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Abstract: Methane gas extraction by a deep well installed in methane hydrate bearing sediments (MHBS) found in deep subsea
and permafrost regions is a coupled thermal–hydraulic–mechanical–chemical (THMC) process. The key processes include heat
convection between layers, local deformation due to compaction, and stress relaxation caused by damage of the bonded structure.
As improper production may induce formation compaction, sand production, and wellbore failures, a numerical code is needed to
simulate the THMC processes during methane gas production so that geomechanics and production risks can be quantified. In this
study, a nonlinear THMC model was implemented in the partial differential equations (PDE) and structural mechanics module of
the COMSOL Multiphysics® finite element code. This paper describes the non-linear coupled governing equations of the mechanical behavior during hydrate dissociation. In particular, it introduces a new thermodynamics-based constitutive model to
simulate the mechanical behavior of hydrate bearing sediments. The performance of the newly developed code was examined by
comparing the computed results with test data and other simulation results. The differences between fully coupled and
semi-coupled models were analyzed. For example, heterogeneous turbidite layers observed in the Nankai Trough were modeled,
and behaviors such as heat convection between different layers, shear stress and strain concentration were examined.
Key words: Hydrate bearing sediments; Coupled thermal–hydraulic–mechanical–chemical (THMC) model; COMSOL; Gas
production
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1 Introduction
Methane hydrate, a form of clean energy also
called “combustible ice”, has drawn global interest as
‡

Corresponding author
Project supported by the Key Program of National Natural Science
Foundation of China (No. 51436003), the National Key Research
and Development Program of China (Nos. 2017YFC0307305,
2016YFC0304001, and 2017YFC0307705), and the National Natural
Science Foundation of China (Nos. 51676024 and 51509032)
ORCID: Xiang SUN, https://orcid.org/0000-0003-1060-5890
© Zhejiang University and Springer-Verlag GmbH Germany, part of
Springer Nature 2018
*

an alternative energy resource to traditional fossil
fuels (Zhao et al., 2011; Song et al., 2013; Yang et al.,
2014). Currently, trials of hydrate gas production are
conducted using gas recovery methods of depressurization, heat injection and/or chemical inhibition,
during which hydrate dissociates and generates methane gas and water (Ruppel, 2011; Zhao et al., 2013,
2014, 2015; Song et al., 2015). The mechanical behavior of methane hydrate bearing sediment (MHBS)
changes during the process of hydrate dissociation,
which may induce catastrophic failures including
layer collapse (Hannegan et al., 2004), sliding
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(McIver, 1982; Kayen and Lee, 1993; Paull et al.,
2007), and damage to infrastructure (Borowski and
Paul, 1997). Hyodo et al. (2014) studied the shear
strength and deformation behavior of MHBS during
hydrate decomposition by depressurization and
heating. Song et al. (2010) and Li et al. (2016a,
2016b) studied the effect of temperature, confining
pressure, strain rate, and mining methods on the shear
or creep properties of MHBS, which are valuable for
assessing the stability of the MHBS layer during hydrate production. However, few studies have focused
on the effect of gas production on the mechanical
behavior of the MHBS layer. It is important to build
a coupled thermal–hydraulic–mechanical–chemical
(THMC) model to investigate the influence of gas
production on the mechanical behavior of the MHBS
layer.
Many numerical coupled THMC models for
MHBS have been proposed to simulate the mechanical behavior of MHBS during methane gas production (Ahmadi et al., 2004; Moridis et al., 2004;
Kimoto et al., 2007; Kowalsky and Moridis, 2007;
Klar et al., 2010; Kakumoto et al., 2011b; Kim et al.,
2012; Uchida et al., 2016b). Uchida (2013) reported
that the impacts of the mechanical behavior of hydrate
bearing sediment include stress relaxation and soil
compaction due to hydrate dissociation, softening,
and dilatant behavior during shearing. Most models
are based on the finite differential method (FDM) or
finite volume method (FVM). Few models for MHBS
are based on the finite element method (FEM) even
though FEM is very robust for nonlinear deformation
and stress calculations. COMSOL provides a userfriendly graphical user interface (GUI) that allows
researchers to build and modify the model easily. This
function is beneficial for improving the efficiency
of modeling and for quickly testing different
hypotheses.
The coupling system of the problem examined
in this study consists of governing equations and
auxiliary equations. The governing equations include
the conservation of energy, mass, and momentum.
All these equations are derived from the local balance
conditions. As MHBS is a four-phase fourcomponent composite, conservation equations should
be built for each component. Because of the complexity of the problem, some simplifications may be
needed to ensure the efficiency of the code. For
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example, chemical kinetics is used to describe hydrate dissociation. Auxiliary relationships, such as
the van Genuchten unsaturated soil seepage model,
thermodynamics-based constitutive model, and Biot’s
effective stress principle for unsaturated soil, are used
to describe the methane hydrate gas production system in a relatively accurate way.
In this study, we used COMSOL to simulate the
behavior of MHBS during gas production. A coupled
THMC model was built upon the partial differential
equations (PDE) module and structure mechanical
module. A new feature called external material
interface in COMSOL 5.3 was used to develop a
thermodynamics-based methane hydrate constitutive
model (TMH) for MHBS. Several comparisons with
the models offered by other researchers were conducted to validate this model. Triaxial test data were
used to validate the constitutive model. The difference between a fully coupled THMC model and a
semi-coupled THMC model was discussed. Finally,
we investigated the behavior of an MHBS turbidite
layer during depressurization using the fully coupled
THMC model.

