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ABSTRACT: Natural gas hydrates are an ideal alternative clean energy source. Many countries are currently attempting the trial
production of gas hydrates. Japan became the first country to achieve offshore hydrate trial production in 2013, and China
conducted 60 days of continuous trial exploitation in 2017. This study analyzes the changes in the internal stress of the hydrate zone
and hydrate saturation of the soil throughout the monitoring period and calculates the failure stress of the hydrate deposit layer. The
Mohr−Coulomb model is used to simulate Japan’s test exploitation conditions to verify the feasibility of the method. Finally, the
hydrate decomposition range, the difference in the soil dip angle in the test exploitation area, and the bearing capacity of the hydrate
reservoir are numerically simulated to evaluate the stability of the soil. Through the sensitivity analysis of the hydrate decomposition
range and the inclination angle of the hydrate sediment layer, it can be found that the hydrate decomposition range has the greatest
impact on the deformation, and the soil around the decomposition area may be sheared and collapsed. Within 1 week of
decompression and exploitation, the hydrate decomposition radius is approximately 3 m. When the inclination angle increases from
3° to 9°, the sediment deformation increases by 12 times. Therefore, it is necessary to pay attention to the critical value of the
decomposition range during the exploitation process.

1. INTRODUCTION

Natural gas hydrates are cage-like, crystalline solids in which a
hydrocarbon, commonly methane, is trapped in an ice lattice.
Hydrates are formed under high pressure and low temper-
ature1−4 and are mainly deposited in the sediments of the
deep-water continental slope or buried in polar regions.5 The
stability of hydrates in the environment depends on the
surrounding temperature, pressure, and gas source.6 The
changes in pressure and temperature in a longer distance
especially in pipeline systems are more favorable conditions for
hydrate formation.7 The amount of conventional energy stored
worldwide is limited and will soon be exhausted. As hydrates
are widely distributed on land and in the sea,8 the demand for
a potential clean energy source9−11 can be fulfilled.
The current methods for producing hydrates include

thermal excitation,12−14 pressure reduction,15 hydrate inhib-
ition,12,13 and carbon dioxide replacement.16 As hydrates have
been extensively surveyed worldwide, several countries have

conducted trial exploitation.17 In 2013, Japan conducted a test
to verify the feasibility of depressurization to extract offshore
methane hydrate.18−20 Although the development and
utilization of hydrates can meet the energy demand, the
environmental and geological disasters caused by exploitation
must be considered.21,22 First, the possible risks involved, such
as methane leakage and land subsidence, must be eval-
uated,23−26 followed by conducting reliable risk assessments
and responding accordingly.
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The decomposition of hydrates can lead to large-scale ocean
floor collapse. Soil collapse in parts of the United States east
coast continental slope, through field detection, is most likely
the collapse of the overlying soil layer of the hydrate
reservoir.27 There are two main reasons for the instability of
the seabed caused by hydrates. One is the loss of strength of
the hydrate itself because of dissociation,28 in which the state
of hydrate changed from solid to liquid and gas. The phase
change causes weakness in the formation. The other is the rise
in excess pore pressure and loss of effective stress when the
hydrate dissociates.29 The hydrate layer is a poorly stable layer
of sediment that has not formed into rocks.30 Moreover,
changes in the weather and sea level may cause the hydrate to
decompose and generate additional free gas, which can
potentially increase the pore pressure of the hydrate sediment
layer and decrease the stability of the storage layer, thereby
causing geological disasters, such as landslides.23−26,31 During
the hydrate dissociation, the hydrate layer softens and the pore
fluid pressure exceeds the total stress of the overlying layer,
leading to the formation of layered fracture between the
hydrate layer and the overlying layer.32 To date, most
international research studies have focused on large-scale
submarine landslides and the stability of large-scale submarine
slopes.33 The depressurization process used for gas extraction
significantly changes the stress state and the mechanical
properties of hydrate soils, which may lead to potential
geotechnical hazards such as submarine landslide.34 Detailed
theoretical analysis of submarine landslide events caused by
hydrate decomposition has been conducted, and the effects of
seawater depth, overburden thickness, and hydrate content on
slope stability have been analyzed in detail. Additionally, the
possible reasons for the instability of hydrates have been
described, the triggering mechanism of the three major
hydrates has been summarized, and mechanical slope stability
models have been analyzed. In Japan, methane production and
soil deformation to destruction during hydrate exploitation
were simulated by considering the relevant physical mecha-
nisms and conducting theoretical analysis and numerical
simulation of the geological conditions of the test site in
2013.18,35 Combined with physical effects, such as hydrate
phase transition, fluid flow, and heat transfer, the possible
geological disasters caused by hydrate decomposition were
analyzed.36 However, because the analysis conducted in Japan
was based on the specific geological conditions observed
during the trial exploitation period, the findings cannot be
considered universal. Furthermore, less attention was given to
local soil deformation. Therefore, it is clear that the main focus
of research on hydrates is their exploration and development.
While some studies have focused on the natural disasters
caused by hydrate decomposition as well, a few studies have
been conducted on instability. Most studies have focused on a
wide range of submarine landslides. Although theoretical
analysis of local soil instability has been conducted, no specific
numerical simulations have been performed to discuss the
deformation and failure laws.
It can be seen from previous studies and some on-site trial

