical trade-off: while lower BHP can enhance the gas
production efficiency, it also increases the risk of wellbore defor-
mation and structural degradation. Careful BHP management is
therefore essential for NGH exploitation. Maintaining a minimum
BHP threshold, implementing strain-monitoring systems, and
reinforcing wellbore casings in high-strain zones are potential
strategies to balance production optimization with long-term well
stability.

3.3. Effect of horizontal well location

This section systematically investigated how the placement
elevation of PHS influences gas production efficiency and geolog-
ical risks during horizontal-well depressurization of NGH-bearing
reservoirs. While maintaining a constant BHP of 4 MPa to isolate
the effect of well placement, four distinct PHS elevations were
evaluated, spanning from the reservoir base (PHS50 at z = 50 m) to
near the upper boundary (PHS110 at z = 110 m).

3.3.1. Effect on gas and water production

Fig. 14 shows the cumulative gas and water production over
time at different PHS elevations. As the PHS depth varied from
50 m (reservoir bottom) to 110 m (reservoir top) along the z-di-
rection, the cumulative gas production exhibited a non-monotonic
trend across the evaluation period, reflecting the complex inter-
play between well placement, NGH decomposition, and gas pro-
duction behavior. During the first 500 days, cumulative gas
production showed distinct grouping patterns. PHS50 (bottom)
and PHS70 (lower-middle) displayed similar production trajec-
tories with the fastest gas production rates, followed by PHS90
(upper-middle), while PHS110 (top) consistently lagged behind.
After 500 days, the gas production dynamics shifted significantly.
PHS50 gradually fell below PHS70, and PHS90 experienced a
marked acceleration, eventually surpassing both PHS50 and PHS70
to become the most productive scenario by the end of the simu-
lation. PHS110 remained the lowest-producing case throughout.
By day 1000, PHS90 achieved the highest cumulative gas pro-
duction (9.57 x 10° m?3), while PHS110 recorded the lowest
(8.41 x 10° m?), corresponding to a 13.8% variation. These phe-
nomena can be attributed to the NGH decomposition mechanism
induced by the intrusion of warm water from the underlying layer
into the NGH reservoir, as discussed in Section 3.1.1. PHS50 and
PHS70, located close to the underburden layer, allow warm water
to penetrate the hydrate reservoir with minimal resistance, pro-
moting rapid NGH decomposition and sustaining high gas pro-
duction during the early stages. In contrast, PHS90, being farther
from the underburden layer, experiences limited warm water
intrusion initially, leading to slower gas production. However, as
NGH decomposition around the PHS90 wellbore progresses,
reservoir permeability increases, enabling accelerated warm water
intrusion in the later stages. This process markedly enhances NGH
decomposition and ultimately allows PHS90 to surpass the other
cases in gas production efficiency. By comparison, PHS110, situated
near the reservoir's upper boundary, is minimally influenced by
warm water intrusion and therefore maintains consistently low
gas production throughout the evaluation period. In terms of
water production, lower PHS positions yield higher cumulative
output: PHS50 produces 104 x 10° m® compared with
8.67 x 103 m>? at PHS110, representing a 20% increase. This dif-
ference arises because lower positions are more prone to intrusion
of warm water from the underburden layer, while gravity further
promotes water accumulation at deeper levels. These results
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Fig. 14. Cumulative gas and water production over time under different PHS locations.

highlight that a reasonable PHS placement requires balancing
early- and late-stage gas production.

The economic implications of these trends are further eluci-
dated in Fig. 15, which displays the gas recovery ratio and
gas—-water ratio on the 1000th day for various PHS locations. The
PHS90 case achieved the optimal configuration, achieving the
highest gas recovery ratio and gas—water ratio. This indicates that
positioning the well slightly above the mid-depth of the reservoir
maximizes gas extraction while minimizing water co-production,
thereby enhancing overall economic performance. In practical
operations, however, the gas production efficiency and gas-water
ratio must be considered comprehensively from both short-term
and long-term perspectives.