2 Fully coupled THMC formulation
2.1 Definition of saturation
Mixture theory assumes that the behavior of a
mixture is a combination of the behavior of each
component and the interaction between these components. A component fraction is introduced to distinguish them. In mixture theory, the volume ratio,
which is the ratio of component volume to mixture
volume, tends to be used as the fraction:

n 

V
,
V

  s, w, g, h,

(1)

where V is the bulk volume of each component, and α
stands for soil (s), water (w), gas (g), or hydrate (h).
Hydrate saturation is defined by sh=nh/n, where
n is the volume ratio of the void in host sediments or
porosity. The rest of the void is filled with water, gas,
and hydrate following a similar definition, i.e. water
saturation sw=nw/n, gas saturation sg=ng/n, and flow
saturation sf=sw+sg=nw/n+ng/n=nf/n. nf=1−ns−nh.
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Thus, the sum of hydrate, water, and gas saturation
equals 1:
sw  sh  sg  1,

dsw dsg dsh


 0.
dt
dt
dt

(6)

where ΔEd=−78300 J/mol is the surface activation
energy of hydrate dissociation, Kd0=1.24×105
mol/(m2·Pa·s), and R is the ideal gas constant.

(3)

2.3 Mass conservation equations

In porous media mechanics, the differential form
of mass conservation equation can be written as

2.2 Methane hydrate dissociation

As suggested by Kim et al. (1987), the first-order
kinetics were used as the governing equation for the
dissociation process of hydrate; the rate of dissociation is proportional to the product of the specific
surface area and the fugacity difference:



Rh  n sh Ahs K d f eq  f g ,

(4)

where Rh is the rate of hydrate phase change expressed in hydrate moles, Kd is the hydrate dissociation dynamics constant, Ahs is the hydrate surface area
for unit volume of hydrate, fg is the gas pressure at a
certain temperature, feq is the phase equilibrium
are
pressure dependent on this temperature, and
Macaulay brackets describing the ramp function.
The phase equilibrium curve shows the conditions of temperature and pressure for hydrate dissociation. At a certain temperature T, methane hydrate
forms when the pressure is higher than the equilibrium pressure. On the other hand, methane hydrate
dissociates when the pressure is lower than the equilibrium pressure. The phase equilibrium pressure peq
can be obtained using a Kamath regression equation
(Kamath, 1998):
e 

peq  exp  e1  2  ,
T


 E 
K d  K d0 exp  d  ,
 RT 

(2)

and the following equation can be derived:



activation energy and temperature:

d( n )
dm
  n   v   ,
dt
dt

(7)

where ρα is the density of material α, dmα/dt is the
increment of the mass of material α, and vα is the
velocity of material α. The mass conservation equations for soil, hydrate, gas, and water can be obtained
using the above equation.
For soils (s), the mass conservation equation
derived by chain rule, ignoring the influence of
pressure and temperature on the density of soil, is
given as


1 dn
   vs  0.
1  n dt

(8)

If the soil is considered as the skeleton, i.e. deformable but immobile, the following equation can be used:
·vs=dεv/dt,

(9)

where εv is the volumetric strain of the soil skeleton.
The mass conservation equations for methane gas (g)
and water (w) can be derived using the following
expressions:

(5)

n

where e1 and e2 are two regression coefficients. In this
research, the two coefficients were e1=39.08 and
e2=8533 based on Kim et al. (1987).
According to Kim et al. (1987), the hydrate
dissociation constant Kd is dependent on the surface

n

ds w
dn nw d w
1 dmw
 sw

 nw   v w 
, (10)
 w dt
dt
dt  w dt

dsg
dt

 sg

dn ng dg
1 dmg
,

 ng   vg 
dt g dt
 g dt

(11)

and for methane hydrate (h), the mass conservation
equation is
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n

dsh
dn nh d h
1 dmh
.
 sh

 nh   vh 
dt
dt  h dt
 h dt

(12)

As the skeleton is formed by both soil and hydrate, we
assumed that the hydrate is also dissociable and deformable, but there is no relative motion to the soil, so
vs=vh (Kimoto et al., 2007).
The water and gas continuum equations can be
converted into Eqs. (13) and (14), respectively, by
substituting Darcy velocity into them and ignoring the
influence of the spatial distribution of nw and ng on
mass balance:

n
n

ds w
d
n d w
1 dmw
 sw v  w
   qw 
,
dt
dt
 w dt
 w dt
dsg
dt

 sg

d v ng dg
1 dmg

   qg 
,
 g dt
g dt
dt

(13)
(14)

where qw=nw(vw−vs) and qg=ng(vg−vs). The chemical
reaction equation of hydrate dissociation is
CH4·6H2O→CH4+6H2O.

(15)

The dissociation rates for hydrate, water, and gas are
defined as
dmh
  M h Rh ,
dt
dmw
 6M w Rh ,
dt
dmg
 M g Rh ,
dt

dt



dmw dmh

 0.
dt
dt

(20)

where σα is the stress of phase α, Fα is the interaction
between different phases such as seepage force, and g
is the acceleration of gravity. It is difficult to solve the
equations above because they contain four NavierStokes equations which are highly nonlinear. Therefore, it is necessary to simplify them using the following assumptions: (1) The inertia and convection
terms can be ignored because the velocities of fluids
are relatively slow; (2) The Biot effective stress
principle for unsaturated soil is feasible in this particular problem; (3) The interactions between different phases are not the key factor, except between the
water and gas seepage forces; (4) The momentum
changes due to phase changes are not taken into account. Based on these assumptions, the following
force balance equations can be obtained:
  (σ   pp δ)  (ns s  nw  w  ng g  nh h ) g =0, (21)
pw 
pg 

w
K h kw

g
K h kg

qw   w g ,

(22)

qg  g g ,

(23)

(16)
(17)
(18)

where Mh, Mw, and Mg are respectively the molar
masses of hydrate, water, and gas in a relation of
dmg

dv
 n  v  v
dt
dm
   (n σ )  F   v  n  g  0,
dt

n 

(19)

2.4 Momentum conservation equations

According to mixture theory, the momentum
conservation equations for α component can be written as a Navier-Stokes form:

where δ is unit matrix; pp is the pore pressure; μw and
μg are the dynamic viscosities of water and gas; pw
and pg are the pressures of water and gas, respectively; σ′ is the effective stress governing deformation
and is related to hydrate saturation when sediments
bear hydrates; Kh is the intrinsic permeability tensor
of the hydrate formation. Based on Bishop’s assumption (Bishop, 1959) and the following experimental calibration (Schrefler, 1984; Jommi and di
Prisco, 1994; Gens, 1996; Khalili and Khabbaz,
1998), the average pore pressure can be defined as
pp 

sw pw  sg pg
sw  sg

.

(24)

With hydrate dissociation, more pore space becomes
available for fluid flow and hence the permeability for
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hydrate-bearing sediment increases following the
expression of Minagawa et al. (2008), combined with
the power type empirical formula (Taylor, 1948).
The state equations taking into consideration the
fluid density change influenced by the change of
pressure and temperature are as follows:
1 d w
1 dpw
dT

 w
,
 w dt
Bw dt
dt

(25)

1 d g
1 dpg
dT

 g
,
g dt
Bg dt
dt

(26)

2.5 Energy conservation equations

For simplification, four phase energy balance
terms are summarized in a single energy balance
equation as a system with the dependent variable T by
integrating all energy equations together and eliminating the interphase heat transfer fluxes. We assumed that the heat exchange in this system is conduction and convection. Heat convection here is heat
transfer by the motion of fluid, defined as
(27)

where cw and cg are the specific heat of water and
methane gas, respectively.
Heat conduction is

  ( K T T ),

(29)

where KT is the volumetric mean of the thermal
conductivity, i.e.
K T  ns K Ts  ng K Tg  nh K Th  nw K Tw ,

dQh
 HRh ,
dt

(30)

where KTs, KTw, KTg, and KTh are the thermal conductivity of soil, water, methane gas, and methane
hydrate, respectively.
As hydrate dissociation is an endothermic process, temperature change due to hydrate dissociation

(31)

where ∆H is the heat change due to the phase change
of hydrate, which can be obtained by Kamath (1998)
regression as
∆H=c1+c2T,

where Bw and Bg are the bulk moduli of water and
methane gas, and βw and βg are the thermal expansion
coefficients of water and methane gas, respectively.