exploitation that with the continuous trial exploitation, the
hydrate decomposition range gradually increases, resulting in a
sharp increase in the possibility of large deformation of the
overlying soil. To ensure the safety of the hydrate exploitation
process, it is necessary to conduct exploration and simulation
research in advance for exploitation at different locations to
ensure the stability of the exploitation site. In this study,

followed by theoretical analysis, MATLAB is used to
determine the sensitive parameters, and FLAC3D is used for
numerical simulation. Gas hydrate reservoir simulators help
provide these assurances not only by forecasting long-term
production rates of gas from methane gas hydrate reservoirs
but also by predicting the reservoir’s mechanical behavior.37 All
the parameters employed in the simulation used the actual
measurement data of the test site.38 Furthermore, a preliminary
assessment of the safety of hydrate trial exploitation is
conducted, considering the gradual increase in the decom-
position range of hydrates over time, different hydrate deposit
dip angles and physical properties, and the deformation of the
soil layer around the wellbore.

2. VERIFICATION OF THE NUMERICAL MODEL
At present, recreating large-scale working conditions in
laboratories is challenging. During the 2013 trial exploitation
in Japan, numerical simulation was employed to predict the
possible trial exploitation conditions and their safety. More-
over, the safety of the trial exploitation process was evaluated.
Since numerically simulating hydrate production is an
economically viable method, based on the trial exploitation
conducted in Japan, in this study, numerical simulation is used
to evaluate the safety of the working conditions.

2.1. The Basic Principle of Adopting the Model.
FLAC3D uses the finite difference method for analysis, that is,
the fast Lagrangian finite difference calculation program, which
can better simulate the force characteristics of the soil, reaching
the failure limit. In the soil mechanics method, the failure
envelope of the Mohr−Coulomb model mainly includes two
parts: the shear failure envelope and the tensile failure
envelope. Corresponding to the shear failure is an associated
flow law, and the tensile failure corresponds to an uncorrelated
flow law. Combining the incremental model of plasticity theory
and the Mohr−Coulomb criterion and tensile failure criterion,
the Mohr−Coulomb model used in FLAC3D is formed to
better perform the elastoplastic analysis of soil.
In this study, the Mohr−Coulomb model is used to simulate

the trial exploitation conditions in Japan. First, the constitutive
relationship of Mohr−Coulomb model is introduced. The
model can produce two parts of elastic and plastic deformation,
which are expressed in the principal stress space of σ1, σ2, σ3,
and the corresponding strain component is the principal strain
ε1, ε2, ε3. According to Hooke’s law, the relationship between
stress and strain is Δ[σ] = [E]Δ[ε], where [E] is the stiffness
matrix.
In the principal stress space, the stress increment can be

determined by the following formula.39

σ α ε α ε ε

σ α ε α ε ε

σ α ε α ε ε

Δ = Δ + Δ + Δ
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where α1 and α2 can be obtained from the shear modulus and
bulk modulus.
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Equation 1 can also be written as follows
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The Mohr−Coulomb model uses the Mohr−Coulomb
criterion and the maximum tensile stress criterion. If the
three principal stresses are σ1 ≤ σ2 ≤ σ3, then the failure
criterion has the form fs = 0, where

σ σ= − +ϕ ϕf N c N2s
1 3 (4)

For tensile damage, f t = 0, where

σ σ= −ft
t

3 (5)

In eqs 4 and 5, ϕ> is the internal friction angle, c is the
cohesive force, and σt is the tensile strength.39

ϕ
ϕ

= +
−ϕN

1 sin( )
1 sin( ) (6)

The value of the compressive strength σt of the material
cannot exceed σ3. The maximum value of σt can be expressed
as follows.

σ
ϕ

= c
tg( )

t
max

(7)

For the plastic flow state, gs and gt are the functional
relationships corresponding to shear failure and tensile failure,
respectively, which are expressed as follows

σ σ= − ψg Ns
1 3 (8)

σ=gt 3 (9)

where ψ is the expansion angle.

