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Abstract

Owing to their high calorific value and sustainable
characteristics, natural gas hydrates are expected
to serve as a promising alternative energy resource
to conventional oil and gas in the near future.
Of course, this prospect relies on the premise
that hydrates can be developed in a safe and
efficient manner. Hydrate-bearing sediments
are highly sensitive to temperature and pressure
conditions and are therefore particularly vulnerable
to disturbances induced by production operation,
which may result in challenges such as wellhead
instability. In this study, the physical parameters
of artificially prepared hydrate-bearing sediments
were experimentally characterized to provide
a parameter foundation for the subsequent
simulation-based analysis of wellhead stability.

Then, the stability of the wellhead during
depressurization-based  hydrate = development
was explored through numerical simulation.

Specifically, not only the evolution and underlying
mechanisms of wellhead instability were discussed,
but also the factors affecting wellhead stability were
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evaluated. The investigation has demonstrated
that the physical properties of hydrate-bearing
sediments vary not only with hydrate saturation
but also exhibit pronounced stress sensitivity.
Furthermore, during the long-term development
of hydrate-bearing sediments, the progression
of wellhead instability can be divided into three
stages, each governed by distinct mechanisms,
with the first two stages being predominant.
Meanwhile, an increase in pressure-drawdown
magnitude combined with a reduction in sediment
strength can jeopardize the stability of the
wellhead by decreasing the bearing capacity.
This study offers technical support and theoretical
guidance for the safe and efficient development of
weakly consolidated hydrate reservoirs in marine
environments.

Keywords: natural gas hydrate, marine hydrate deposits,
wellhead instability, depressurization strategy, clean energy.

1 Introduction

The growing global demand for clean energy,
combined with the urgent need to transition toward
low-carbon alternatives, has spurred intensive
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Figure 1. The coupled thermo-hydro-mechanical processes responsible for some geomechanical issues occurs during
development of gas hydrate.

research on unconventional oil and gas resources,
particularly natural gas hydrates [1-4]. Natural gas
hydrates, commonly known as ‘combustible ice,” are
ice-like crystalline compounds (chemical formula:
CH4-nH0) in which methane molecules are trapped
within a cage-like lattice of water molecules [5-8].
These resources are predominantly distributed in
marine sediments along continental margins at
water depths greater than 300 meters, as well as in
permafrost regions [9]. In China, natural gas hydrates
occur in both marine and permafrost settings, with
the former being predominant [10]. The global
resource potential is enormous, with conservative
estimates suggesting that the volume of methane
under standard conditions ranges from 1 x 10 to
5 x 10 m? [11-13]. More importantly, geological
estimates indicate that the total amount of organic
carbon stored in global natural gas hydrates is
approximately 10'® grams [14-16]. This value is
about twice the total carbon content of all known
conventional fossil fuels, including oil, coal, and
natural gas [17]. Consequently, natural gas hydrate
is widely regarded as a strategic resource of global
importance, with the potential to reshape the future
energy landscape [18-20]. Therefore, the successful
and sustainable commercial development of marine
gas hydrates represents a crucial milestone in securing
global energy supply.

The significance of hydrate-bearing sediments lies
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not only in their potential as an energy resource but
also in the environmental risks they entail. As a
powerful greenhouse gas, methane released from the
destabilization and potential large-scale dissociation
of hydrate reservoirs can rapidly enter the ocean and
atmosphere, thereby posing a substantial threat to
global climate change [21-23]. The vast majority of
commercially viable hydrate-bearing deposits occur in
weakly consolidated, fine-grained marine sediments,
which are generally marked by high porosity and low
initial mechanical strength [24-26]. In these sediments,
hydrate crystals act as the primary cementing agent,
imparting the requisite mechanical strength and
stiffness to the sediment.

Among available extraction techniques,
depressurization is regarded as the most feasible
both technically and economically [27-30]. For most
production trials around the world, the strategy of
depressurization was commonly used. It operates
by lowering the wellbore pressure beneath the
hydrate equilibrium, thereby initiating critical
but potentially harmful dissociation [31-33]. As
solid hydrates dissociate into free gas and water,
the geomechanical properties of the reservoir
experience fundamental alterations. The loss or
weakening of cementation considerably diminishes
the structural integrity of porous media, resulting
in pronounced reductions in both effective stress
and shear strength within the formation [34-36].
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At the same time, the dissociation-generated gas
leads to a local rise in pore fluid pressure. This
complex thermo-hydro-mechanical (THM) coupling
mechanism initiates a cascade of effects, including
large-scale sediment deformation, potential damage
to the sediment skeleton, and serious risks to wellbore
integrity [37-39]. Figure 1 presents the coupled
thermo-hydro-mechanical processes responsible for
these phenomena in hydrate-bearing formations. In
weakly consolidated hydrate-bearing sediments, the
loss of sediment strength and resulting deformation
are especially pronounced.

Although previous research primarily focused on
maximizing methane recovery, the structural integrity
of the wellbore and wellhead systems has emerged
as the principal engineering constraint on sustained
production [40, 41]. In conventional oil and gas
operations, the wellbore structure—comprising the
casing and cement sheath—are primarily engineered
to resist static or quasi-static loads. = However,
during development of gas hydrates, the wellbore
experiences complex, highly dynamic loads. Such
load combinations include contributions from thermal,
hydraulic, and mechanical effects. Among these, the
thermal load arises from the endothermic dissociation
of hydrates, which causes a temperature drop in
the near-wellbore region and induces additional
thermal stresses [42]. Furthermore, the hydraulic load,
associated with elevated pore pressure, contributes
to an increase in circumferential stress within the
wellbore region.  Finally, the mechanical load
primarily consists of compressive and shear stresses
acting on the casing-cement system, resulting from
the radial deformation of the formation associated
with strength reduction. As a consequence, these
loads may trigger a range of down-hole failures,
including casing deformation, cement failure, and
loss of bearing capacity [43]. As these effects
extend to the seabed, wellhead instability may occur,
presenting as excessive movement, tilting, or structural
compromise of surface facilities. The implications
of wellhead instability extend beyond production
efficiency, posing substantial safety risks such as well
control loss, environmental pollution, and catastrophic
failure of the production system. In deepwater
marine environments, managing and mitigating
wellhead instability is extremely challenging and costly,
rendering it a critical concern in commercial hydrate
exploitation.