  (cw  w qw T )    (cg g qgT ),

is given by

(32)

where c1 and c2 are regression coefficients, i.e. c1=
56 599, c2=16.744.
The energy conservation equations of hydratebearing soil during dissociation can be described by
multicomponent mixture theory. Because of the low
velocity of fluid, the kinematic energy can be ignored
in this problem. As the work input has little impact on
the change of temperature, this part can be ignored as
well. Hence, the energy balance can be expressed as
cT

dT
     K T T      cw  w qw T 
dt
    cg g qgT   HRh ,

(33)

where the heat capacity of the mixture cT=ρsnscs+
ρgngcg+ρhnhch+ρwnwcw, and cs and ch are the specific
heat of soil and methane hydrate, respectively.
2.6 van Genuchten model

In porous media, gas and water may be trapped
inside pores as “residual gas” and “residual water”.
Therefore, the presence of hydrate in pores may affect
the saturation of residual water and gas. The effective
water saturation se is defined by the following equation without consideration of the presence of hydrate:
se 

Vw  Vwr
s  swr
,
 w
Vf  Vwr  Vgr 1  swr  sgr

(34)

where Vwr is the volume of residual water, Vgr is the
volume of residual gas, Vf is the volume of fluid, Vv is
the volume of void, and Vf=Vw+Vg=Vv. swr and sgr are
the saturations of residual water and gas, respectively.
For hydrate-bearing soil, Vf=Vw+Vg=Vv−Vh, and
hence the following equation can be obtained:

605

Sun et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2018 19(8):600-623

sw
 swr
Vw Vf  Vwr Vf
1  sh
,
se 

Vf Vf  Vwr Vf  Vgr Vf 1  swr  sgr

(35)

where swr=Vwr/Vf, sgr=Vgr/Vf, sw=Vw/Vv, sh=Vh/Vv.
Note that,
sg  sgr (1  sh )  sgr ,

se  1,

(36)

sw  swr (1  sh )  swr ,

se  0.

(37)

rule, and yield function. Uchida et al. (2012) extended
the critical state model to describe the mechanical
behavior of MHBS by introducing hydrate saturation
into these four formulations. Sun et al. (2015) further
developed this model based on thermodynamics to
have a non-associated flow rule, and considered the
influence of the shape of yield loci on stress-strain
relationship prediction.
In the thermodynamics-based constitutive model, the yield function f can be expressed as

In this simulation, the residual gas saturation sgr was
calculated by
sgr=sgr0{1−[sg/(1−swr)−1]2},

(38)

where sgr0 is the maximum residual gas saturation
obtained in the state where all of the available pore
space is filled with gas (i.e. sg=1−swr).
kw and kg are the relative permeability coefficients of water and gas, respectively:

f 

 p    
A2

2



q2
 1  0,
B2

(42)

and the dilatancy function, which is defined as a ratio
of the volumetric plastic strain increment to the
equivalent plastic strain increment, is expressed as
d vp  p     B
,

d sp
qA2
2

D

(43)

where
2

kw  sen2 1  (1  se1/ n1 )n1  ,

(39)

kg  (1  se )n3 (1  se1/ n1 )2 n1 ,

(40)

where n1, n2, and n3 are the van Genuchten parameters
describing the soil-fluid characteristic curve. The
difference between gas pressure and water pressure is
defined as capillary pressure pc=pg−pw in the van
Genuchten relationship (van Genuchten, 1980):
1


se  ( pc p0 )1 n1  1



 n1

,

(41)

where p0 is also the van Genuchten parameter describing the soil-fluid characteristic curve.