ψ
ψ

= +
−ψN

1 sin( )
1 sin( ) (10)

The flow criterion can be defined as a functional relationship
h(σ1, σ3) = 0, and the parts above fs = 0 and f t = 0 are divided
into two regions in the σ1 and σ3 planes. The function
expression is as follows

σ σ σ σ= − + −h a ( )t P P
3 1 (11)

where aP and σP are defined by the following formula
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Shear failure occurs when the stress state satisfies fs < 0 and h
< 0. However, tensile failure occurs when fs > 0 and h > 0 are
satisfied.
For shear failure, the following formula is obtained from eq

8.
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Substituting Δε1e , Δε2e , and Δε3e in eq 3 with
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From eq 4, the following equation can be obtained using f =
fs.
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Considering the case of tensile failure, the following
equation can be obtained using similar methods employed
for shear failure.
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When using the Mohr−Coulomb model, the stress incre-
ment calculated by Hooke’s law is superimposed on the
original stress calculation (σij

I), during which the principal
stress can be calculated. If the principal stress reaches the
failure criterion, then two failure situations take place. In the
first case, shear failure occurs and σ1

N, σ2
N, σ3

Nis obtained from eq
15. In the second case, tensile failure occurs and σ1

N, σ2
N, σ3

Nis
obtained from eq 16.
The Mohr−Coulomb model is a constitutive model of

elastoplastic soil, which mainly studies the tensile and shear
failure of soil. In this study, the hydrate system is simplified and
analyzed without considering the hydrate decomposition
process. This paper temporarily ignores the seepage during
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the hydrate decomposition process. Some parameters of soil
mechanical properties such as the internal friction angle, elastic
modulus, Poisson’s ratio, and cohesion force are relatively
important. This is because the physical problem studied in this
paper is mainly the change rule of the displacement of the
overlying soil. When the hydrate is completely decomposed,
the soil softens, the bearing capacity decreases, and the
mechanical parameters of the hydrate layer change, resulting in
the deformation of the overlying soil layer. The following two
states are mainly studied. One is that the soil in the hydrate
trial exploitation area is completely hollowed out and cannot
bear any pressure. The second is that the soil in the hydrate
trial exploitation area is deformed due to the decomposition of
hydrate and the mechanical properties of the soil are
weakened. Through the study of these two situations, it is
roughly estimated how long the trial exploitation will take
before the soil collapse.
2.2. Japanese Trial Exploitation. In 2013, Japan followed

the antipressure method to conduct the first near-seawater trial
worldwide.40 Figure 1 shows the plane strain model used for

numerical simulation before the trial exploitation, consisting of
a seafloor that is assumed to be 1000 m below the sea level and
slope angle to be 10°, which simplifies the three-dimensional
problem into a two-dimensional problem. The model also
assumed that hydrate is only present in the sand-rich layer, and
the boundary between the clay- and sand-rich layers is set at
260 m below the seabed. The clay-rich layer has a density of
1750 kg/m3, cohesive force of 35 kPa, internal friction angle of
15°, elastic modulus of 14 MPa, and Poisson’s ratio of 0.2.
Meanwhile, the sand-rich layer has a density of 1900 kg/m3,
cohesive force of 2 kPa, internal friction angle of 32°, elastic
modulus of 34 MPa, and Poisson’s ratio of 0.3.

The Japanese simulation results indicate that hydrate
decomposition reduces the strength of the formation,
increasing its plasticity.41 When the local layer reaches the
critical plastic deformation state, the volumetric strain
increases. The sediment sinks due to the decomposition of
the hydrate, and the largest vertical displacement occurs at the
interface between the sand and clay layers (Figure 2a). Owing
to the decrease in the effective stress, the sediment undergoes
compression deformation and is displaced horizontally (Figure
2b).

2.3. Comparative Analysis of the Simulation Results.
In this paper, the hydrate system is simplified and analyzed
without considering the hydrate decomposition process. The
deformation of the overlying soil layer in the following two
states is mainly studied. One is that the soil in the hydrate trial
exploitation area is completely hollowed out and cannot bear
any pressure. The second is that the soil in the hydrate trial
exploitation area is deformed due to the decomposition of
hydrate and the mechanical properties of the soil are
weakened. Through the study of these two situations, it is
roughly estimated how long the trial exploitation will take
before the soil collapse. The elastic and Mohr−Coulomb
models in FLAC3D are used to simulate the trial exploitation
conditions in Japan, and the influence of the boundary effect
on the simulation is considered. As the model is symmetrical,
Figure 3 shows a two-dimensional plan view. Both the length

and width of the model are 1800 m, the height is 430 m, and
the inclination is 10°. From top to bottom, the structure of the
soil is divided into overlying, hydrate, and lower layers. The
thicknesses of the overlying, hydrate, and lower layers are 260,
70, and 100 m, respectively, and the sea depth is 1000 m. The
wellbore used at 900 m is placed at the center of the model.
According to the trial exploitation conducted by Japan, the
hydrate decomposition zone forms a cylinder, with a radius of
40 m and a height of 50 m, along the wellbore. The grid size
and area of the hydrate decomposition zone are 4 and 10 m,
respectively. For the boundary conditions of the model, the
two ends of the model in the normal direction are fixed, and
the lateral boundary is fixed to limit the lateral displacement.

Figure 1. Trial exploitation model for the Japanese numerical
simulation. Reprinted with permission from the work of Zhou et al.41

Copyright 2014 Offshore Technology Conference.