Up to now, considerable research has been conducted
on wellhead stability during hydrate development,

and notable progress has been achieved. To name
a few, Guo et al. [44] developed a simple analytical
model of wellbore stability that accounts for the
saturation-dependent  elastoplastic = mechanical
properties of methane hydrates, establishing a
quantitative framework for evaluating the structural
integrity of the wellbore system during hydrate
production. He et al. [45] investigated the coupled
geomechanical responses of both submarine slope
stability and wellbore stability during natural gas
hydrate drilling and production in slope strata of the
South China Sea, highlighting the risks of formation
deformation and wellhead displacement under
dynamic loading. Cheng et al. [46] investigated
the effects of factors, such as layer thickness of
hydrate-bearing sediments, initial hydrate saturation,
depth of hydrate reservoir, and mudline temperature,
on wellhead stability during operation. The
investigation results show that operational strategies
such as increasing penetration rate and cooling the
drilling fluid are effective in mitigating hydrate
dissociation around wellbore and enhancing wellhead
stability. However, specific quantitative guidelines
were not provided [47, 48]. Although informative,
the findings of these studies are restricted by some
shortcomings. The main limitation is that these
studies primarily focus on vertical displacement of
wellhead during the hydrate development process,
including drilling and gas production.

Inspired by these previous investigations, the
following three objectives will be achieved in the
present work. Firstly, the evolution of mechanical
parameters is investigated through triaxial mechanical
experiments. Then, a THM-coupled mathematical
model will be developed to simulate the effects
of hydrate dissociation on sediment strength and
load-bearing capacity. Finally, the effects of major
geological parameters on bearing capacity and
wellhead displacement were also evaluated.

Based on this, the structure of this study is outlined as
follows. In Section 2, triaxial mechanical experiments
were carried out using lab-fabricated hydrate-bearing
sediment samples, and the mechanical parameters
were obtained. In Section 3, the numerical model used
for investigation of wellhead instability was developed,
and the geometric model was also presented. In
Section 4, an in-depth evaluation of the applicability of
the mathematical models was carried out. In Section 5,
the evolution and mechanisms of wellhead instability
were explored.
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Figure 2. (a) Vertical stress, (b) hydrate saturation, and (c) Mineral composition along the drilling depth in site SH2 of
the Shenhu area, northern South China Sea.

2 Experimental study on  mechanical
parameters of hydrate-bearing sediments

2.1 Experimental materials

Owing to the instability and limited availability of
natural hydrate sediments, the experimental samples
in this study were prepared artificially [47, 49].
Although the samples were prepared artificially,
their composition and preparation conditions
were intended to approximate those of natural
hydrate-bearing sediments. The study area in the
present work is the Shenhu area in the northern
South China Sea, and the mineral composition of
the prepared hydrate-bearing sediments is based
on the SH2 site. Additionally, the hydrate content
and applied compressive stress during preparation
were designed to reflect the conditions of the
hydrate-bearing sediments at this site. Figure 2
presents the relevant information for site SH2 [50-53].

The hydrate layer at site SH2 is located between
195m and 220m below the seabed [54]. The
characteristics of sediments at 210m depth were
selected as representative values for laboratory sample
preparation in this study. As can be seen in Figure 2,
the hydrate saturation and effective vertical stress
are 41.40% and 1.96 MPa, respectively, at the depth
of 210m below seabed. Additionally, the sediment
composition illustrated in Figure 2 comprises 20.0%
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clay (< 3.9pum), 67.5% fine sand (3.9-63 um), and
12.5% sand (63 um—-1mm). Based on this, clay
was replaced by bentonite, and silt and sand were
substituted with coated sands of different particle
sizes in the experiments. Detailed properties of the
bentonite and coated sand used in this study are listed
in Table 1.

Table 1. Mineralogical composition and fraction of skeleton
materials in hydrate-bearing samples.

Materials .Particle Weight o,  Substitute minerals
size/mesh percentage/%
Bentonite - 20.0 Clay
2000 20.0 Fine silt
600 30.0 Medium-coarse silt
Coated sand 100 17.5 Fine sand
50 12.5 Medium-coarse sand

Methane (CH,) constitutes the main component of gas
released during hydrate dissociation, accounting for
up to 96% by volume. Accordingly, CH, was employed
as the guest gas in the preparation of hydrate-bearing
sediments, and it was purchased from Chongqing
Yuchuang Gas Co., LTD, and the purity is 99.9%. The
water used in experiment is deionized water.

2.2 Experimental system and method

The experimental apparatus employed in this
study facilitates both the artificial synthesis of
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Figure 3. The experimental system.

hydrate-bearing sediments and mechanical testing,
and the spatial layout diagram is shown in Figure 3.
As observed in Figure 3, the experimental system is
composed of a gas supply module, a pressure control
module, a cold storage, a triaxial testing apparatus,
and a data acquisition module. The main component
of the gas supply module is a methane cylinder that
supplies the gas required for the formation of methane
hydrates in sediment. The methane cylinder has a
capacity of 30 L and an initial pressure of 7 MPa.
During the preparation of hydrate-bearing sediment
samples, the pressure in cylinder gradually decreases,
which may lead to instability in the pressure within
the autoclave. Therefore, an air compressor, which
serves as the main component of the pressure control
module, is employed to maintain a constant pressure
throughout the experiment. The cold storage provides
and maintains a low-temperature environment that
promotes the formation and stability of hydrate
deposits, with a minimum operating temperature
of —30°C. The autoclave, a cylindrical pressure
vessel used to contain the prepared samples, is
capable of withstanding pressures as high as 100 MPa.
In addition, the primary components of the data
acquisition module include temperature sensors
(accuracy =+0.1°C), pressure sensors (accuracy
+20 kPa), and strain gauges (accuracy £0.01 mm).

The experiment is primarily divided into two stages:
the preparation of samples and the subsequent
mechanical experiments. The detailed experimental
method is as follows:

(1) Preparation of samples. Initially, bentonite
and coated sand with different particle sizes
were introduced into the high-pressure reactor in

proportions specified in Table 1. Then, deionized
water with a mass of m,, was measured according to
the formula shown in Equation (1) and added to the
autoclave. At this stage, the temperature of the cold
storage was adjusted to 0 °C and maintained during
the preparation operation. Afterwards, sufficient
amount of methane was continuously introduced into
the autoclave for a period of 24 hours.

After the formation of hydrate-bearing sediment, it
was placed into the sample mold, and a pressure of
approximately 2.0 MPa was applied using an axial
piston [55].
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My
where V is the sample volume, ¢ is the porosity, S}, is
hydrate saturation, and pj, is hydrate density.

