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Numerical Simulation of the Subsurface
Ground Deformations due to
Methane Hydrate Dissociation

Fusao Oka", Sayuri Kimoto?, Tomohiko Fushita?, Masaya Fujiwaki?

1. Introduction

Methane hydrates are presently viewed as a
potential energy resource for the 21st century because
a large amount of methane gas is trapped in hydrate
reservoirs (Research Consortium for Methane
Hydrate Resources in Japan, Website 2006). There
are several problems to be solved during the
production of natural gas from methane hydrate.
These mainly relate to the 1) exploration of high
quality deposits containing methane hydrate, 2)
investigation of methods for producing of gas, and 3)
study of effects of gas production on the environment.
The third one includes the ground deformation due to
the extraction of methane hydrate and the leakage of
gas. When we produce gas from the marine
sediments, extensive subsurface deformations may
lead to a sea bed slide, while the leakage of gas affects
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the marine water environment and subsequently
contributes to global warming. In the case of Nankai
Trough around Japan, it is found that methane hydrate
is buried under the sea bottom at a water depth of
about 1000m. Several production schemes have been
proposed to extract the gas from hydrates, namely,
heating, depressurization, and inhibitor injection
methods. Since there are many uncertainties in the
production process, especially related to the
subsurface deformations caused by dissociation,
numerical studies are useful to predict thermo-hydro-
mechanical behavior as well as to evaluate the
production methods. In order to accurately predict the
behavior of a seabed subsurface, due to the
dissociation of natural gas hydrates, it is necessary to
develop a powerful numerical simulator which is
capable of considering ground deformation, water
and gas flow, phase change from solid to fluids, and
heat transfer.

Another aspect of MH is also related to the global
warming problem. The National Academy of
Sciences (2004) has been reported that MH naturally
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dissolves into gas and water without any artificial
actions and it accelerates global warming process.
This indicates the importance of the scientific study of
dissociation process.

In the dissociation process, the generated gas
pressure cannot be disregarded, and hence, the soil
behavior in an unsaturated state becomes important in
predicting the ground deformation. When modeling
the mechanical behavior of an unsaturated soil, it is
necessary to choose appropriate stress variables since
they control its mechanical behavior. In the present
study, the average skeleton stress, which is
determined from the difference between the total
stress and the average pore fluid pressure, is used for
the stress variable in the constitutive model.
Furthermore, the effect of suction is expressed in the
constitutive equation. In addition, the strength of the
soil strongly depends on the saturation of the hydrates
in the void, since hydrates work as bonds between

soil particles.

2. Simulation method

2.1 Risk map and —Chart

Geomaterials in general fall into the category of
multiphase materials. They are basically composed of
soil particles, water, and air. The behavior of
multiphase materials can be described within the
framework of a macroscopic continuum mechanical

approach through the use of the theory of porous

media (Boer 1998). The theory is considered to be a
generalization of Biot's two-phase mixture theory for
saturated soil (Biot 1956). Proceeding from the general
geometrically non-linear formulation, the governing
balance relations for multiphase materials can be
obtained (e.g., Boer 1998; Ehlers 2003). Mass
conservation laws for the gas phase as well as for the
liquid phase are considered in those analyses. In the
field of geotechnics, air pressure is assumed to be zero
in many research works (e.g., Sheng et al. 2003), since
geomaterials usually exist in an unsaturated state near
the surface of the ground. Considering hydrate
dissociation, however, we have to deal with the high
level of gas pressure that exists deep in the ground, this
means that the mass balance for both phases must be
considered. Oka et al. (2006) proposed an air-water-
soil coupled finite element model in which the skeleton
stress is used as a stress variable, the suction effect is
introduced in the constitutive equation for soil, and the
simulated compression behavior for unsaturated soils
is under impermeable conditions for both water and
gas flow. Furthermore, the conservation of energy is
required when there is a considerable change in
temperature during the deformation process.
Vardoulakis (2002) showed that the temperature of
saturated clay rises with plastic deformation. Oka et al.
(2004, 2005) numerically simulated the thermal
consolidation process. Since hydrate dissociation is an
endothermic reaction, heat transfer plays an important

role in both gas production and ground deformation.
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2.2 Volume fraction

The material to be modelled is composed of four
phases, namely, solid (S), water (W), and gas (G),
which are continuously distributed throughout space,
and hydrates (H). For simplicity, we assume that
hydrates (H) move with the solid phase before
dissociation. Total volume V is obtained from the
sum of the partial volumes of the constituents,

namely,
2V'=V (@=5,W,G,H) )