Figure 2. Simulated displacement contours for the Japanese trial: (a) horizontal displacement and (b) vertical displacement. Reprinted with
permission from the work of Zhou et al.41 Copyright 2014 Offshore Technology Conference.

Figure 3. Diagram of the numerical model.
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Additionally, the bottom is fixed to ensure that it does not
displace vertically. The upper slope is the only free surface.
The comparison between Figures 2 and 4 is shown in Table

1. It can be seen that the variation trends of the soil for the two

simulated working conditions are basically the same. The
maximum vertical and horizontal displacements in the
Japanese study are approximately 0.09 and 0.048 m,
respectively; moreover, the horizontal displacement is toward
the center. However, in this study, the maximum vertical and
horizontal displacements are approximately 0.083 (Figure 4a)
and 0.04 m, respectively, with the horizontal displacement
toward the center (Figure 4b).
The simulation results of this study are consistent with the

results of the Japanese trial exploitation. The hydrates studied
in this paper are stored in the deep seas. The hydrates studied
during the trial exploitation in Japan are also stored in the deep
sea. The geological structure is basically the same. Japan is
mainly composed of overlying sandy soil, and the offshore
waters of China are mainly composed of clay. In the model, the
difference between sand and clay is mainly reflected in the
different mechanical characteristics of the soil. Therefore, the
numerical model developed in this study is adequate to predict
hydrate decomposition and soil deformation.

3. NUMERICAL SIMULATIONS

3.1. Numerical Method. Hydrate decomposition mainly
includes four processes: phase change, heat conduction,
seepage process, and stress propagation. The characteristic
time tables of these four processes are described as phase
transition, heat conduction, percolation process, and stress
propagation, respectively. Moreover, the dimensionless repre-

sentation of the four processes are
ρ

· − ·k p p A( )
h

d e g s
, h

ks

2
, h

Es
rs

, and

μ·
· −

h
k p p( )g d

2
, respectively,42 where ks is the thermal conductivity of

the soil skeleton (3 W/(m·K)), μ is the gas viscosity coefficient
(10−5 Pa·s), k is the permeability of the sedimentary layer
(10−16 m2), Es is the elastic modulus of the sediment (5 × 108

Pa), kd is the kinetic constant of hydrate phase transition (4.4
× 10−16 kg/(s·Pa·m2), ρh is the hydrate density (910 kg/m

3), h
is the hydrate sediment area (1 m), pd is the constant pressure
at the reduced pressure (2.5 × 106 Pa), pe is the pressure when
the hydrate phase is in equilibrium, and pg is the gas pressure.
The ratio between these four quantities and their results is42

=t t t t: : : 10 : 10 : 10 : 1c d p s
9 7 6

(17)

Therefore, it is clear that the stress propagation is the fastest,
the heat conduction process is the slowest, and the magnitude
of the four numbers differs greatly; hence, decoupling analysis
can be performed.
According to the ratio of the characteristic time of these four

physical processes, the stress wave propagates the fastest, while
the heat conduction process is the slowest. The seepage
process is 3 orders of magnitude faster than the heat
conduction process, and the stress propagation is 6 orders of
magnitude faster than the seepage process. Therefore, the
hydrate decomposition process can be decoupled analysis. In
the later analysis of this work, we can temporarily ignore the
hydrate decomposition process and only consider the impact
of hydrate decomposition on the mechanical deformation of
the overlying soil.
The following simulation is mainly for analyzing soil

deformation caused by hydrate decomposition. First, the initial
conditions, including the pore pressure, reservoir temperature,
boundary-given pressure, and initial hydrate saturation, along
with the constants, including the seepage coefficient, molar
fraction of methane gas, hydrate pore pressure, and hydrate
density at equilibrium, are assigned. Subsequently, the internal
pressure of the hydrate zone is changed in accordance with
time and position. The change in the saturation of the hydrate
with time and position under a specific pressure drop is
obtained. The fracture stress of the hydrate deposit layer can
be calculated based on the change in hydrate saturation,43,44

which, over time and position, can be calculated using eq 17
proposed by Zhou et al.41 The calculation parameters are set
according to the sediment parameters of the offshore water.
In the actual hydrate exploration, the hydrate saturation

changes with both location and time. The function of the
damage strength with location and time is proposed below.
The hydrate decomposition rate can be obtained using the

following formula45

ρ
∂
∂

=
−S

t

K M A p p( )h d g s e

h (18)

Figure 4. Displacement contours: (a) horizontal displacement and
(b) vertical displacement.