(2) Mechanical experiments. Once an adequate
number of samples had been prepared, the cylindrical
samples were positioned on a triaxial testing machine.
Then, the rock sample, enclosed in thermoplastic
tubing, was subjected to confining pressure through
hydraulic oil, and axial load was applied using an axial
piston in a controlled displacement manner. Notably,
the axial load should be maintained continuously until
the rock sample reached failure [56]. Throughout
the experiment, measurements of stress, strain,
temperature, pressure, and related parameters were
continuously recorded and stored.

2.3 Experimental results

It is crucial to establish a physical property parameter
model based on experimental results for analyzing and
evaluating wellhead stability during the development
of hydrate-bearing sediments [57]. In conventional
parameter-determination models, the physical
properties of hydrate-bearing sediments are typically
characterized as functions of hydrate saturation
alone [58-60]. Through the experiments conducted
with the setup shown in Figure 3, effects of effective
confining pressure, and hydrate saturation on physical
parameters of hydrate-bearing sediments were
determined. The methodological framework of
this experimental investigation is divided into two
sequential phases. Firstly, based on the experimental
results at varying hydrate saturation, a function was
fitted and obtained using the hydrate saturation S, as
the governing variable. Then, based on this, the model
can be further improved by combining experimental
results of the synergistic effect of confining pressure. In
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this study, six hydrate saturation values were selected
at intervals of 0.15, ranging from 0 to 0.75, namely 0,
0.15, 0.30, 0.45, 0.60, and 0.75. Correspondingly, the
effective confining pressure (P.) was designed as the
following six levels: 0 MPa, 5 MPa, 10 MPa, 15 MPa,
20 MPa, and 25 MPa.

2.3.1 Elastic parameters

Figure 4 presents the variation curves of the elastic
modulus and Poisson’s ratio of hydrate-bearing
sediments as functions of hydrate saturation and
confining pressure. As can be seen in Figure 4(a), the
elastic modulus increases markedly with increasing
hydrate saturation. For the hydrate-free sediment,
the elastic modulus is 713.6 MPa. Afterwards, the
elastic modulus exhibits a linear increase with rising
hydrate saturation in the sediment. When the hydrate
saturation reaches 0.75, the experimentally measured
elastic modulus attains a value of 1894.1 MPa. For the
purpose of facilitating related numerical simulations,
a functional relationship between the elastic modulus
of hydrate-bearing and hydrate saturation was fitted
as

E(Sp) = 1503.55), + 675.03 R>=0.9691  (2)

where S}, is hydrate saturation.

From Figure 4(a), it is indicated that the Poisson’s ratio
is also significantly influenced by hydrate saturation.
For the hydrate-free sediments, the Poisson’s ratio is
0.320. However, as the pore space was increasingly
filled with hydrate, the Poisson’s ratio exhibits a
continuous decreasing trend. When the hydrate
saturation reaches 0.75, the Poisson’s ratio decreases
to 0.283, representing a reduction of approximately
11.56% compared to the hydrate-free case. This
behavior is primarily attributed to the presence
of the hydrate in sediments, which enhances the
deformation resistance. In previous studies, the
Poisson’s ratio of hydrate-bearing sediments was
often assumed to be constant, which may result in
overestimated simulation outcomes [61]. To facilitate
numerical simulations of geomechanical issues such as
wellhead stability, a quadratic function, as presented
in Equation (3), was fitted to capture the influence of
hydrate saturation on the Poisson’s ratio.

v(Sp) = 0.0452(S,)?+0.08045;,+0.3188  R? = 0.9902
(3)
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As illustrated in Figure 4(b), the confining pressure
applied during the experiment significantly affects
the elastic modulus of hydrate-bearing sediments.
With increasing applied confining pressure, the elastic
modulus rises significantly. When the confining
pressure applied during the experiment increases from
0MPa to 25MPa, the elastic modulus rises nonlinearly
from 781.9 MPa to 1352.3 MPa. To accurately update
the elastic modulus of hydrate-bearing sediments
in subsequent numerical simulations, a quadratic
equation, as presented in Equation (4), was fitted to
characterize the influence of confining pressure on the
elastic modulus.

E(P.) = 0.4884(P.)*+34.795P.+792.13 R? = 0.9738
(4)

To derive an equation that simultaneously accounts for
the effects of confining pressure and hydrate saturation,
the relationship between hydrate saturation and elastic
modulus was first normalized, as follows:

E(Sp)o =1+ 2.2275), (5)
By combining Equations (4) and (5), a comprehensive
equation for determining the elastic modulus of
hydrate-bearing sediments was obtained, accounting
for the combined effects of confining pressure and
hydrate saturation.

E(P.,Sp) =(1 +2.22755,)(0.4884(P.)?

+34.795F, + 792.13) (6)
Furthermore, the Poisson’s ratio of hydrate-bearing
sediments is substantially influenced by confining
pressure.  As illustrated in the right subfigure
Figure 4(b), the Poisson’s ratio decreases markedly
with increasing confining pressure. During the
experimental increase of confining pressure from
0 MPa to 25 MPa, the Poisson’s ratio of the rock sample
decreases from 0.293 to 0.253, representing a reduction
of up to 13.65%. To quantify the influence of confining
pressure on the Poisson’s ratio, the experimental
results were fitted, resulting in the quadratic function
presented in the following equation.

v(P.) = 0.00004(P,)?—0.0026P,+0.2936 R? = 0.9846
(7)
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Figure 4. Experimental results of elastic parameters. (a) Effect of hydrate saturation, (b) Effect of confining pressure.

Similarly, by combining the normalized Equations (3)
and (7), a Poisson’s ratio determination equation
is obtained that comprehensively considers the
combined effects of confining pressure and hydrate
saturation, as follows:

v(Pe, Sp) =(0.1418(Sy)? + 0.25225), 4 1)(0.00004( P, )?

— 0.0026.P + 0.2936)
(8)

In the simulation of wellhead stability, the elastic
properties of hydrate-bearing sediments can be
updated using the USDFLD subroutine based on
Equations (6) and (8) in ABAQUS 2016 software.

2.3.2 Strength parameters

Hydrate saturation and confining pressure exert
profound influences not only on the elastic modulus
and Poisson’s ratio of hydrate-bearing sediments but
also on the strength parameters [62, 63]. Therefore,
the experiment explored the effects of these two
factors on the cohesion and internal friction angle
of hydrate-bearing sediments, and the results were
shown in Figure 5.