To further explain the gas production behavior in Figs. 14(a)
and 16 illustrates the spatial distribution of NGH saturation in
the reservoir on the 1000th day for different PHS placements.
NGH decomposition was concentrated around the production
well and at the region between the NGH-bearing reservoir and
the underburden layer, where wellbore depressurization and
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Fig. 15. Gas recovery ratio and gas-water ratio on the 1000th day for different PHS
locations.
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warm water intrusion from the underburden layer create favor-
able NGH decomposition conditions. However, distinct spatial
patterns emerged depending on well placement. In PHS50, NGH
decomposition was primarily concentrated at the interface be-
tween the NGH-bearing reservoir and the underburden layer. This
spatial pattern arises because the low PHS placement facilitates
direct contact with the underburden layer, enabling warm water
intrusion to dominate the decomposition process. However, the
low PHS elevation limits its influence on the upper reservoir, and
the decomposition front fails to propagate extensively into the
central reservoir. This spatial restriction leads to a gradual decline
in NGH decomposition and gas production efficiency during later
stages. In PHS70, the combined effects of depressurization and
warm water intrusion led to rapid NGH decomposition near the
wellbore and adjacent underburden layer. The moderate well
depth allowed warm water from the underburden layer to enter
the NGH-bearing reservoir, promoting NGH decomposition front
to expand more widely than in PHS50. This sustains gas pro-
duction efficiency over a longer period. In PHS90, with wells
located in the upper middle, early NGH decomposition was pri-
marily driven by depressurization near the wellbore. As the
decomposition front advanced downward, it eventually con-
nected with the underburden layer, allowing warm water to
intrude and provide additional heat. This sequential mecha-
nism—initial depressurization-driven decomposition, followed by
thermally enhanced decomposition—creates a persistent, inten-
sified decomposition zone beneath the wellbore. The sequential
activation of depressurization and thermal drivers ensures a
continuous NGH decomposition, achieving long-term gas pro-
duction efficiency exceeding that of PHS50 and PHS70. In
contrast, PHS110 exhibited the weakest NGH decomposition ef-
ficiency. The high elevation and large vertical separation from the
underburden prevent the NGH decomposition front from reach-
ing underburden layer within the 1000-day period, limiting warm
water intrusion. Consequently, NGH decomposition was driven
almost entirely by depressurization and remains confined near
the wellbore, resulting in the lowest cumulative gas production.
Fig. 16 clearly explains the non-monotonic cumulative gas pro-
duction trend with PHS elevation shown in Fig. 14(a).
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Fig. 16. NGH saturation distribution on the 1000th day for different PHS placements.

In summary, PHS placement is crucial for both short-term
production efficiency and long-term recovery in NGH-bearing
reservoirs. The spatial positioning of PHS directly impacts the
interplay between wellbore depressurization, NGH decomposition
kinetics, and warm water intrusion from the underburden layer.
These factors collectively determine the sustainability and in-
tensity of gas production. Optimizing PHS placement is therefore
essential for achieving efficient and sustainable NGH decomposi-
tion. A balanced strategy—such as combining PHS70 and PHS90 in
a dual-layer configuration—may offer an effective solution. This
approach not only improves initial gas production but also en-
hances long-term stability and efficiency in gas extraction.

3.3.2. Effect on geomechanical stability

The influence of PHS placement on geological risks was eval-
uated through its impact on sediment stability, seabed deforma-
tion, and slope integrity. Fig. 17 shows the sediment subsidence
across four PHS elevations on the 1000th day. As the PHS position
increased, the subsidence of the underburden layer and NGH-
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Fig. 17. Sediment subsidence on the 1000th day for different PHS placements.
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bearing reservoir decreased slightly, indicating that the vertical
position of the PHS has minimal impact on the subsidence of these
two layers. In this section, gas production pressure remained
consistent, and the NGH decomposition zone had spread
throughout the reservoir. The subsidence of the underburden layer
is primarily determined by cumulative water production. As
shown in Fig. 14(b), an increase in PHS position lead to a slight
decrease in cumulative water production, which in turn reduced
underburden subsidence. Additionally, the subsidence of the NGH-
bearing reservoir is influenced by NGH decomposition. Fig. 16
shows that as the PHS position increased, the decomposition zone
became more confined to the vicinity of the gas well. This results in
greater sediment subsidence near the well compared to areas
further away. Furthermore, the increase in effective stress due to
water production in the overburden and pressure reduction also
contributes to seabed subsidence above the horizontal well. Due to
similar cumulative gas and water production, seabed subsidence
differed little between PHS50, PHS70, and PHS90, but the seabed
slope angle increased slightly. For PHS110, the restricted NGH
decomposition zone leads to enhanced differential subsidence of
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Fig. 18. Maximum seabed subsidence and slope angle under different PHS locations.
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the overburden, resulting in a larger seabed slope angle. In general,
the effect of PHS placement on sediment subsidence is smaller
compared to that caused by changes in BHP.

Fig. 18 illustrates the relationship between PHS placement and
two critical seabed stability metrics: maximum seabed subsidence
and maximum slope angle. As the PHS was moved from the
reservoir bottom (PHS50) to the top (PHS110), the maximum
seabed subsidence decreased from 4.82 m to 4.41 m, representing
a 9.3% reduction. In contrast, the maximum slope angle increased
from 0.09° to 0.118°, a 31%rise. These opposing trends indicate that
seabed deformation becomes more heterogeneous with increasing
PHS position. As shown in Fig. 7, seabed subsidence was strongly
associated with NGH decomposition. Figs. 14 and 17 further
demonstrate that higher PHS placements resulted in lower water
production, which reduces the effective stress buildup on sedi-
ment particles and alleviates reservoir compaction. By contrast,
slope angle is more sensitive to heterogeneity in reservoir caused
by gas and water production and NGH decomposition. These un-
even stresses typically emerge during the early stage of pressure
drawdown, leading to localized compaction and slope formation.
At lower PHS locations, production well is more likely to intersect
the permeable underburden layer, allowing wellbore pressure
drop to penetrate through the underburden layer and enhance
hydraulic communication between the underburden and NGH-
bearing reservoir. This promotes more uniform NGH decomposi-
tion throughout the reservoir. At higher PHS placements, however,
production well remains isolated from the high-permeability
underburden layer during early production, localizing NGH
decomposition around the wellbore. This leads to greater vertical
subsidence near the well and a steeper seabed slope angle.