Table 1. Comparison of the Simulation Results of This
Study and the Japanese Study

vertical displacement radial displacement

Japanese study 0.09 m 0.048 m
this study 0.083 m 0.04 m
relative error 0.007 m 0.008 m
error ratio 7.78% 16.67%
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where Kd is the coefficient, Mg is the mole fraction of methane
gas, As is the surface area, pe is the pore pressure at hydrate
equilibrium, and p is the real-time pore pressure.
According to the above formula, when p changes with time,

the change in Sh with time can be solved. Equation 18 can then
be used to obtain the stress−strain relationship and the change
in failure stress over time. Taking p as a constant and an
example and ignoring the change in surface area, the following
expression can be obtained.
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−
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where Sho is the initial hydrate saturation.
Considering decompression mining as an example, if the

given pressure at the boundary is p0, the internal pressure is p1,
and the spatial scale is 1, then the change in pore pressure with
time and space position is as follows
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The destructive stress relationship is expressed as below.
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Equation 21 reflects the variations in the failure stress with
the production time of hydrate. Therefore, the destructive
pressure can be expressed as a function of both location and
time.
3.2. Analysis of Calculation Results. This study focuses

on changes in the decomposition range with decomposition
time. It is assumed that the one-dimensional hydrate deposit
layer is 200 m long. The trial exploitation of hydrates in the
South China Sea during 2017 was conducted for 60 days.
Therefore, the test exploitation durations were set to 3, 7, 14,
21, 28, 40, and 60 days, and the tested degrees of pressure
reduction were 3, 6, and 9 MPa, respectively. The hydrate
decomposition range was analyzed at different times and
pressures under these 21 conditions (days and depressuriza-
tion). When using MATLAB for unit division, the length is in
meters and the time is in hours.
The change in the hydrate decomposition range over time

with a pressure drop of 3 MPa is shown in Figure 5. When the
depressurization duration is below 1 week, the decomposition
range does not change greatly. As the depressurization
duration increases, the decomposition range gradually
increases. As the pressure is decreased only by 3 MPa, the
hydrate decomposition rate is relatively slow, resulting in a
slower decrease in hydrate saturation in the sedimentary layer.
Therefore, the rate of change in the decomposition range is
low.
The effect of the degree of depressurization on the

decomposition range is shown in Figure 6. When the
depressurization duration is constant and the degree of

decompression is large, the hydrate decomposition rate is
accelerated, reducing the hydrate content in the sedimentary
layer and resulting in soil deformation and a larger
decomposition range. Figure 7 presents the decomposition
range over time at different degrees of depressurization. When

Figure 5. Decomposition range with decomposition time with 3 MPa
of depressurization.

Figure 6. Decomposition range under different degrees of
depressurization at the same duration.

Figure 7. Decomposition range at different durations under the same
degree of depressurization.
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the decompression pressure is increased to 6 and 9 MPa, the
rate of change in the decomposition range over time is
significantly higher. The change in the decomposition range is
the highest when the degree of pressure reduction is 9 MPa.
Under a pressure decrease of 3 MPa and depressurization

durations of 3, 7, 14, and 21 days, the hydrate decomposition
range is relatively stable. In the previous unit division, the
length interval was 1 m, which may have caused the small
change in the decomposition range. To verify this, the length
interval was reduced to 0.1 m to investigate the differences in
the decomposition range at depressurization durations of 3, 7,
14, and 21 days. The decomposition range at different
depressurization durations with a length interval of 0.1 m
and a pressure drop of 3 MPa is shown in Table 2.

As shown in Table 2, the decomposition range varies slowly
over time, and the effect of this change on sediment
deformation is negligible.
Utilizing the theoretical analysis and MATLAB calculation,

the hydrate saturation at different times and locations is
obtained, and the failure stress of each soil layer is obtained
using eq 21.

4. SENSITIVITY ANALYSIS OF TRIAL EXPLOITATION
IN OFFSHORE WATERS

During the trial exploitation of hydrate, the decomposition
range is limited. In addition to research work, such as logging
conducted before and after the trial exploitation, it is necessary
to evaluate the local hydration around the wellbore, stability of
the sediment layer, and overlying layer, considering that the
impact range is within a few meters or tens of meters. This
study mainly focuses on the factors that may affect the stability
of the local hydrate soil and the overlying layers around the
wellbore during the hydrate exploitation process. The specific
hydrate decomposition phase transformation process is not
considered here; only the changes in stress distribution and
numerical displacement in the case of step-down decom-
position are studied.
4.1. Numerical Model of Trial Exploitation. Taking the

geological features of the offshore waters of China as a
reference, as shown in Figure 8, the sediment layer is divided
into three parts: the overlying layer, hydrate layer, and lower
soil layer, with thicknesses of 140, 10−30, and 100−200 m,
respectively. The seawater depth in the calculation model is
1000 m, and the sediment thickness is 275 m. To eliminate the
boundary effect, both the length and width are set to 800 m,
which is more than twice the sediment thickness. The wellbore
passed through the lower soil layer. The outer diameter of the
cylinder wall is 0.024 m, and the wall thickness is 0.002 m.
Before the decomposition of the hydrate layer, the modulus is
100 MPa, and the density is 1700 kg/m3. When using the
model to simulate the situation in the trial exploitation area,
the soil parameters in this area are obtained from on-site
exploration using real data. Following decomposition, the