As shown in the left subgraph of Figure 5(a), variations
in hydrate saturation in hydrate-bearing sediments can
obviously affect the cohesion. An increase in hydrate
saturation strengthens the bonding or cementation
between particles, resulting in an approximately linear
increase in sediment cohesion. In the absence of gas
hydrates, the sediment exhibits weak cementation,
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Figure 5. Experimental results of strength parameters. (a) Effect of hydrate saturation, (b) Effect of confining pressure.

with a cohesion of only 0.27MPa. At a hydrate
saturation of 0.75, the resulting cohesion is quantified
at 1.53 MPa, representing a 4.47-fold increase relative
to the hydrate-free state. By fitting the experimental
results, a linear equation was derived, as shown below,
to describe the relationship between the cohesion of
hydrate-bearing sediments and hydrate saturation.

C(Sk) = 0.3562 + 1.59245, (9)

However, as shown in the right subgraph of
Figure 5(a), the internal friction angle gradually
decreases with the formation of gas hydrates in the

sediment (i.e., with increasing hydrate saturation).

At low hydrate saturation, particle contacts within
the sediment are primarily supported by the soil
matrix, and hydrates, acting merely as filler, do not
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substantially influence inter-particle friction. In this
case, the sediment exhibits a high internal friction
angle. In this study, when there is no hydrate,
the internal friction angle is 26.2°. As hydrate
saturation increases, hydrates progressively occupy
the pore spaces between particles, diminishing direct
particle-to-particle contact and thereby substantially
reducing inter-particle friction. The internal friction
angle of the hydrate-bearing sediments decreases
to 23.8° when hydrate saturation reaches 0.75. It
can be inferred that with further increases in
hydrate saturation, the internal friction angle will
continue to decrease. This is because, at very high
hydrate saturation, sediment particles become almost
completely separated by hydrates [64, 65]. Since it
remains necessary to assign the internal friction angle
in wellhead stability simulations, the effect of hydrate
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saturation on the internal friction angle is expressed
by the following equation.

B(Sp) = 25.85+2.0635(5),)% —2.9571S;, R? = 0.6995
(10)

The increase in confining pressure in experiment
enhances the compaction and bonding among the
skeleton particles, thereby increasing the strength. As
shown in the left subgraph of Figure 5(b), the cohesion
of hydrate-bearing sediment increases with confining
pressure, following a quadratic relationship. The
cohesion is only 1.02 MPa when the confining pressure
is 0. However, the cohesion attains 1.51 MPa when
the confining pressure is raised to 25 MPa, which is
about 48.04% higher than that measured under the
zero-confining-pressure condition. This is because
the increase in confining pressure enhances the
compaction between particles, thereby strengthening
the cementing effect of the cementing material
to the skeleton particles [66, 67]. However, the
pressure-melting mechanism under high confining
pressure partially mitigates this enhancement, which
is evidenced by a reduction in the slope of the curve
shown in the graph. The experimental results were
well fitted using the following equation.

C(Sh, P.) =0.3562 (—0.0006(P.)? + 0.0341 P,

(11)
+1.0064) (1 4 4.47S},)

Meanwhile, as shown in the right subgraph of
Figure 5(b), the internal friction angle exhibits
a modest decreasing trend as confining pressure
increases. At low confining pressure, sliding
between the skeleton particles primarily depends on
inter-particle contact and the cementation provided
by hydrates. The "bonding" of hydrates objects
on particles will significantly enhance frictional
resistance. When the confining pressure is 5.0 MPa,
the internal friction angle is 24.1°. As the confining
pressure increases, the interaction between hydrates
and skeleton particles is dominated by compression,
stability of hydrates is destroyed. Then, particle sliding
is nearly eliminated, and the internal friction angle
stabilizes ata low level. When the confining pressure in
experiment is 20 MPa and 25 MPa, the internal friction
angles of the hydrate-bearing sediments decrease
to 22.9° and 22.8°, respectively. To quantitatively
characterize the relationship between internal friction
angle and confining pressure, the experimental results
shown in Figure 5(b) were fitted to the exponential
function form as:

¢(P.) = 24.353¢0003%  R2 — (9136 (12)
To incorporate the combined effects of hydrate
saturation and confining pressure, Equations (10)
and (12) were integrated to derive the following
relationship:

G(P., Sp) =24.353¢~0093F . (25.85 + 0.0798(Sy)?

—0.11445,)
(13)

2.3.3 Seepage-related characteristic parameters

Hydrate saturation also significantly affects the
permeability and porosity of hydrate-bearing
sediments, primarily through the formation,
distribution, and pore-space occupation of hydrates
within the sediment [68-70]. Figure 6 presents the
experimental results illustrating the effects of hydrate
saturation and confining pressure on the permeability
and porosity of hydrate-bearing sediments.

As shown in the Figure 6(a), the permeability
decreases significantly with increasing hydrate
saturation. In the absence of hydrates, the sediment
exhibits favorable physical properties, with a high
permeability of 11.6 mD, and the effective porosity
is as high as 38.6%. However, as hydrate saturation
increases, hydrates progressively occupy the pore
spaces within sediments. Due to the immobility
of hydrates, the flow channels of water and gas
in the pores can be blocked, thereby substantially
reducing permeability [71]. When the hydrate
saturation increases to 0.75, the permeability of the
hydrate-bearing sediments decreases sharply to
0.78 mD, accompanied by a reduction in porosity to
11.6%. It can be predicted that if the hydrate saturation
continues to increase, the sediment permeability will
approach zero, and its porosity will further decline. By
fitting the experimental results of the effects of hydrate
saturation on permeability and porosity in Figure 6(a),
the functional forms given in Equation (14) and (15)
are obtained.

K(Sp) =11.6(1—Sp)"*™ R?=10.8436  (14)

®(Sp) = —18.81(S),)? — 21.9885), + 38.675

15
R? = 0.9873 (15)
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Figure 6. Experimental results of seepage-related characteristic parameters. (a) Effect of hydrate saturation, (b) Effect of
confining pressure.

