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Instability analysis and numerical simulation of the dissociation process
of methane hydrate bearing soil
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ABSTRACT: Methane hydrates have been viewed as a new potential energy source, since a large amount
of methane gas is trapped inside the hydrates. It is, however, well known that dissociation process of methane
hydrate may lead to unstable behavior such as large deformation, uncontrollable gas production etc. A linear
instability analysis was performed in order to investigate which variables have a significant effect on the onset
of the instability of methane hydrate bearing soils with a simplified viscoplastic constitutive equation sub-
jected to dissociation. Then, we conducted a numerical analysis of gas hydrate bearing soil with dissociation
in order to investigate the effect of the rate of hydrate dissociation on the system. From the numerical results,
the larger pore gas pressure and pore water pressure are produced and they diverge when the methane hydrate
dissociation rate is relatively higher.

1 INTRODUCTION

Recently, methane hydrates have been viewed as a
potential energy resource since a large amount of
methane gas is trapped inside the hydrates. A unit
volume of methane hydrate dissociates into approx-
imately 160–170 times of volume of methane gas. We
do not have, however, enough knowledge about behav-
iors of methane hydrates bearing sediments induced
by dissociation. Some researchers have pointed out
that gas hydrates may be a trigger of submarine geo-
hazard (e.g., Sultan et al. 2004a, b). Wu et al. (2008)
showed the possibility that the dissociation of methane
hydrates causes significant increase in the pore pres-
sure and thus significant decrease in the effective
stress under undrained conditions through the labo-
ratory tests. In addition, many experimental studies
indicate that the loss of bonding effects of hydrates
between soil particles in sediments may lead to the
decrease in the stiffness and the strength (e.g., Hyodo
et al. 2014, Waite et al. 2009). Recently, several numer-
ical models that can simulate the flow and deformation
behavior during hydrate dissociation have been devel-
oped by many researchers and institutions. Kimoto
et al. (2010) have developed a numerical simulator
for deformation of soil containing methane hydrates
in order to predict ground stability during hydrate
dissociation, in which an elasto-viscoplastic model
considering the effect of suction and the hydrate
saturation is used for soil sediments. From the numer-
ical results, they reported that ground deformation is
induced by generation and dissipation of the water
pressure and the gas pressure, and it localizes around
the hydrate dissociation area.

Many experimental and numerical studies have
been conducted on the deformation behavior associ-
ated with methane hydrate dissociation. Nevertheless,
few theoretical studies to investigate the onset of insta-
bility subjected to hydrate dissociation such as linear
stability analysis have been performed. The instabil-
ity analysis for a water saturated soil has been widely
studied by many researchers. Rice (1975) investi-
gated a stability of fluid saturated porous material
in quasi-static conditions. Anand et al. (1987) and
Zibib & Aifantis (1988) conducted linear perturbation
stability analysis for the onset of shear localization.
Oka et al. (1995) have been dealing with the strain
localization problem of water saturated clay through
the use of viscoplastic constitutive equations because
of the rate dependent nature of cohesive soil. Higo
et al. (2005) have studied the effect of permeabil-
ity and initial heterogeneity on the strain localization
of water saturated soil. Garcia et al. (2010) have
performed a linear stability analysis in order to inves-
tigate which variables have a significant effect on
the onset of the instability of an unsaturated vis-
coplastic material subjected to water infiltration. They
have found that the onset of growing instability of
the material system mainly depends on the spe-
cific moisture capacity, the suction and the hardening
parameter.

In the present study, we have conducted a linear
stability analysis to investigate the onset of instability
during dissociation process. Figure 1 shows an illus-
tration of the stable and unstable regions of methane
hydrate bearing sediments with and without hydrates
dissociation. We discuss which parameters or variables
have a significant effect on the instability of methane
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Figure 1. Illustrative view of the stable and unstable regions
of methane hydrate bearing sediments with and without
dissociation.

hydrates bearing materials when they are subjected to
a dissociation process.