modulus changes to 37 MPa, while density remains constant.
The modulus of the overlying layer is 3−20 MPa, which
increases linearly with depth. Additionally, the density
increases linearly from 1360 to 1700 kg/m3 with depth. The
lower soil layer has a modulus of 30 MPa and a density of 4500
kg/m3. The wellbore modulus and density are 0.152 MPa and
7890 kg/m3, respectively.
Initially, the ground stress balance is calculated to eliminate

the vertical displacement caused by the weight of the wellbore
and soil, and the deformation of the overlying layer caused by
hydrate decomposition and sediment deformation in the
hydrate zone are analyzed. Assuming that the hydrate is
decomposed, there is no change in pore pressure due to the
high permeability of the formation. Therefore, the calculation
model is considered based on the elastoplastic theory and
analyzed using the Mohr−Coulomb constitutive model. The
upper surface of the model is a free surface, the left and right
boundaries are fixed in the x-direction, and the bottom edge is
fixed in the y-direction. The model is divided into 490,944
units, and the wellbore is simulated as the pile unit. Two
scenarios are considered in the calculation: (1) the strength of
the formation is greatly reduced after hydrate decomposition,
and the sediment is washed away and collapses to form a cavity
goaf without any load; (2) after decomposition, the sediment
softens and can withstand part of the load. In the numerical
simulation, the cavity goaf is realized by setting the null model.
The calculation is conducted under the following conditions

for comparative analysis:

(1) The hydrate decomposition zone is a cylinder with a
radius and height of 3.5 and 10 m, respectively, and the
dip angles of the submarine sediment layer are 3°, 9°,
and 15°.

(2) The dip angle of the seabed soil layer is 3°, and four
hydrate decomposition zones with different sizes are
considered, as follows: a radius and height of 3.5 and 10
m, a radius and height of 12.5 and 20 m, a radius and
height of 18.5 and 26 m, and a radius and height of 24.5
and 30 m.

(3) The hydrate decomposition zone is a cylinder with a
radius of 3.5 m and a height of 10 m, and the sediment
softens after decomposition.

The sediment deformation around the wellbore and the
effect of slope angle and decomposition range on deformation
are analyzed by calculation.

4.2. Effect of Dip Angle. Figure 9 shows the vertical
displacement of hydrate under the goaf condition. The 0 point
of the x-axis represents the position of the wellbore. During
hydrate decomposition with a zone radius and height of 3.5
and 10 m, respectively, the vertical displacement of the upper
surface of the goaf is significantly smaller at an inclination angle

Table 2. Decomposition Range for a Pressure Drop of 3
MPa

depressurization duration (day) decomposition range (m)

3 3.4
7 3.8
14 4.3
21 4.8

Figure 8. Schematic of the wellbore and sediment layers.
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of 3° than that at inclination angles of 9° and 15°. At a dip
angle of 3°, the maximum vertical displacement is 0.8 cm. As
the inclination angle increases from 3° to 9°, the vertical
displacement increases by approximately 12 times. Although
the maximum vertical displacement at a dip angle of 3° is 6.7
cm, the overall vertical displacement is still small in
comparison to the decomposition range, which will not
cause sediment collapse because of the vertical displacement
experienced by the soil under gravity, when the hydrate
decomposition area is mined. The larger the inclination angle,
the larger the displacement. However, owing to the small
decomposition range, the displacement is relatively small under
the influence of the soil modulus and internal friction angle,
which will not cause soil damage.
Figure 10 shows the horizontal displacement of hydrate

under the goaf condition. At an inclination angle of 3°, the soil

surrounding the goaf outwardly expands in the horizontal
direction, possibly because of the small decomposition zone
and the outward expansion of sediment around the goaf due to
vertical displacement. At dip angles of 9° and 15°, the soil
around the goaf is compressed. Therefore, the horizontal
displacement is small compared to the decomposition range,
and no sediment damage occurs. Owing to the small hydrate
decomposition range, the overall deformation of the soil layer

is small within the range of inclinations considered in the
calculation.

4.3. Impact of Changes in the Size of the
Decomposition Zone. In all four cases, the maximum
vertical displacement occurs on both sides of the wellbore near
the edge of the goaf (Figure 11). As the size of the

decomposition zone gradually increases, the maximum vertical
displacement of the soil correspondingly increases (Figure 12).

To evaluate the impact of the hydrate decomposition range on
the soil displacement, this paper simulates four situations. As
can be seen from Figure 12, when the decomposition range of
hydrate gradually expands, the displacement of the soil also
increases continuously. When the decomposition radius
reaches 24.5 cm, the soil collapses and the calculation process
is aborted. Both the modulus and cohesive force are small,
causing shear failure to occur in the overlying soil, which
creates a nonconvergence condition in the numerical
simulation. When the height of the goaf is 3.5 or 12.5 m, the
soil above the goaf does not undergo significant vertical

Figure 9. Vertical displacement of hydrate under the goaf condition.