The effect of confining pressure on the porosity
and permeability of hydrate-bearing sediments is
primarily governed by the induced volumetric strain
on the sediment, leading to a significant alteration
in the internal pore structure. As demonstrated
in Figure 6(b), higher confining pressure leads to
progressive compression of the pore space within
hydrate-bearing sediments. This results in narrower
fluid-flow pathways, increased flow resistance, and
a pronounced reduction in permeability. During
the increase of confining pressure from 0 MPa to
25 MPa, the permeability decreases from 3.57 mD to
0.15 mD, representing a reduction of up to 95.80%.
In other words, as the confining pressure increases,
the permeability of hydrate-bearing sediments will be
reduced to an almost negligible level. The variations
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of permeability and porosity with confining pressure
exhibit similar trends, with the porosity decreasing
to 3.64% at a confining pressure of 25 MPa. Based
on the experimental results shown in Figure 6(b), the
variations of permeability and porosity with confining
pressure can be fitted as follows:

K(P.) = —0.0015 (P,)? — 0.098P, + 3.63 R? =0.97
(16)

®(P,) = —0.0248 (P.)* — 0.239P, + 25.841

17
R? = 0.9854 (17)

By applying the methodology outlined in Sections
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Figure 7. Geometric model.

2.3.1 and 2.3.2, the permeability and porosity of
hydrate-bearing sediments are fitted and expressed
as Equations (18) and (19), respectively.

K(P.) = —0.0015(P.)> — 0.098P, + 3.63 R* =0.97

(18)

®(P,) = —0.0248(P.)2~0.239P.+25.841 R? = 0.9854
(19)

In simulation, the physical parameters of the sediment
can be updated in real time according to Equations (6),
(8), (11), (13), (18), and (19) by obtaining hydrate
saturation and stress of each element.

and

model

3 Numerical
method

In this study, a thermo-hydro-mechanical-chemical
(T-H-M-C)  coupling model was developed
to accurately characterize the multi-physics
interactions governing wellhead stability during
the depressurization-based development of marine
gas hydrates. The model is fully integrated with the
governing equations of mass, energy, and momentum
conservation, as well as the phase change dynamics
of hydrates in the reservoir. In addition, the complex
interface mechanics between the wellbore system and
weakly consolidated formations need to be considered
in the model [72-74]. A complete description of the
multi-physics coupling theory used in this study
can be found in previous publication [50] and is not
duplicated herein.

implementation

In the present work, all simulation investigations
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are based on the following main assumptions. (1)
The sediments in the same formation depth are
homogeneous and isotropic. (2) The only fluid that can
flow in sediment is gas and water, and hydrates cannot
flow. (3) Within the pore space of the reservoir, fluid
motion is governed by Darcy’s law. (4) The effects
of thermal stress were neglected in the simulation.
(5) The density, specific heat capacity, and thermal
conductivity of both hydrates and sedimentary rock
are assumed to remain constant. (6) The lateral load
acting on the wellhead is neglected, and only the
vertical load is taken into account in this study. (7)
The interaction between the casing and the cement is
disregarded, and the two components are combined
into a single part termed the wellhead. (8) No
external energy was supplied during the simulation,
and the changes in sediment temperature were entirely
induced by hydrate dissociation.

3.1 Geometric model

In this study, Site SH2 in the Shenhu area of the South
China Sea is selected as a representative example,
and the corresponding geometric model is developed
as shown in Figure 7. As illustrated in Figure 7,
the investigation model is composed of two primary
components or parts: the wellhead system and the
sediment. Although a fully 3D model provides greater
geometric realism, the structural symmetry of both
components allows the problem to be simplified.
Therefore, to enhance computational efficiency, a 2D
axisymmetric model is adopted [75].

At Site SH2, a hydrate layer with a thickness of 25 m is
situated at a depth of 195 m beneath the seabed [76, 77].
Consequently, the sediment part depicted in Figure 7
has a total thickness of 415 m, with the hydrate layer
positioned at mid-depth. To minimize the influence of
the wellbore and outer boundaries on the simulation
results, the lateral extent of the hydrate reservoir is set
to 500 m. In practice, phase change of gas hydrates
and wellhead instabilities predominantly occur in the
near-wellbore region and within the hydrate layer.
There, mesh refinement was applied to these two areas
in the model. In total, the sediment component is
discretized into 25,600 CAX4P elements. The wellhead
system is modeled using a uniform casing (13%%
inches), neglecting variations in wellbore diameter
across different drilling stages. The wellhead system
is meshed with uniform element size and discretized
into 92 CAX4R elements. The depth of the wellhead
is aligned with that of the wellbore, with its base
positioned 20 meters below the lower boundary of the
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hydrate layer. In other words, both the wellbore depth
and the length of the wellhead system are 240 m.

In the simulation, two sequential analysis steps are
performed: first, the Geostatic step, followed by the
wellhead instability analysis. In the Geostatic step,
the wellhead system is deactivated with the "Model
Change" function [78, 79]. This procedure allows the
determination of the sediment’s initial state. In the
second analysis step, the "Model Change" function is
re-used to activate the wellhead system, enabling its
participation in the simulation of wellhead instability.

Appropriate contact settings are essential for
accurately simulating the interaction between the
wellhead and the surrounding sediment. In this study,
the interaction between the wellhead system and the
sediment was modeled as surface-to-surface contact.
This contact condition needs to be applied to both the
lateral and bottom surfaces of the casing in simulation.

3.2 Implementation of hydrate dissociation and
dynamic updating of physical parameters

The ABAQUS 2016 platform offers strong capabilities
for nonlinear solid-mechanics calculations; however,
it does not include built-in functions for hydrate
dissociation. In the present work, this missing
capability was realized by developing two user-defined
subroutines. Specifically, the DISSOCIATION
subroutine implements hydrate dissociation, while
the USDFLD subroutine handles the time-dependent
evolution and updating of the sediment’s physical
parameters. The implementation framework of the
two subroutines is shown in Figure 8.

As can be seen in Figure 8(a), hydrate dissociation is
modeled based on the dissociation kinetics of methane
hydrate, and the hydrate saturation determined using
the following equation (i.e., Equation (20)) [80-82].
In this subroutine, the change in saturation during
each time increment is compared with the initial value
to ensure that the resulting values remain within a
reasonable range [83].

das, K,
Tth = thAdecSh(¢6P€ - qbgpg)
Ph

(20)
As can be seen in Figure 8(b), the update of sediment
physical properties is performed via the USDFLD
subroutine, which is driven by the outputs of the
DISSOCIATION subroutine. When using ABAQUS
2016 for modeling, two field variables must be
defined, corresponding to hydrate saturation and
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effective stress, respectively [84]. The relationship
between the physical parameters and the field
variables—hydrate saturation and effective stress—is
defined in accordance with Equations (6), (8), (11),
(13), (18), and (19). At the end of each time increment,
the subroutine obtains the hydrate saturation and
stress for each element or node and updates the
corresponding physical parameters of the sediment.
In this way, simulation in the next time increment is
performed based on the updated sediment properties.