2 INSTABILITY ANALYSIS OF METHANE
HYDRATE BEARING VISCOPLASTIC
MATERIAL

In this section, the linear stability analysis of methane
hydrate bearing soil considering dissociation is shown.
We followed basically the method by Garcia et al.
(2010), and extended the method by considering
energy balance and hydrates reaction process in order
to deal with the dissociation phenomenon. The gov-
erning equations for the chemo-thermo-mechanically
coupled behavior are based on Kimoto et al. (2010),
and a viscoplastic constitutive model for the soil
skeleton is used. The details of the one-dimensional
governing equations for the stability analysis are
shown in the following.

2.1 Stress variables

When modeling the mechanical behavior of an unsat-
urated soil, it is necessary to choose appropriate stress
variables since they control its mechanical behavior.
In this study, we use the skeleton stress for the stress
variable for the soil skeleton (Oka et al. 2008). The
total stress σ is obtained from the sum of the partial
stresses for each phase,

where superscripts S, H , W , G indicate soil, hydrate,
water and gas phase, respectively. The partial stresses
for the fluid phases can be written as

where PW , PG , nW and nG are the pore water pres-
sure, the pore gas pressure, the volume fraction of
the water phase and the volume fraction of the gas

phase, respectively. Tension is positive for the stresses.
For simplicity, we assume that soil phase and hydrate
phase are in the same phase, namely, solid phase. Thus
the partial stress of solid phase is defined as:

where σ ′ is called skeleton stress in the present study.
The terms nS and nH are volume fraction of the soil
phase and the hydrate phase, respectively, and PF is
the average fluid pressure given by

where s is the water saturation. Substituting Eqs.
(2)∼(7) into Eq. (1), the skeleton stress is obtained as

2.2 Mass conservation law

The mass conservation law for four phases is given by

where ρα is the material density for α phase, vα is
the velocity vector of each phase, and ṁα is the mass
increasing rate per unit volume due to hydrate dis-
sociation. We use three assumptions. The first is that
the densities of the soil, the water and the hydrate are
constant, that is, ρ̇S = ρ̇W = ρ̇H = 0, where superim-
posed dot denotes the material time derivative, and
the density of the gas phase follows the equation for
ideal gas. Second, the soil particles and hydrates move
together, namely,

Third one is that the spatial gradient of velocity of
solid phase is equal to the strain rate.

Considering these assumptions and Eq. (9), we obtain
the continuity equations for the water and gas phases.

where nF is the volume fraction of the fluid phase and
V W , V G are the relative velocities defined as:
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2.3 Darcy type’s law

Darcy type’s law for the flows of the water and the gas
can be described as follows:

where F is the body force such as gravitational force
per unit mass, kW and kG are the permeability coef-
ficients for the water and the gas phases, respectively,
and g is gravitational acceleration.

2.4 Equilibrium equation

The one-dimensional equilibrium equation can be
written as:

2.5 Energy conservation law

In the present study, we consider heat conductivity
and heat change rate Q̇H associated with the hydrate
dissociation. The one-dimensional equation of energy
conservation is written as:

Where cα and kα are the specific heat and the heat
conductivity of phase α, respectively, and θ is temper-
ature for all phases, and Q̇H is time rate of dissociation
heat per unit volume due to the hydrate dissociation.

2.6 Dissociation rate of methane hydrate

Methane hydrate dissociates into water and gas with
the reaction expressed in Eq. (21).

We use Kim-Bishnoi’s equation for the methane
hydrate dissociation rate ṄH (Kim et al. 1987).

where NH is the moles of hydrates in the volume V ,
NH0 is the moles of hydrates in the initial state, Pe is
an equilibrium pressure at the temperature θ, and DH
is the coefficient of hydrate dissociation rate.