Volume fraction n” is defined as the local ratio of

the volume element with respect to the total volume,

namely,
V{l
o — 2
T @
2n=1(@=S,W,G,H) &)

2.3 Skeleton stress

In the theory of porous media, the concept of the
effective stress tensor is related to the deformation of
the soil skeleton and plays an important role. The
effective stress needs to be redefined if the fluid is
made of compressible materials. In the present study,
skeleton stress tensor o is defined and then used for
the stress variable in the constitutive relation for the
soil skeleton. Total stress tensor oj is obtained from
the sum of the partial stress values, of. The skeleton

stress o which is used as the stress variable in the

constitutive relation for the soil skeleton is given by
oi’j = Oij—PFﬁij (4)

where PF is the average pressure of the fluids
surrounding the solid skeleton (Schrefler 1996) given
by

PF=sP+(1-s) P° ®
2.4 Conservation of mass

The conservation of mass for the solid, water and
gas phases, 5= S, W, G) , is given in the following

equation:
';E(Pﬁnﬁ) =G ; 10 ©)

in which p is the material density, qy; is the flux
vector of the fluid, and m is the mass rate of change
per unit volume generated by dissociation. The flow
of water and gas are assumed to be controlled by a
Darcy type of law.

Assuming that spatial gradients of volume fraction
and density are negligible and the soil particle is
incompressible, 0=0. The mass conservation law for
the solid phase, in Eq. (6) becomes

nH1 'n)‘sli, =0 @]

For the methane hydrate phase, the hydrate
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decomposes to form methane gas and water due to an
increase in temperature and a decrease in pressure.
Therefore, the mass of the hydrate decreases due to its
dissociation following the chemical reaction equation,
Eq. (6) in Section 2.4. Since rehydration of the
methane gas is not considered in the present paper,

the dissociation process is not reversible.

2.5 Conservation of momentum

The sum of the momentum balance equation for
each phase leads to

o+ 0°Fi=0,0" = Un' 0* (@=S, W,G)  (8)

The rate type of conservation for the momentum is

given by
85,=0 O

in which changes in the material density are ignored.

In the above, ‘S‘ij is the total nominal stress rate tensor.
2.6 Conservation of energy
The following energy conservation equation is

applied in order to consider the heat conductivity and

the heat sink rate associated with hydrate dissociation:

(0e)* 0=D%0;-h,;+Q, (po)*= Ln'p C
(@=S,W,G,H) (10)

Production
| research under
the sea

Figure 1. Production of natural gas from methane hydrate under the sea
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where C° is the specific heat, §(K) is the
temperature for all the phases, DY’ is the viscoplastic
stretching tensor, h; is heat flux vector, and Q“ is the
dissociation heat rate per unit volume due to hydrate

dissociation.

2.7 Soil-water characteristic curve

The relation between suction and saturation is
given in the following equation proposed by van
Genuchten (1980):

S = {1 HaPoy}™ (11)

in which @, m, and n are material parameters, and the
relation m = 1-1/n is assumed. PS(=P°-P¥) is the

suction and S, is the effective saturation.

3. Dissociation of hydrates

If the conditions for pore pressure and temperature
shift to the unstable region given in the following
equation, as schematically shown in Figure 2, gas
hydrates dissociate into water and gas with the
reaction expressed in Equation (13). The average
pressure of the fluids, P¥, is regarded as pore pressure
P in the analysis.

P < cexp [a- %] (Unstable region) 12)

o

gas & water

Pressure (MPa)
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00 25 2 s 20 28
Temperature (K)

Figure 2. Equilibrium curve for methane hydrates

CH, - nH,O(hydrate) — nH,O(water) + CH,(gas)
(13)

where a, b, and ¢ are material parameters. n is a
hydrate number and is assumed to be equal to 5.75.
Dissociation ratio N“(kmol/s) is given by the
following Kim-Bishnoi equation (Kim et al. 1987):

NF=-0.585X 10° X exp™ 5~ (P-P)N*35N*5  (14)

in which N¥(kmol) is the moles of hydrates in volume
V(m’), N¥(kmol) is the moles of hydrates at the initial
state, P(kPa) is the average pore pressure, and P* is
an equilibrium pressure at temperature 6(K). When
dissociation occurs, the dissociation ratio is negative,
i.e. N#(0. Mass increasing ratios (t/sec/m’) for
hydrates, water, and the gas phase, required in the
mass conservation law, are obtained from the above

equations.
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4. Constitutive model for soil

Natural hydrates exist between soil particles and
are considered to have a bonding effect which
increases the solid phase strength. From this point of
view, we introduced the effect of hydrate saturation in
an elasto-viscoplastic model (Kimoto et al. 2004) by
means of the shrinkage or the expansion of the OC
boundary surface and the static yield surface.