1
A  (1   ) p   ( pcd  pcs )  pcc ,
2
B  (1   ) Mp   M    Mpcc ,

(45)

1
 
    ( pcc  pcd  pcs )  1   pcc ,
2
2

(46)

p′=trace(σ′),

(47)



q

3
(σ   pδ) 2 .
2



(48)

R, pcc , pcd , and pcs are the hardening parameters.
M is the slope of the critical state line. α and γ are
material parameters governing the shape of the yield
surface. The hardening rule can be described as
dpcs 

2.7 Thermodynamics-based constitutive model
for MHBS

A constitutive model is required to build the relationship between effective stress σ′ and strain ε of
the solid skeleton. The elasto-plastic critical state
model used in this study consists of four formulations
including an elasticity part, dilatancy rule, hardening

(44)

 pcs
d p ,
  v

pcc  c  shmec  ,

(50)

pcd  a  shmec  ,

(51)

dR  u ln R dε p ,

(52)

d

b

where

(49)
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shmec   sh ,

(53)

   0 exp( m sp ),

(54)

u, m, a, b, c, d, λ, κ, χ0 and ν are the material parameters related to the hardening, softening, and
debonding behavior of soils, and εp is the plastic strain
tensor.
The elastic shear modulus is expressed as
G

where K 

3K (1  2 )
 m2 shmec ,
2(1   )

(55)

 p
, μ, ν, and m2 are the parameters


which describe the elastic behavior.
The stress-strain relationship can be written as
f

e
e
 e E : d  σ  : E
dσ    E 
f

: Ee : d  H
σ 





f
 f

: E e : d  H   dsh
ab( shmec )b 1   

pcd
 σ 



f σ 

e
 dσ  E : d σ  T


f
 dT
: Ee : d  H

σ


To build the coupled THMC model in COMSOL
5.3, the form of the equations above needed to be
rearranged to meet the requirements of COMSOL. In
this implementation, the primary dependent variables
are displacement u, pw, pg, and T, and the governing
equation system consists of the following four equations with divergence terms.
1. Force balance equation

sw pw  sg pg
f     D : (L : u  εp ) 

sw  sg



δ,



(57)

where D is the elastic matrix, and L is the derivative
operator.
2. Mass balance of water flow
 nw
s ds  dp
n w e  w

se dpc  dt
 Bw



 : dε



 
 f
   E h : ε e  E e : d 
cd ( shmec ) d 1


p
 cc
 

3 COMSOL implementation

(56)



 dT ,



 K k

     h w  p w   w g  
 w

 1

1 sw
Mw 
M h  Rh
 6
 h sh
 w

p
d
 s

s ds
du
g
n w e
  sh w  sw  δ : L :
dt
se dpc dt  sh


(58)


s  dT
.
  nw  w  nh  h w 
sh  dt

3. Mass balance of gas flow

where
H

f
f
dmpcc 
bmpcd
pcc
pcd
f  pcs
f
D
u ln R d ,


pcs   
R

dD

p q

,
σ  σ 

where Ee is the elastic matrix, and Eh is the elastic
matrix related to hydrate saturation. The physical
meaning of all these parameters and the advantages of
this model have been given by Uchida et al. (2012,
2016a) and Sun et al. (2015).

 ng
sg dse  dpg
n


se dpc  dt
 Bg
 K h kg

 
p   g g  
   g

g


 1

1 sg
  Mg 
M h  Rh


 h sh
 g

sg dse dpw  sg

du
n
  sh
 sg  δ : L :
dt
se dpc dt  sh

sg  dT

.
  ng  g  ng  h

sh  dt


(59)
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 W   K T  c

4. Energy conservation
cT

T

dT
     K T T      cw  w qw T 
dt

    cg g qgT   HRh .

(60)


δ dV



(61)

  Wu  f dV   Wu  tdS ,




pw

K h kw

w

 pw   w g  dV

sw dse dpg
se dpc dt


s  dT 
  nw  w  nh  h w   dV
sh  dt 


dT 

  WT    HRh  cT
 dV

dt 

  WT n  qT dV ,

where S is the area of surface, and Ω stands for volume. Wu, Wpw, Wpg, and WT are the test functions for
displacement u, pw, pg, and T. Lagrange shape functions Nu, Npw, Npg, and NT are used to build the FEM
form.

dp
du
 Cpwpw w  K pwpw pw
dt
dt
dpg
dT
 Cpwpg
 CpwT
 Fpw ,
dt
dt
dp
du
Cpgu
 Cpgpw w  K pgpg pg
dt
dt
dpg
dT
 Cpgpg
 CpgT
 Fpg ,
dt
dt
dT
CTT
 K TTT  K TTpw T  K TTpgT  FT ,
dt

(62)

 s

du
  Wpw  sh w  sw  δ : L :

dt

 sh

where

n
s ds  dp 
  w  n w e  w  dV
se dpc  dt 
 Bw


ε p
K uu     Wu   D  D :

