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Abstract. Natural gas hydrates are abundant, high-energy-density clean
resources that have garnered significant attention from researchers. To
elucidate the physical and mechanical properties of hydrate-bearing res-
ervoirs during extraction, a coupling model for the reservoir under de-
pressurization was established. Results indicate that the central part of
the hydrate reservoir is the optimal depressurization location. After hy-
drate dissociation, the maximum plastic strain in the reservoir is approx-
imately twice that of the undissociated state. These studies provide a the-
oretical foundation for gas hydrate extraction and offer valuable refer-
ences for stability analysis in civil and hydraulic engineering.
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1 Introduction

During extraction, hydrates decompose into methane gas and water, altering the reser-
voir’s stress state, strength, and deformation characteristics. Underground structures
and hydraulic facilities may be adversely affected by the destructive impacts of reser-
voir deformation.

Laboratory-prepared samples and experiments have become primary research meth-
ods. Li et al. [1] conducted triaxial shear tests on hydrate-bearing sediments under var-
ious confining pressures and hydrate saturations. Choi et al. [2] and Song et al. [3] used
depressurization and thermal stimulation methods to perform triaxial shear tests. These
studies show that effective stress, porosity, hydrate saturation, pore pressure, and tem-
perature significantly influence the mechanical properties of hydrate-bearing sedi-
ments, impacting extraction outcomes. Additionally, numerical simulations of the de-
composition process are vital for understanding property changes. Li et al. [4] devel-
oped a flow-solid coupling model for hydrate extraction, analyzing deformation and
subsidence under different conditions, and conducted wellbore stability analyses.
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Kimoto et al. [5] found that surface deformation was due to water and methane gas
production and reduced reservoir strength, with thermal stimulation causing less sur-
face subsidence compared to depressurization.

However, there is limited research on the depressurization extraction of hydrates at
different locations within the reservoir. Conducting related studies is crucial for clari-
fying the deformation and subsidence patterns of the reservoir, as well as for assessing
the stability and economic viability of hydrate reservoirs.

2 Flow-Solid Coupling Model

2.1  Principle of Hydrate Decomposition

Altering the stable high-pressure, low-temperature environment of the hydrate can lead
to its decomposition [4].
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2.2 Seepage Field Model

Assuming the hydrate-bearing reservoir permeability is isotropic, the continuity equa-
tion can be obtained by using Darcy’s law:
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2.3  Deformation Field Model

Based on Terzaghi's principle, the equilibrium equation under effective stress can be
expressed as:
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The relationship between displacement and strain in a hydrate reservoir can be ex-
pressed as:
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The incremental form between stress and strain can be expressed as:

do,; = D,,ds, (5)
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2.4  Evolution Equation of Physical and Mechanical Properties

The evolution models of related parameters are all functions of hydrate saturation and
hydrate-bearing reservoir volume strain.
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The permeability evolution model of hydrate-bearing reservoir is expressed as:

ABu) g, &y ™)

k =k
R Y ¢,

The evolution equation of the reservoir elastic modulus considering hydrate decom-
position is [7]:
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The evolution model of hydrate-bearing reservoir cohesion is expressed:
C=C,[1-1.2¢,(S,0 —S;)] )

3 Coupled Fluid-Solid Simulation Methods

3.1 Model Assumptions

The following assumptions were premised [8-9]: The hydrate-bearing reservoir adheres
to Hooke's law and the Mohr-Coulomb criterion; the gas produced from hydrate de-
composition is fully collected; secondary formation of hydrates is neglected.

3.2  Numerical Calculation Principles and Procedures
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Fig. 1. Flow for analysis in gas hydrate reservoirs during production
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Establish a finite element numerical analysis model for hydrate-bearing reservoirs. Im-
plement numerical simulations of hydrate extraction using the ABAQUS standard pro-
cedure along with a custom-developed subroutine (Figure 1).

3.3  Numerical Simulation Model

The geological conditions of the gas hydrate reservoir are detailed in Table 1 [6].

Table 1. Basic parameters of natural gas hydrate

Parameters Value Parameters Value

Pore pressure 15.55MPa  Reservoir porosity  40%

Sediments density 2600kg/m® Hydrate saturation  48%,

Elastic modulus 371MPa Poison’s ratio 0.15
Cohesion 1.22MPa Friction angle 30°

The pressure reduction locations in the vertical gas hydrate reservoir, as well as the
initial and boundary conditions of the gas hydrate reservoir, are illustrated in Figure 2.

Well Pressure boundary
v v v v v v v v

N
Upper part(8m) ~ Initial pore pressure

N Initial effective stress
Middle part(6m) Hydrate bearing reservoir Initial void ratio

1 Initial hydrate saturation

- Initial permeability
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Fig. 2. Vertical physical model of gas hydrate reservoirs

The physical model of the gas hydrate reservoir near the well in the horizontal di-
rection, along with the initial and boundary conditions, is shown in Figure 3.
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Fig. 3. Horizontal physical model of gas hydrate reservoirs
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3.4 Impact of Pressure Reduction Location on Gas Hydrate
Dissociation

Gas hydrates are depressurized and extracted from the upper, middle, and lower sec-
tions of the reservoir, as well as from the entire reservoir. The dissociation of the hy-
drates is illustrated in Figure 4.
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Fig. 4. Hydrate decomposition at different depressurization locations

Comparing the hydrate dissociation under four different pressure reduction loca-
tions, the degree of dissociation decreases in the following order: overall reservoir de-
pressurization, middle reservoir depressurization, lower reservoir depressurization, and
upper reservoir depressurization.

3.5 Physical and Mechanical Properties of Gas Hydrate Reservoirs

The maximum equivalent plastic strain in the near-well reservoir before gas hydrate
dissociation was 2.791%. After dissociation, the maximum equivalent plastic strain in
the reservoir is twice that observed under undissociated conditions (Figure 5).
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Fig. 5. Equivalent plastic strain distribution of reservoir
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After gas hydrate dissociation, the depressurization effect on the reservoir becomes
more pronounced, with a larger rage of low-pressure transmission (Figure 6).
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Fig. 6. Pore pressure in natural gas hydrate reservoirs

Before the dissociation of gas hydrates, there is a significant variation in the reservoir
(Figure 7). The reservoir's elastic modulus decreases from 565 MPa to 289 MPa, and
the cohesion decreases from 1.1 MPa to 0.9 MPa.
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Fig. 7. Mechanical properties of gas hydrate reservoirs

4 Conclusions

The mechanical response during extraction serves as a crucial reference for studying
reservoir stability and formulating extraction plans. This study assumes isotropic per-
meability and neglects secondary hydrate formation; future research should incorporate
more complex models to accurately reflect real-world conditions. The main conclusions
are as follows:

(1) The location of depressurization in the hydrate-bearing reservoir alters the pres-
sure transfer within the pore space, affecting the extent of hydrate decomposition. Mid-
dle part depressurization of the hydrate reservoir is most favorable for hydrate decom-
position.

(2) Under the same extraction pressure and formation conditions, the plastic strain
near the well in the reservoir after hydrate decomposition is approximately twice that
of the undecomposed reservoir. The elastic modulus and cohesion of the reservoir de-
crease following decomposition.
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