Figure 10. Horizontal displacement of hydrate under the goaf
condition.

Figure 11. Cloud map of vertical subsidence: (a) side view and (b)
top view.

Figure 12. Overburden settlement under the goaf condition in the
hydrate decomposition zone.
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displacement. Further, when the goaf size reaches 18.5 × 26 m,
the vertical strain reaches 6%. However, when the size exceeds
18.5 × 26 m, soil deformation increases sharply, and the
sediment layer quickly deforms and is destroyed. This value
can be taken as the critical point of deformation and failure of
the wellhead soil layer under the goaf condition. Therefore, in
practice, the decomposition range should be controlled within
this critical value (Figure 13). Vertical displacement mainly
occurs in the upper part of the goaf (Figure 13a), whereas
horizontal displacement tends to be restricted around the goaf
(Figure 13b). This simulation is mainly used to investigate that
during the exploitation process, the decomposition range of
hydrates will gradually become larger, which may eventually
cause the overlying soil to collapse and interrupt the
exploitation process. When the thickness of the overburden
soil, the inclination of the hydrate reservoir, the hydrate
exploitation time, or the mechanical properties of the
overburden soil change, resimulation is necessary for the
evaluation.
It will vary with geological characteristics. For different

geological conditions, it is necessary to perform numerical
simulation again to find the critical point.
4.4. Comparison of Goaf and Softening in the

Decomposition Zone. The variation in the vertical displace-
ment with changes in the inclination angle of the seabed
sediment layer at a decomposition radius of 3.5 m and a height
of 10 m is presented in Figure 14. At an inclination angle of 3°,
the vertical displacement is small. The vertical displacement
increases significantly at an inclination angle of 9° under the

action of gravity. Moreover, at an inclination angle of 15°,
large-area plastic failure in the soil causes the calculation to
terminate, resulting in a smaller calculated vertical displace-
ment than that at an inclination angle of 9°. The calculation
result is not accurate; thus, the vertical displacement at an
inclination angle of 15° is not plotted in this figure. However,
generally, the magnitude of vertical displacement is small. At
an inclination angle of 3°, the vertical displacement is 0.7 cm.
When the soil layer in the hydrate decomposition zone softens,
the increase in the slope does not significantly affect the
vertical displacement of the soil.
As shown in Figure 15, when the sediment in the

decomposition zone is softened, the soil on both sides of the

exploitation shaft moves to the middle. The horizontal
displacement on both sides of the exploitation shaft for the
inclination angle of 9° is larger than that for an inclination
angle of 3°. The reason for this phenomenon is that the force
that pushes the soil to the middle is larger for the inclination
angle of 9°. However, the compressional deformations are
small in magnitude for the two inclination angles, and the
maximum horizontal displacement is less than 1.3 cm.
With the increase in the decomposition range, the

deformation of the soil layer increases continuously. The
vertical settlement reaches 3.5 cm when the radius of the
decomposition zone is 24 m (Figure 16a). The horizontal
displacement is mainly represented by the extrusion wellbore.
When the radius of the decomposition zone is 24 m, the
maximum horizontal displacement reaches 4.5 cm, with the

Figure 13. Displacement of goaf in the hydrate decomposition zone: (a) vertical and (b) horizontal.

Figure 14. Settlement of the hydrate decomposition zone under
sediment layer softening.

Figure 15. Horizontal displacement of the hydrate decomposition
zone under sediment layer softening.
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damaged state temporarily distant (Figure 16b). However,
according to Figures 13 and 16, in the trial exploitation
process, the decomposition range gradually increases with the
trial exploitation duration, increasing the possibility of soil
destruction.
With the increasing demand for energy, the technology of

exploiting and using hydrates is urgently needed to survive the
crisis of energy depletion. This paper analyzes the local
geological disasters caused by the decomposition of hydrates
and the inclination of the soil and the decomposition range.
These results can be used to evaluate the safety of hydrate
exploitation and avoid collapse accidents during exploitation.
In the process of hydrate decomposition, there are a complete
decomposition zone and incomplete decomposition zone.
However, the area of incomplete decomposition is very small
and has little influence on the stability analysis of the soil.
Therefore, the future safety assessment of the on-site
exploitation situation can only consider the complete
decomposition of hydrate.
4.5. Effect of Connection States between Soil and

Shaft. The horizontal displacement and maximum stress of
the wellbore in the formation increase with the increase in the
hydrate decomposition range. As the hydrate decomposition
range expands with an overlying layer, the wellbore gradually
develops from elastic deformation to overall dumping.46

However, in this work, considering the stability of the soil
during the exploitation process in the hydrate area, the
decomposition range will not reach the level of causing serious
bending of the steel pipe. Therefore, this section only considers
the influence of the connection between the shaft and the soil
on the settlement of the soil.