ε


  Wpw n  qw dS ,

 sg N pg
K upg     Wu   

 s s
 w g


δ dV ,



 sw N pw
K upw     Wu   

 s s
g
 w


δ dV ,





 W

pg



Kh kg

g

 p

g

 g g  dV

 1

1 sg
  Wpg  M g 
M h  Rh



h sh
 g

n

sg dse dpw 
sg  dT 
  ng g  nh h
  dV
se dpc dt 
sh  dt 
(63)

 sg

du
  Wpg  sh
 sg  δ : L :

dt

 sh
 ng
sg dse  dpg 
  n
 dV

B
se dpc  dt 
 g
  Wpg n  qg dS ,


(64)

(65)

Cpwu

 1

1 sw
  Wpw  6
Mw 
M h  Rh

 h sh

  w
n

 w qw T  cg g qgT  dV

K uu : u  K upg pg  K upw pw  Fu ,



 W

w



The weak form of the governing equations is

sw pw  sg pg



W
D : L : u  εp  

u

 
sw  sg


T


 : L : N u dV ,


Fu   Wu  t  N t dS   Wu  f  N f dV ,





s 
Cpwu   Wpw  sw  sh w  δ : L : N u dV ,

sh 

n
s ds 
Cpwpw   Wpw  w  n w e  N pw dV ,

se dpc 
 Bw
K k
K pwpw   Wpw h w (N pw )dV ,


w

 s ds

Cpwpg   Wpw  n w e N pg  dV ,

 se dpc


(66)

(67)

(68)
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s  
CpwT   Wpw  n  nw  w  nh  h w  N T  dV ,

sh  
 
K k 
Fpw   Wpw  h w w gdV

w



 1

1 sw
  Wpw  6
Mw 
M h  Rh dV

 h sh
 w

   Wpw n  N pw  qw dS ,
i



sh sg 

Cpgu   Wpg  sg 
 δ : L : N u dV ,

sh 

sg dse
Cpgpw    Wpg n
N pw dV ,

se dpc
 ng nsg dse 
Cpgpg    Wpg 

 N pg dV ,

B
se dpc 
 g
 K h kg
K pgpg   Wpg 

 
 g


 N pg dV ,


sg


 ng  g  N T dV ,
CpgT   Wpg n  nh  h

sh


 1

1 sg
Fpg   Wpg  M g 
M h  Rh dV



 h sh
 g

K h kg  g
gdV   Wpg n  N pg qg dS ,
  Wpg 


g



CTT   WT cT N T dV ,




K k  g
K TT   WT  K T N T   cw  w h w w

w


K h kg  g g  
 cg g
 N  dV ,
g  T 



K k
K TTpw   WT  cw  w h w N pw pw N T  dV ,

w




K h kg
K TTpg   WT  cg g
N pg pg N T  dV ,



g


FT   WT  ΔHRh  dV   WT n  N pT qT dV ,




where t is the traction force, and Nt and Nf are the
shape functions for the traction force and body force,
respectively.

The IDA solver embedded in COMSOL is used
to solve the nonlinear ordinary differential equations,
in which back differential form is implemented. The
details are given in COMSOL Mutiphysics® documentation (COMSOL, 2017). The mechanical behavior is modeled using the structural mechanical
module in COMSOL. Fig. 1 shows the configuration
of the external material interface. The updated variables or parameters such as hydrate saturation are fed
into the external material interface using material
parameters in COMSOL.

4 Verification of the thermo-hydro-chemical
part of the COMSOL code

The hydrate dissociation experiment data produced by Masuda et al. (1999) were used to verify the
performance of the coupled THMC code. Table 1
shows the conditions of this experiment. We assumed
that the initial distributions of phase saturation,
pressure, and temperature were uniform in the core
homogeneous sample. Fig. 2 (p.610) shows the mesh
and boundary conditions of the model in which depressurization is applied at the left boundary. There is
a heat supply from the top outside boundary. Because
Masuda et al. (1999) conducted the experiment in a
hot water bath, the formulation of heat flux was applied qin=h(Tc−T), where Tc is the circumstance temperature and h is the heat transfer coefficient of the
reactor wall. The changes of temperature at sections
A, B, and C in the model were investigated.
Fig. 3 (p.610) shows the amount of gas production calculated using this model, and the experimental
data given by Masuda et al. (1999). Because of the
lack of material information about the reactor wall,
the heat transfer coefficient of the reactor wall was
varied to match the amount of gas production.
Fig. 4 (p.610) shows the changes of temperature
during gas production at the three monitoring locations. The comparison shows that not only the
amount of gas production, but also the variation of
temperature can be well simulated using this model.
The gas production becomes slower with decreasing
hydrate saturation because the dissociation rate is
affected by hydrate saturation, as shown in Eq. (4).
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Parameters:
variables at last
time step
(material
parameters;
hydrate saturation;
temperature)