An elasto-viscoplastic model of the overstress type
viscoplasticity with soil structure degradation for
saturated soils has been extended to unsaturated soils
using the skeleton stress and the newly introduced
suction effect within the constitutive model (Oka et al.
2006). Furthermore, the temperature dependency of
the viscoplastic property of soils is introduced in the
model based on the work (by Yashima et al. 1998).

5. Simulation results

Weak forms of Equations, that is, Conservation of
mass for water and gas, conservation of momentum,
and Conservation of energy are discretized in space
and solved by the finite element method. For finite
element method, an updated Lagrangian method with
the objective Jaumann rate of Cauchy stress is used.
The unknown variables are nodal velocity, pore water
pressure, pore gas pressure, and temperature. In the
finite element formulation, an eight-node quadrilateral
element with a reduced Gaussian integration is used

for the displacement, and four corner nodes are used

Table 1. Initial conditions

Porosity 1o 0.47
Water saturation Svo 1.0
MH saturation in the void Seo" 0.643
Temperature X 282 (K}
Vertical effective stress 7w 1150 (kPa)
Earth pressure at rest Ko 1.0
Pore water pressure ", 11000 (kPa)

Table 2. Material parameters of the soil

Initial void ratio e 0.887
Initial mean effective stress T 'me 1150 (kPa)
Initial shear elastic moduls Go 53800 (kPa)
Viscoplastic parameter Cy 3.5% 10°(1/s)
Viscopalstic parameter m' px]
Stress ratio at failure My 1.09
Compression yield stress T i 1150 (kPa)
Compression index A 0.169
Swelling idex IS 0.017
Structural parameter T 'mof 1150 (kPa)
Structural parameter Jed 0
Parameter for MH effect SH”. 0.65
Parameter for MH effect Am 0.4
Parameter for MH effect n4 1.5
Parameter for suction effect Pci 100 (kPa)
Parameter for suction effect S 0.2
Parameter for suction effect 54 0.25
Thermo-viscoplastic parameter a 0.15
Permeability for water F 1.0x10° (m/s)
Penneability for gas i€ 1.0x10° (m/s)
10 em
>
Node 5 1197 7 ¥ ‘
i ————— Tlement §
Node 4 1
| &———— Element 4
Node 3 i ]
i ———— FElement 3
Node 2 e !
; #—— Element 2
Node 1 } §
i Element 1

Heating, depressurizing,
.and drainage boundary

Figure 3. Number of elements and nodes
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Table 3. Material parameters of the soil-water

characteristic curve
Maximun saturation S max 1
Minimun saturation S min 0
van Genuchten parameter a 0.005 (1/kPa)
van Genuchten parameter n 10

for the pore pressures and the temperature. The
backward finite difference method is used for the time
discretization. We have simulated the dissociation
process by heating and depressurizing a seabed
subsurface. The finite element meshes are shown in
Figure 3. The seabed ground is modeled at a water
depth of 1100 m and at ground depth of 200 m from
the bottom of the sea. All the elements are initially in
a stable state, that is, they have a pressure level of 11
MPa and a temperature of 282 K. The initial
conditions are summarized in Table 1. The initial
porosity is set to be 0.47 and the initial saturation of
the methane hydrate (MH) in the void is set to be
0.643, that is, the initial volume fraction of MH is
about 0.3. The ground is assumed to be saturated at
the initial state. The bottom edge is heated to 303 K or
depressurized to 7 MPa in order to promote
dissociation, and water and gas flow out from the
bottom edge. The material parameters of the soil are
listed in Table 2. These are basically determined from
the results of triaxial tests conducted on samples
obtained from the field research conducted along the
Nankai Trough (Japan National Oil Corporation,
2000). The maximum water permeability is assumed
to be 1.0x10° m/s and the maximum gas permeability
is assumed to be 1.0 X10® m/s. Notice that the gas

permeability is equal to zero before dissociation,

whereas it takes a constant value and gas can flow out
through the saturated soils after dissociation. The
material parameters that describe the soil-water
characteristic curve are listed in Table 3.