When the inclination angle of the submarine soil layer is 3°,
the decomposition zone is 3.5 m in radius and 10 m in height;
the local settlement of the overlying soil for two connection
states is shown in Figure 17. Regardless of whether the hydrate
decomposition zone is in the limit state of excavation or the
state of soil softening, the deformation of the soil when the soil
is in contact with the shaft (allowing vertical relative sliding) is
greater than that when the soil is bonded to the shaft. It can be
seen that when the soil and the wellbore are in a bonded state,
the interaction between the soil and the wellbore affects the
settlement of the wellbore and the surrounding soil, making a
slightly larger settlement of the wellbore and a smaller
settlement of the surrounding soil.
When the inclination angle of the submarine soil layer is 3°,

the decomposition zone is 3.5 m in radius and 10 m in height;
the local settlement on the top surface of goaf for two
connection states is shown in Figure 18. When there is a
contact surface between the shaft and the soil, the settlement
of the soil is relatively larger, while the settlement of the shaft is
relatively smaller. This is due to the fact that when there is a
contact surface between the shaft and the soil, there is slippage
between the shaft and the soil. Therefore, the mutual influence
between the shaft and the soil is small. When the soil is bonded
to the shaft, the settlement of the shaft becomes larger due to
the interaction, and the settlement of the surrounding soil is
relatively small.
When the inclination angle of the submarine soil layer is 3°,

the decomposition zone is 3.5 m in radius and 10 m in height;
the local settlement of the soil in the decomposition zone
without passing through the shaft for two connection states is
shown in Figure 19. In the two cases, the trend of soil
settlement is the same. When there is a contact surface

Figure 16. Displacement of the decomposition zone under soil softening in the hydrate decomposition zone: (a) vertical and (b) horizontal.

Figure 17. Comparison of the local settlement of the overlying soil: (a) exploiting and (b) softening.
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between the shaft and the soil, the settlement of the soil is
relatively larger. In the limit of the exploited out soil in the
decomposition area, the maximum displacement of the soil
settlement occurs at the edge of the exploited out area.
As discussed above, the connection between the shaft and

the soil has an impact on the settlement of the soil. When the
wellbore and the soil are bonded to each other, due to the
interaction, the settlement of the wellbore is slightly larger, and
the settlement of the soil around the wellbore is slightly
smaller. When the soil and the shaft are connected by a contact
surface, the interaction force is reduced, and there is slippage
between the soil and the shaft. Therefore, the settlement of the
soil around the shaft is larger, and the settlement of the pile is
reduced.

5. CONCLUSIONS
The decomposition range of hydrates in a certain time under
reduced pressure conditions includes incomplete and complete
decomposition regions. However, during the exploitation
process, the area where the hydrate is not completely
decomposed is small, which basically does not affect the safety
assessment of the settlement of the soil around the wellhead
due to the decomposition of the hydrate. Therefore, the safety
assessment of the exploitation area mainly focuses on the
complete decomposition of the hydrate area.
When the dip angle of the seabed sediment layer is constant,

the decomposition area and soil deformation increase

continuously. When the decomposition range is below a
certain critical value, the deformation is limited and no collapse
occurs. However, once this critical value is exceeded, the
sediment around the decomposition zone is shear-damaged.
Therefore, the exploitation process must pay attention to
below the critical value.
Under offshore field conditions, within 1 week of

decompression and exploitation, the hydrate decomposition
radius is approximately 3 m. With increases in the inclination
of the seabed soil layer, the soil deformation in the
decomposition zone gradually increases under the effect of
gravity. For example, as the inclination angle increases from 3°
to 9°, the sediment deformation increases by 12 times;
however, the overall settlement is low. The settlement at an
inclination angle of 9° is only 6.7 cm, which would not cause
sediment collapse.
Via the analysis of three sensitive parameters, including the

soil dip angle, the decomposition range, and the connection
states between the soil and the shaft, it can be seen that the soil
dip angle has little effect on the settlement of hydrate soil and
will not cause a large area of soil collapse during the
exploitation process. In the process of hydrate exploitation,
with a gradual decomposition of hydrate caused by pressure
reduction, the decomposition area of the hydrate sediment
layer gradually increases, the soil-bearing capacity gradually
increases, and the soil-bearing capacity gradually decreases.
This will lead to a local collapse of the exploitation site due to
the shear deformation after a certain period of exploitation.
When the mechanical properties of the soil and the

geological structure are different, the critical values of the
soil collapse caused by the expansion of the hydrate
decomposition area are different. To ensure the accuracy of
the safety assessment of the hydrate exploitation, the numerical
simulation needs to be repeated for different exploitation
points. In the actual exploitation process, the critical value
must be estimated in advance according to the mechanical
properties of the on-site soil to ensure safety.
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Figure 18. Comparison of the local settlement on the top surface of
goaf.

Figure 19. Comparison of the local settlement on the top surface of
goaf that does not pass through the shaft.
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