States variables:
variables from last
time step
(stress state;
hardening parameters;
strain; hydrate
saturation;
temperature)
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Input variables:
strain;
deformation
gradient

Calculate
trial stress

Calculate
plastic multiplicator

Judge
yielding
No

Yes
Plastic calculation

Store state
variables

Output stress

External material interface
PDE module
Conservation of
momentum
Hydrate
dissociation

Dual flow equation
Conservation of
energy

Fig. 1 Configuration of the external material interface
Table 1 Experimental conditions in the hydrate dissociation experiment of Masuda et al. (1999)
Initial and boundary conditions
Value
Porosity, n0
0.182
Initial water saturation, sw0
0.206
Initial pressure, p0 (MPa)
3.75
Initial temperature, T0 (K)
275.45
Circumstance temperature, Tc (K)
275.45
Initial gas saturation, sg0
0.351
Outlet pressure, pout (MPa)
2.84
Heat transfer coefficient of reactor wall,
25
h (W/(m2·K))

The temperature initially decreases because hydrate
dissociation is an endothermic process. However, due
to heat supply from the outside, the temperature then
increases.
An international collaborative effort compared
seven different hydrate reservoir simulators, HydrateResSim, MH-21 HYDRES, STARS-OIL, STARSSOLID, STOMP-HYD, TOUGH-FX/HYDRATE,
and a code from the University of Houston, USA
(Wilder et al., 2008). The simulators were coupled
thermo-hydro-chemical formulations that did not
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Fig. 2 Sketch of the numerical model for the specimen
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Fig. 3 Comparison between the amount of gas production
from simulation and experiment
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Fig. 4 Comparison between temperatures in simulations
(SIM) and experiment (EXP)

consider mechanical behavior. Fig. 5 shows a comparison of the COMSOL fully coupled THMC model
to the other seven simulators for the problem of
thermal injection (Problem 3, Case 1 of Wilder et al.

(2008)). Fig. 6 (p.612) gives the comparison for the
case of depressurization (Problem 3, Case 2 of Wilder
et al. (2008)). The boundary conditions and parameters are identical to those of Wilder et al. (2008). The
comparisons include hydrate saturation, gas saturation, and temperature after 1 h, 1 d, and 2 d, to validate the coupling method regarding hydrate dissociation, gas and water flow in porous media, and heat
flow during dissociation. Results show good agreement between the COMSOL fully coupled thermohydro-chemical formulation and the other seven
simulations in terms of hydrate saturation and temperature. However, for gas saturation, different results were obtained using different simulators, and the
COMSOL model produced a relatively large value.
This difference arose mainly because different effective saturation definitions, capillary pressures, and
relative permeability models are applied in the different models. Many of them use Stone and Aziz or
Corey’s relative permeability model rather than the
van Genuchten model used in our model. The use of a
soil-water characteristic curve with a lower curve
slope tends to result in a lower gas saturation because
it becomes difficult to drain the pore water from the
soil and the soil is more saturated. Because of the lack
of test data about relative permeability of hydrate
bearing sediments, the uncommon material parameters used in different codes differ. The uncommon
material parameters used in the study by Wilder et al.
(2008) were not identified. Here, the results simply
demonstrate that the same changing trend for each
variable can be obtained using our model. For a more
precise description, more published test data are
needed.
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Fig. 5 Comparison of simulations with different codes in the heat injection case after 1 h, 1 d, and 2 d
(a) Gas saturation; (b) Hydrate saturation; (c) Temperature

5 Performance of the mechanical model of
COMSOL

Masui et al. (2006, 2007) conducted a series of
drained triaxial compression tests using synthetic
hydrate-bearing sediments from Toyoura sand and
natural core samples from the Nankai Trough to determine the stress-strain relationship of natural
MHBS. Hyodo et al. (2013a, 2013b) conducted a
series of tests to study the mechanical properties of
MHBS. The host sand was Toyoura sand. For the
purpose of verification, in this study we used these
three datasets to examine the performance of the
proposed constitutive model.