3.3.3. Effect on wellbore integrity

To further assess the impact of PHS location on wellbore sta-
bility, Fig. 19 presents the vertical distribution of sediment set-
tlement and the corresponding strain along the z-direction at the
horizontal midpoint (x = 0 m) of the 1000th day. Settlement at all
PHS locations was depth-dependent, increasing from the bottom
upward, with maximum displacement occurring at the seafloor.
While settlement at a given depth increased slightly with higher
PHS placement, the overall effect on reservoir settlement was
minimal. The strain profiles exhibited abrupt changes at the upper
and lower boundaries of the hydrate reservoir, reflecting localized
deformation in these zones. Importantly, the vertical strain pat-
terns remained largely insensitive to PHS elevation, indicating that
wellbore structural integrity was governed mainly by the intrinsic
mechanical properties of the sediment and local effects of NGH
decomposition (e.g., pore pressure reduction, gas and water
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release), rather than the vertical position of the production well.
Thus, PHS placement can be optimized primarily for gas produc-
tion efficiency without imposing additional risks to wellbore sta-
bility. Nevertheless, operators should closely monitor seabed
subsidence and slope evolution, as these factors may compromise
the stability of surface infrastructure (e.g., pipelines, platforms)
anchored to the seabed.

3.4. Limitations and future work

While the proposed THMC framework provides critical insights
into the geomechanical responses induced by depressurization, it
is essential to acknowledge the limitations associated with its
coupling strength. Recently, advanced fully coupled THMC models
have been developed (Zhang et al., 2025), which strictly incorpo-
rate the dynamic feedback of mechanical deformation on porosity
and permeability. In contrast, the model utilized in this study
adopts a weakly coupled approach, wherein fluid flow and hydrate
dissociation drive effective stress alterations, but the resulting
volumetric strain does not dynamically update the governing
equations for pore-scale fluid transport. This one-way coupling
strategy was specifically selected to address the extensive
computational demands of the present study. The distinct
advantage of the present model lies in its superior computational
efficiency and robustness while maintaining reasonable accuracy.
This renders it highly applicable for field-scale scenarios requiring
long-term production forecasts and the evaluation of large-scale
geohazards, such as extensive seabed subsidence and large-scale
plastic yielding around horizontal wells (Chin et al. 2011;
Rutqvist et al., 2012; Saffou et al., 2023).

Nevertheless, the omission of deformation-porosity feedback
inevitably introduces certain computational deviations. Specif-
ically, in the near-wellbore region, the substantial increase in
effective stress during depressurization induces severe sediment
compaction. By neglecting this compaction-induced permeability
reduction, the present weakly coupled model may slightly over-
estimate fluid mobility and long-term gas recovery rates. Future
research will focus on the development and integration of
advanced algorithms capable of achieving higher coupling
strength, while preserving the computational efficiency requisite
for comprehensive field-scale parametric studies.

4. Conclusions

In this study, a thermal-hydrological-mechanical-chemical
(THMC) model coupled with the Drucker-Prager yield criterion
was developed to evaluate the geomechanical responses induced
by natural gas hydrate (NGH) exploitation. The impacts of bottom-
hole pressure (BHP) and the vertical positioning of the PHS on
sediment stability and geological risk were systematically
analyzed. The following conclusions are drawn.

1. Horizontal-well depressurization significantly accelerates the
decomposition of natural gas hydrates, with gas production
evolving through four distinct stages: rapid rise, sharp decline,
gradual decline, and low production. In the base case, cumu-
lative gas recovery reaches 9.31 x 10> m> over 1000 days, cor-
responding to a recovery factor of 14.87%. Lower bottom-hole
pressure and mid-depth placements of producer horizontal
section yield more sustained and higher production rates.

. Sediment subsidence and the formation of seabed slopes are
found to be primarily governed by pore pressure reduction and
the loss of hydrate-induced structural support. It is demon-
strated that lower BHP levels amplify strain localization near
the wellbore, significantly increasing risks to wellbore stability
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and overlying seabed infrastructure. While the elevation of
producer horizontal section has minimal influence on reservoir
strain, higher placements of producer horizontal section
enhance subsidence heterogeneity at the seafloor, resulting in
intensified differential subsidence and slope instability.

. An optimal balance between production efficiency and geo-
mechanical safety is achieved by maintaining BHP above a
critical threshold of 4-5 MPa to mitigate excessive deformation.
Additionally, positioning the PHS near the reservoir mid-depth
(z =70-90 m) is found to be the most effective strategy to uti-
lize the thermal energy of intruded underburden water while
preserving formation integrity for long-term gas production.

The results of this study underscore the necessity of integrating
real-time deformation monitoring with adaptive well designs to
mitigate long-term risks under complex geological constraints.
These findings provide critical technical support for the develop-
ment of safe exploitation protocols, facilitating the transition of
NGH resources toward commercial viability.
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