2.7 Viscoplastic constitutive equation

In the numerical simulations, we use the viscoplas-
tic constitutive equations taking into account the
dependency on the hydrate saturation and the suction
(Kimoto et al. 2010), however in the stability anal-
ysis, a simplified viscoplastic constitutive model is
used for simplicity. The stress-strain relation can be
expressed as

where ε is the strain, ε̇ is the strain rate, H is the strain
hardening-softening parameter and µ is the viscoplas-
tic parameter. We assume that the strain hardening-
softening parameter H is a function of the suction PC

and the hydrate saturation SH
r for simplicity. The vis-

coplastic parameter µ is a function of the temperature
θ, namely,

2.8 Perturbed governing equation

In order to estimate the instability of the material sys-
tem, we consider the governing equations described
above in a perturbed configuration. In those equations,
the unknowns are the pore water pressure PW , the pore
gas pressure PG , the strain ε, the temperature θ, and the
moles of hydrate NH . For each unknown, we suppose
that

where the first terms in right side in Equation (27) indi-
cate the values which satisfy the governing equations
and second terms are the perturbations of each vari-
ables. For the perturbations, we assume the periodic
form as follows:

where q is the wave number, ω is the rate of the
fluctuation growth, and superscript ( )∗ indicates
the amplitude of each variable. Substituting Eq. (27)
into Eqs. (12), (13), (17), (18), (22), and considering
Eq. (28), the perturbed governing equations can be
rewritten in matrix form.
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From the non-zero conditions for the amplitudes, we
obtain a following polynomial equation.

When the growth rate of the perturbations ω has a posi-
tive real part, the fluctuations grow as time progresses,
namely the system becomes unstable. On the contrary,
if the real part of ω is negative, the material system
is stable. The necessary and sufficient conditions that
the all roots have negative real parts are given by the
Routh-Hurwitz criteria.

Considering the criteria, if at least one coefficient
of Eq. (30) has different sign from others, it is possi-
ble that the real part of ω becomes positive, and the
material system can be unstable. We discuss the sign
of the coefficient a5 and a0.

where HSH is the partial derivative of H with respect
to the hydrate saturation SH

r , namely,

and CN is the partial derivative of ṄH with respect to
the moles of hydrates NH , namely,

Note that the sign of q, s, n, nF , nH , HSH , kW , kG , kθ ,
γW , γG , ρc, CN , b, PG are always positive, whereas
the sign of BC and ṄH is always negative. The sign
of the strain ε is positive in expansion and is negative
in compression, and the strain rate ε̇ can be positive
or negative. The strain softening-hardening parameter
H is positive in viscoplastic hardening and is negative
in viscoplastic softening. Considering that the sign of
each term and Eq. (31), the sign of a5 is always posi-
tive, whereas there is a possibility that the sign of a0
becomes negative in the following two cases.

The term of kθq2 + ṄH b is negative when the mag-
nitude of hydrate dissociation rate |ṄH | is larger than
kθq2/b, where the instability conditions are given by
Eq. (35). The condition H − εHSH nH /n2 > 0 is satis-
fied in the case of viscoplastic hardening H > 0 with

the compressive strain ε < 0, or with the expansive
strain which satisfies the following inequality.

In contrast, the term of kθq2 + ṄH b is positive when
the hydrate dissociation rate |ṄH | is smaller than
kθq2/b. In this case, the instability conditions are
given in Eq. (36). The condition H − εHSH nH /n2 < 0
is satisfied in the case of the viscoplastic softening
H < 0 with the expansive strain ε > 0, or with the
compressive strain ε < 0 which satisfies the following
inequality.

3 NUMERICAL ANALYSIS BY THE MULTI
PHASE COUPLED MODEL

We conducted a numerical analysis of gas hydrate bear-
ing soil with dissociation in order to investigate the
effect of the rate of hydrate dissociation on the system.

3.1 Initial and boundary conditions

Figure 2 shows the model of seabed ground and the
finite element mesh used in the analysis with bound-
ary conditions. The seabed ground from the bottom of
the seabed to 400 m in depth is modeled under two-
dimensional plane strain conditions. The seabed is at
a depth of 1000 m. The methane hydrate-bearing layer
exists at a ground depth of 264–328 m. We assume
the depressurization method for hydrate dissociation,
and the depressurizing source exists in the center of
hydrate layer with length of 32 m.