5.1 Heating method

In simulations of the heating method, the bottom of
the specimen is heated from 282 K to 303 K in 20000
sec (=5.6 hours). The results are shown in Figures 4
(a)«(). Figure 4 (a) shows the changes in the number
of moles of the hydrates for each element.
Dissociation progresses from the bottom to the top
elements, and it takes longer for the top element to
dissociate than the bottom element, that is, about 2
hours for Element 1 and about 70 hours for Element
5. Figure 4 (b) shows the changes in temperature. The
temperature in the elements increases due to the heat
supply from the bottom. It is then seen that Element 1
begins to dissociate at about 2 hours when the
temperature reaches 286 K, namely, a value on the
dissociation equilibrium curve. The temperature
remains constant in Element 1 during the dissociation,
which means that all of the heat is consumed towards
dissociation. On the other hand, the temperature in the
other elements decreases during the dissociation of
Element 1 due to the heat sink arising from the
dissociation process. After the dissociation,
temperature increases again in all the elements. Next,
methane hydrates of Element 2 start to dissociate at
about 10 hours when the temperature in Element 2
reaches 286 K as shown in Figure 4 (b). The value of
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temperature remains almost constant in all of the
other elements during the dissociation of Element 2.
Similar behaviors can be seen during the subsequent
dissociation of hydrates of Elements 3, 4, and 5.

Figures 4 (¢) and (d) show the generated water
pressure and gas pressure at the nodes. The water
pressure suddenly decreases and the gas pressure
increases when the MH of Element 1 begins to
dissociate. Since the volume rate of the generated
water from the hydrates is about 0.8, the water
pressure decreases and the water flows into the
specimen from the bottom boundary. In contrast, the
volume rate of the generated gas from the hydrates is
about 1.5 under a pore pressure of 11 MPa, and gas
pressure is generated at each node during the
dissociation. The maximum suction is less than 200
kPa, and the value of saturation remains mostly at 1.0
during the simulation. This behavior strongly depends
on the soil-water characteristic curve. As such, the
average pore pressure decreases, which results in an
increase in the mean skeleton stress. The vertical
displacements are shown in Figure 4 (f). The
displacement at the top, after the dissociation of all
the elements, is about 0.56 mm, that is, 0.11 % of the
average vertical strain. The elastic strain almost
completely recovers, whereas the viscoplastic strain
does not. This is due to structural degradation with
hydrate dissociation and thermal softening.

5.2 Depressurization method

In the depressurization method, the pore pressure at
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the bottom is depressurized from 11 MPa to 4 MPa in
18000 sec (=5 hours). The results are shown in
Figures 5 (a)-(f). In this case, only the MH in
Elements 1 and 2 dissociate, while the one in the
others do not (Figure 5 (a)). This is because the pore
water pressure would never be small enough to be in
the unstable regions of Elements 3, 4, and 5 due to the
boundary conditions indicated in Figure 5 (c). The
temperature remains constant during dissociation, as
shown in Figure 5 (b). Figure 5 (d) shows the changes
in pore gas pressure and it is seen that the pressure
increases to values larger than 6000 kPa when the
MH in Element 1 dissociates. After the dissociation,
about 47 mm of the vertical displacement, that is, 9.4
% of the average vertical strain, remains (Figure 5
(f)). The skeleton stress increases due to
depressurization itself, which results in large
deformations with respect to viscoplastic and elastic
strains, as shown in Figures 5 (f).

We can thus conclude from the simulations that
considerable deformations may occur in the
dissociation process due to changes in pore pressure,
especially in the case of the depressurization method,
and that structural changes in the solid phase promote

large deformations.

6. Conclusion

‘We have developed a chemo-thermo mechanically
coupled simulation method to predict ground stability
during hydrate dissociation, and have simulated the
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behavior of soil during the dissociation process in a
seabed subsurface by the heating and depressurizing
methods. From the simulation results, the ground
deformation due to the production of pore fluids,
changes in the skeleton stresses, and structural
changes in the soil structure arising from the loss of
hydrate bonding and thermal softening, can all be
predicted. Larger ground settlements are predicted in
the depressurization method than the ones in the
heating method. In future studies, the saturation
dependencies of permeability and temperature have to
be introduced in the simulation. In addition, two
dimensional anatyses have to be carried out. Finally,
the numerical simulations need to be verified against
experimental results, for instance from the

consolidation tests associated with the dissociation.
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