3.3 Boundary conditions, initial conditions and
loads

(1) Boundary conditions

Boundary AD: Since boundary AD functions as a
free boundary, no mechanical boundary conditions
need to be specified along this boundary. However,
in the simulation, both its temperature and pressure
are assumed to remain constant, corresponding to
the seawater temperature and pressure at the seabed
respectively.

Boundary BC and CD: Only displacement boundary
conditions are applied to these two boundaries,
with the normal component of displacement being
constrained.

Boundary BF: This boundary is a symmetry boundary
and is therefore assigned symmetric boundary
conditions.

Boundary EF: This boundary corresponds to the
hydrate layer, where the temperature is set to
the bottom-hole temperature, and the pressure is
maintained at the bottom-hole production pressure
during the simulation.

(2) Initial conditions

The simulation requires defining four initial
conditions—in-situ stresses, hydrate saturation,
temperature, and pore pressure—all of which are
imposed on the sediment part, not on the wellhead
system.

(3) Loads

Boundary AD: An external pressure load, with a
magnitude corresponding to the seabed pressure, is
imposed on this boundary.

4 Applicability verification
4.1 Applicability verification

The highlights of this work are the implementation of
hydrate dissociation, and the simulation of formation
subsidence and wellhead instability. In this section,
the applicability of the proposed methodology was
verified through comparisons of hydrate dissociation
and sediment deformation against findings from two
relevant previous investigations. In the course of
verification, the simulation was conducted under the
same conditions and with the same parameters as in
the previous investigations.

Figure 9 illustrates the verification model and the
results of the comparative analysis. Figures 9(a) and
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b depict the model employed in Uchida’s study of
hydrate development and that used for verification
in the present work, respectively. Figure 9(c) presents
a comparison of the simulation results derived from
two models. As can be seen in Figure 9(c), the research
outcomes generated by the two models demonstrate
strong consistency. This confirms the applicability
of the numerical model and the implementation
approach employed herein for the precise simulation
of hydrate development operations. Nonetheless,
a divergence is observed in Figure 9(c), where the
hydrate dissociation rate derived from this study
is notably lower than that reported by Uchida et
al. [78]. The primary reason is that the model
employed herein accounts for the stress sensitivity
of the hydrate-bearing sediments. This yields lower
sediment permeability, leading to a deceleration in the
processes of both seepage and thermal diffusion.

Figure 10 shows the verification result of the
investigation method proposed in the present work

based on the comparison based on seabed subsidence.

The case study depicted in Figure 10 investigates
sediment subsidence during the development
of gas hydrates using horizontal wellbore and
depressurization strategies. As observed in
Figure 10(b), although slight differences exist
between the results obtained by the research method
proposed in this study and those reported in previous
studies, the differences remain minimal. This indicates
that the method proposed in this study is suitable
and reliable for analyzing geomechanical processes
associated with hydrate development.

At the same time, the feasibility of the research method
was verified by comparing the simulated triaxial
mechanical parameters with some experimental
results in the second section. The comparison results
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Table 2. Comparison of experimental or simulation results
(take the cohesion as example).

Confining Simulation Experimental

pressure  value, MPa  value, MPa Error, %
5 MPa 1.10 1.15 4.55
10 MPa 1.27 1.26 0.79
15 MPa 1.40 1.43 2.14
20 MPa 1.48 1.45 2.03

were displayed in Table 2. As can be seen in Table 2,
the difference between the two data is extremely
small, and the maximum error is only 4.55%. For
the experimental results under other experimental
conditions, the comparative results are also similar to
this. The negligible error further demonstrates that the
experimental value and simulation model used in this
study are suitable for conducting relevant simulations
of wellhead stability.

4.2 Grid independence analysis

An appropriate element density can effectively balance
simulation efficiency and simulation accuracy. For
this purpose, a grid independence analysis was
conducted on the simulation model. In the present
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work, 12800, 25,600, 38400 and 51200 elements were
meshed to optimize the grid configuration in geometric
model. As can be seen from Table 3, a decrease
in element size leads to a longer simulation time.
Moreover, this effect becomes increasingly pronounced
as the element becomes denser. However, the
cumulative gas production initially increases and
then gradually stabilizes when the grid becomes
denser. The number of elements corresponding
to the transition point of this trend is exactly
25,600. Therefore, selecting an element configuration
corresponding to 25,600 elements is considered
reasonable. Nevertheless, further increasing the
number of elements would significantly prolong the
simulation time and reduce computational efficiency,
while providing little improvement in computational
accuracy.

Table 3. Results of grid independence analysis.
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4.3 Basic data used for simulation

The simulation data used in this study were derived
from two main sources. The first source was publicly
available geological and engineering data from site
SH2 in the Shenhu area of the South China Sea [85].
The second source was the set of physical property
models established in Section 2. By integrating
a range of exploration findings for the site, the
data presented in Figure 11 was consolidated. It
should be emphasized that Figure 11 lacks parameter
information for the underlying sediment. Therefore,
the parameters of the underlying sediment were
assigned using the properties of sediment at a depth
of 220 m. Meanwhile, the sediment properties in
the model are heterogeneous in the depth direction.
Moreover, Table 4 lists the other physical properties
and principal engineering parameters.

4.4 Evolution and mechanism of wellhead

instability

Throughout the development process, hydrate
dissociation compromises the mechanical integrity
and bearing capacity of the sediments, thereby
promoting wellhead instability [93, 94]. Therefore,
Figure 12 illustrates the evolution of hydrate

=
S

\
\

)
S

=
3

0.0354D-6.921

I
3

Depth below seafloor/mbsf

7.399-0.0354D

%
S
1

-

200 P
: el T

e

220 =

Figure 11. The profiles of some characteristic parameters of
sediment in the model [86-92].

dissociation, the bearing capacity, and wellhead
sinking during hydrate production.

20
Dissociation percentage

100%
75%
50%
25%

%

>
T

\

)
T

o
T

Dissociation range/m

FS
T

(a)
(b)

—
Hydrate layer

S
o

o
=

©
o

Bearing capacity/103 kN

©
>N

e
=

Stage 2 (0.3-5.0year) —+—— Stage 3 (5.0-10.0year)

S
x

I Stage 1(0-0.3year) !
i
Foi

e
=N

I
=

Wellhead sinking/m

S
o

i
i
i
j i
i i
! i
L i
i i
! i (©)
L L L L
0 2 4 6 8 10
Production time/year

0

Figure 12. Evolution of hydrate dissociation, bearing
capacity, and wellhead sinking during hydrate production.
(a) Dissociation range, (b) Bearing capacity, (c) wellhead

sinking.