We apply the hydrostatic pressure at the top, bot-
tom, and right boundaries. The left boundary is set to
be adiabatic boundary and impermeable for water and

Figure 2. Finite element mesh and boundary conditions.
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Figure 3. Equilibrium curve of methane hydrate, initial and
final conditions of simulation.

Figure 4. Pore pressure-time profile at the boundary.

gas except for depressurizing source for the symmet-
ric boundary conditions. The initial and final states of
pressure and temperature at the source are shown in
Figures 3 and 4. The initial pore gas pressure is the
same as the pore water pressure. The pore pressures
around the source are about 13 MPa, and they are lin-
early reduced to 3 MPa in 72 hours. The initial and
material parameters are listed in Table 1.

3.2 Simulation cases

In order to investigate the effects of the hydrate dis-
sociation rate ṄH , we have analyzed three cases with
different values of DH in Eq. (21) as listed in Table 2.

3.3 Simulation results

In Case1, the pore gas pressure increased drastically
at 12.7 hours due to the hydrate dissociation, and then
it dissipated with the depressurization progresses. On
the other hand, in the case of large dissociation rate,
the pore gas pressure diverged unstably at 14.7 hours
in Case2 and 12.7 hours in Case3 as shown in Figure 5.
Figure 6 indicates time profiles of the pore water pres-
sure in Element 111 and Element 113. The behavior
of the pore water pressure is similar to the excess pore
gas pressure. In Case2 and Case3 the pore water pres-
sure diverged both in Element 111 and Element 113.

Table 1. Material parameters for methane hydrate-bearing
sediments.

Initial void ratio e0 0.89
Initial water saturation sr0 1.0
Initial hydrate saturation SH

r0 0.51
Compression index λ 0.169
Swelling index κ 0.017
Initial shear elastic modulus G0 53800 (kPa)
Viscoplastic parameter C0 1.0 × 10−12 (1/s)
Viscoplastic parameter m′ 23.0
Stress ratio at critical state M ∗

f 1.09
Parameter for suction effect PC

i 100 (kPa)
Parameter for suction effect SI 0.2
Parameter for suction effect sd 0.25
Parameter for hydrate effect SH

ri 0.51
Parameter for hydrate effect nm 0.6
Parameter for hydrate effect nd 0.75
Thermo-viscoplastic parameter α 0.15
Permeability for water kW 1.0 × 10−5 (m/s)
Permeability for gas kG 1.0 × 10−4 (m/s)

Table 2. Simulation cases.

Case No. DH (1/MPa · s)

Case 1 5.85 × 1012

Case 2 5.85 × 1013

Case 3 5.85 × 1014

Figure 5. Time profiles of the excess pore gas pressure.

Figure 7 shows the distributions of the pore water
pressure at the time when it reached the maximum
value. The pore water pressure around the depressur-
ization source decreased with depressurizing, whereas
it increased around the area where the hydrate disso-
ciates in every case. The pore water pressure reached
14379 kPa in Case1, 14400 in Case2, and 30874 kPa
in Case3. The larger the hydrate dissociation rate is,
the pore water pressure increases due to the disso-
ciation. The rapid increase of pore gas pressure and
water pressure affects the deformation behavior such
as volumetric strain as shown in Figure 8. The com-
pressive volumetric strain concentrated around the
depressurization source for each case. The magnitude
of compressive volumetric strain increased with an
increase of the hydrate dissociation rate. These results
are consistent with the results obtained from the linear
stability analysis.
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Figure 6. Time profiles of the pore water pressure.

Figure 7. Distributions of the pore gas pressure.

Figure 8. Distributions of the volumetric strain.

4 CONCLUSION

We performed a linear stability analysis in order to
investigate the effects of the parameters on the onset
of instability of hydrate bearing sediments. From the
analysis, we found that the material system is pos-
sible to be unstable in the case with large value of
the dissociation rate. In addition to the analysis, we
conducted the numerical simulations, and the results
are consistent with the results of the linear stability
analysis.
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