As can be seen in Figure 12, with the progression
of production operation, the vertical displacement of
wellhead casing increases continuously, whereas the
vertical bearing capacity exhibits a gradual decline.
Furthermore, the evolution of bearing capacity is
opposite to that of wellhead sinking. Nevertheless, the
governing mechanisms influencing bearing capacity
and wellhead sinking differ across the various stages
of hydrate development. From the start of the
development operation to approximately 0.3 year,
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Table 4. Other basic data for simulation of wellhead stability.

Parameters Value Unit
Elastic modulus Determined by Equations (6) MPa
Poisson’s ratio Determined by Equations (8) -
Cohesion Determined by Equations (11) MPa
Internal friction angle Determined by Equations (13) °
Permeability Determined by Equations (18) mD
Porosity Determined by Equations (19) -
Biot’s coefficient 0.85 -
Pore pressure (Pyeal + pgH)/10° MPa
Specific heat 2000 J/ (kg.K)
Well depth 240 m
Casing size 133 Inches
Total production cycle 10.0 Year
Depressurization amplitude 6.0 MPa

the wellhead stability is severely threatened, and its
sinking increases sharply. At 0.3 year, the wellhead
sinking had increased to 0.56 m. The primary reason
is that the bearing capacity of the wellbore supporting
the wellhead system decreases rapidly during this
stage. During this stage, the bearing capacity rapidly
decreased from 10.3x10° kN to 9.92x10° kN. The
change in bearing capacity during this stage can also
be attributed to the rapid dissociation of gas hydrates
around wellbore. Before hydrates begin to dissociate,
the adhesive bonding of sediment around effectively
supports the wellhead system (see Figure 13(a)).
Owing to development operation-related disturbances,
such as depressurization, hydrate dissociation causes
a rapid weakening of this adhesive bonding and a
significant decrease in supporting force [95]. At this
time, the support provided by the sediment to the
wellhead system primarily arises from the upward
frictional resistance generated under compressive
stress. Even though the hydrate dissociation range near
the wellbore is limited within this stage, it is enough
to modify the support mechanism provided by the
adjacent sediments to the wellhead system.

After 0.3 year of hydrate production, a noticeable
deceleration in the wellhead sinking rate is observed.
More precisely, during the next 4.7 years (i.e., between
0.3 and 5.0 year), the wellhead system undergoes
continued subsidence, though at a minimal rate.
Over these 4.7 years, the wellhead sinking rose
from 0.56 m to 0.76 m, with an average rate of
increase of merely 0.043 m/year. The wellhead
experiences this sinking largely as a consequence of the
depressurization strategy, which has caused an overall
reduction in pore pressure within the model. The
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decrease in pore pressure causes the sediment pores to
compress under increasing effective stress, resulting in
sediment subsidence [96]. Consequently, the wellhead
system sinks along with the sediment. Even with a
10.4 m extension of the hydrate dissociation region,
the resulting influence on sediment subsidence and
wellhead sinking is minor. Simultaneously, the bearing
capacity experienced a minor reduction of 140 kN,
which was mainly attributed to change of external
extrusion on casing resulting from changes in pore
pressure and stress in this process.

After 5 years of continuous development, the
pore pressure within the investigation model has
largely stabilized. From then on, the sustained
depressurization strategy no longer induces notable
changes in pore pressure and sediment stress.
Therefore, the bearing capacity and wellhead sinking
curves exhibit marginal variations at this stage. Over
these five years, the wellhead has exhibited a negligible
sinking of 0.21 m, concomitant with a modest
reduction in bearing capacity of 50 kN. These minor
changes are primarily attributed to the dissociation
region of the approximately 6.4-m-wide hydrate
during this stage, which induces mild compaction of
the surrounding sediment.

4.5 Effect of depressurization
wellhead stability

As demonstrated in Section 5.2, wellhead instability
was mainly induced by hydrate dissociation during
the early stage of production. In addition, the
overall reduction in sediment pore pressure caused by
depressurization further contributes to the downward
sinking of the wellhead. Therefore, depressurization

amplitude on
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Figure 13. Evolution of support mechanism at the
sediment-wellhead interface in the initial phase of hydrate
production.

amplitude is also an important factor affecting
wellhead stability [97, 98]. In this section, the effect of
depressurization amplitude on wellhead stability was
investigated, and the investigation results were shown
in Figure 14. In this study, four depressurization
levels were considered, with amplitudes of 2.0 MPa,
4.0 MPa, 6.0 MPa, and 8.0 MPa respectively, and
other parameters are presented in Table 2. It is worth
noting that this design is reasonable, as the maximum
depressurization amplitude achieved during Japan’s
trial production in the Nankai Trough is as high as 10
MPa [99].

As can be seen in Figure 14, the amplitude of
depressurization exerts a pronounced influence on

wellhead stability. =~ When the depressurization
amplitude is 2.0 MPa, the wellhead undergoes a
sinking of 0.62m over the 10-year development
period. However, as the depressurization amplitude
increased to 4.0 MPa, 6.0MPa, and 8.0 MPa, the
resulting wellhead sinking increased correspondingly
to 0.69m, 0.81 m, and 0.93 m respectively. In fact, the
variation in wellhead sinking observed under different
depressurization amplitudes primarily results from
the impact of the development operation on the pore
pressure of sediments in model. This is because, on
the one hand, the results indicate that the hydrate
dissociation throughout the simulation period is nearly
identical for all applied depressurization amplitudes
(see Figure 14(a)). The final dissociation ranges
of hydrates under four different depressurization
amplitudes are 18.10m, 18.44m, 18.80m, and 19.38 m,
respectively. In this way, the mechanism of sediment
subsidence arising from differences in the hydrate
dissociation is excluded. On the other hand, during
the early stage of development, hydrate dissociation
around the well causes the sediment bonding effect
supporting the wellhead system to fail, leading
to similar subsidence among the four cases [100].
Across the four depressurization amplitudes, this
mechanism leads to a wellhead sinking of 0.53(10) m.
Regardless of the depressurization amplitude, after
approximately 5 years of development, the pore
pressure throughout the entire model becomes fully
disturbed and subsequently stabilizes. For high
depressurization amplitudes, pore pressure within
the model becomes naturally low, resulting in
more severe compaction and subsidence of deposits
under the load of the overlying formation. The
bearing capacity also decreases correspondingly at
this stage (see Figure 14(b)). Then, the wellhead
system exhibits pronounced sinking accompanied by
sediment compaction.

At present, there is no unified criterion for determining
wellhead instability. In the present work, a sinking
of 0.75 m for the wellhead system is adopted as
the threshold for defining instability. Therefore, for
vertical-well hydrate production via depressurization,
the depressurization amplitude should be controlled
to less than 6.0 MPa to ensure that the wellhead system
remains stable.

5 Effect of elastic modulus of hydrate-free
sediments

Sediment compaction and subsidence induced during
the development process constitute major contributors
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to pronounced wellhead sinking [101, 102]. Therefore,
the inherent strength of hydrate-free sediment also
plays an important role. In this section, the effect of
hydrate-free sediment elastic modulus on wellhead
instability was investigated, with values set at 400 MPa,
600MPa, 800MPa, and 1000MPa respectively, and the
investigation results were presented in Figure 15.

In general, sediments characterized by a low
elastic modulus also exhibit diminished strength
and correspondingly limited resistance to
deformation [103]. In depressurization-driven
development processes, the dissociation of gas
hydrates and attendant decline in pore pressure
engender pronounced compression of pores and
throats within the sediment, resulting in a low
permeability (see Figure 15(d)). In this way, fluid
flow and heat transfer in this sediment are naturally
weaker. The dissociation range of gas hydrates around
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the wellbore is naturally narrow. As depicted in
Figure 15(a), at an elastic modulus of merely 400
MPa, the dissociation radius of gas hydrates within
the near-wellbore region extends only to 14.18 m.
Even upon elevating the elastic modulus to 600
MPa, the dissociation radius extends only to 16.14
m. Nonetheless, the difference in the dissociation
range of gas hydrates has little effect on the bonding
effect between the wellhead system and surrounding
sediments. If any impact occurs, it is manifested
primarily as a minor disturbance to the stability of
sediments around wellbore. The effect of variations
in sediment elastic modulus on wellhead stability
is primarily manifested through their influence on
sediment subsidence or deformation. Owing to the low
overall elastic modulus of sediments within model, the
pressure reduction associated with depressurization
operation induces an anomalously pronounced
subsidence of sediments in model [104, 105]. The
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bearing capacity undergoes a pronounced decline in
development process, the stability of the wellhead
system is markedly reduced, and the wellhead
consequently experiences rapid sinking.  From
Figure 15(b) and Figure 15(c), it can be clearly
see that when the elastic modulus of hydrate-free
sediment is 400 MPa, the reduction in bearing capacity
and wellhead sinking are 0.66x10% kN and 0.90 m
respectively.

As the elastic modulus increases, although the hydrate
dissociation region expands, the reduction in bearing
capacity becomes less pronounced. This is because a
higher sediment skeleton strength effectively inhibits
the closure of pores and throats, thereby maintaining

high heat transfer and fluid seepage (see Figure 15(d)).

Compared to the low elastic modulus, the elevated
bearing capacity associated with a higher elastic
modulus contributes to improved stability of the
wellhead system. As shown in Figure 15(c), when the

elastic modulus of hydrate-free sediment increases to
1000 MPa, the resulting wellhead subsidence is limited
to only 0.68 m. This sinking value is 24.44% lower than
that corresponding to an elastic modulus of 400 MPa.
If the threshold mentioned above remains applicable,
when the elastic modulus of hydrate-free sediment is
below 600 MPa, the depressurization magnitude must
be appropriately reduced to ensure wellhead stability.

6 Conclusions and future works

The main conclusions obtained in the present work are
as follows:

(1) The physical properties of hydrate-bearing
sediments are influenced not only by hydrate
saturation but also by the prevailing stress (or
confining pressure) conditions. Moreover, although
the mechanisms through which hydrate saturation
and effective confining pressure influence the physical

221



Reservoir Science

ICJK

properties of hydrate-bearing sediments differ, their
overall trends are largely consistent. The influence of
hydrate saturation arises from the filling of sediment
pores, whereas the effect of effective confining pressure
is exerted through its control on skeleton deformation.
As hydrate saturation or confining pressure increases,
all physical parameters decrease except for the elastic
modulus and cohesion increase, while Poisson’s ratio,
internal friction angle, permeability, and porosity
decrease.

(2) The progression of wellhead sinking can be divided
into three stages: a rapid sinking stage, a continuous
sinking stage, and a decelerated sinking stage. The
primary cause of the rapid wellhead sinking in the
first stage is the swift dissociation of hydrates, which
undermines the bonding between the sediment and
casing, leading to a pronounced reduction in bearing
capacity. The sinking of the wellhead in the latter two
stages is primarily attributed to sediment compaction
and subsidence induced by depressurization, which
reduces the bearing capacity.

(3) Regardless of the development cases, the wellhead
sinking observed during the initial stage of long-term
production operation is largely consistent. This is
governed by the dominant controlling mechanism
responsible for wellhead subsidence during this stage.
During this stage, the wellhead system will undergo
subsidence as long as hydrate dissociation occurs
within a certain range around wellbore.

(4) During hydrate production, although an increase
in the depressurization magnitude does not markedly
influence hydrate dissociation, it can substantially
reduce the sediment’s bearing capacity on the wellhead
system, thereby threatening wellhead stability. When
the depressurization magnitude increased from 2.0
MPa to 8.0 MPa, the wellhead subsidence grew
from 0.62 m to 0.93 m. Moreover, if the threshold
for identifying or evaluating wellhead instability is
assumed as 0.75 m, the depressurization magnitude
must remain below 6.0 MPa. The influence mechanism
of sediment elastic modulus on wellhead instability is
primarily manifested through its control over sediment
deformation and subsidence within the development
processes. The stability of the wellhead system
improves as the elastic modulus of the sediment
increases.

This study presents only a preliminary numerical
investigation into the effects of wellhead subsidence
during marine hydrate production. Further in-depth
investigations are required to ensure the safe and
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efficient long-term development of gas hydrates.
Accordingly, the subsequent research agenda is
outlined as follows.

(1) The lateral loads acting on the wellhead during the
development process were not considered in this study,
yet they constitute an important factor influencing the
stability of the wellhead system.

(2) In this study, the simulation was conducted
using a vertical wellbore as a representative example.
However, horizontal wellbores are more commonly
employed in hydrate production. In future work,
stability analyses of the wellhead during hydrate
development should be performed using horizontal
well configurations. Moreover, depressurization
represents only one of the commonly employed
strategies for hydrate development. The stability
analysis of wellhead system under alternative hydrate
production strategies should also be taken into
consideration.
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