The values of the best-fitted model parameters
are listed in Table 2 for the synthetic hydrate-bearing
sediment specimens. The simulated results using the
new TMH model and the methane hydrate critical
state (MHCS) model by Uchida et al. (2012) are
shown in Fig. 7. Fig. 7a presents the stress-strain
relationship of pore filling, cementing, and no hydrate, and Fig. 7b shows the volume change behavior
during shearing. By adjusting the parameters α and γ
in the new TMH model, the predicted stress-strain
curve and the dilatancy curve closely match the test
data. These two parameters governing the shape of
yield loci and the ratio of the dilatancy part to the
contraction part on the yield loci can be obtained by
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Fig. 6 Comparison of simulations with different codes in the depressurization case after 1 h, 1 d, and 2 d
(a) Gas saturation; (b) Hydrate saturation; (c) Temperature
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Table 2 Parameters for synthetic hydrate sediment
Parameter
Poisson’s ratio, μ
Preconsolidation pressure,
pcs0 (MPa)
M
m
λ
κ
γ

α

Initial structure factor, χ0
a
b
c
d
u
m2 (MPa)
ν
sh

Value
0.2
12
1.07
1 (pore-filling);
3 (cementing)
0.16
0.004
0.9 (sh=0);
1.0 (pore-filling);
1.13 (cementing)
1.1 (sh=0);
1 (pore filling);
0.7 (cementing)
1
14 (pore filling);
42 (cementing)
1.6
0.8 (pore filling);
0.1 (cementing)
1
18
250 (pore filling);
850 (cementing)
1.59
0.409 (pore filling);
0.407 (cementing)

undrained (zero volumetric strain) tests or by matching the drained triaxial stress-strain curve and the
dilatancy curve.
Fig. 8 shows the simulated results for hydrate
saturation, pressure, temperature, volumetric strain,
mean effective stress, and deviator stress during depressurization calculated using the new TMH model
and the MHCS model, where r is the radius, and rwell
is the radius of the wellbore. The presence of hydrate
enhances the strength, stiffness, and dilatancy of
sediments by making the sediments denser and
bonded. The sediments of different hydrate types
present different stress-strain and dilatancy relationships. Cementing type sediments have higher
strength and are more dilatant. The variation of hydrate saturation, pressure, and temperature is governed by the flow equations, and the results calculated by the two models are similar. For volumetric
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strain, mean effective stress, and deviator stress,
some differences are observed. The increase in mean
effective stress due to depressurization calculated by
the MHCS model is faster than that of the TMH
model, because the yield surfaces and flow rule of the
TMH model differ from those of the MHCS model.
The value of γ we used expanded the wet side of the
yield loci and increased the yield deviator stress. It
also increased the dilatancy ratio, making volume
contraction difficult. Further details are given by Sun
et al. (2015). Parameter γ governs the dilatant behavior and yield loci by changing the ratio of the dry
side to the wet side of the yield surface (Sun et al.,
2015). When the mean effective stress is the same,
the MHCS model computes a larger deviator stress
than the TMH model (Fig. 7). This is because
yielding occurs earlier in the TMH model by adjusting the parameter γ. Because the computed mean
effective stress is larger in the MHCS model than in
the TMH model, larger volumetric strain values are
obtained with the MHCS model than with the TMH
model.

6 Fully coupled versus semi-coupled THMC
models

Many semi-coupled THMC models have been
proposed, most of which are FVM models (Moridis et
al., 2004; Klar et al., 2010; Kakumoto et al., 2011a).
In these models, the force balance equations and the
flow equations are calculated separately. Firstly, the
pressure field is obtained from the calculation of the
flow equation. Then, through the effective stress
principle, continuity equations, and constitutive
model, displacement can be solved. Although volumetric change due to the change in the effective stress
state affects liquid flow behavior, many FVM models
do not consider the impact of volumetric change on
flow behavior. In this section, the differences in the
simulation results between the fully coupled THMC
model and the semi-coupled model are discussed.
The parameters of the model are shown in Table 3 (p.615), and the mesh is presented in Fig. 9. The
radius of the well is 0.15 m. Water pressure near the
well decreases from 13 MPa to 7 MPa in 2 d. We
assumed that the temperature at the wellbore side was
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r/rwell

(a)

(b)

Volumetric strain

Temperature (K)

r/rwell
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(c)

(d)

Deviator stress (×106 Pa)

Mean effective stress (×106 Pa)

r/rwell

r/rwell

r/rwell

(e)

(f)

Fig. 8 Comparisons between the TMH and MHCS models: (a) hydrate saturation; (b) pressure; (c) temperature; (d)
volumetric strain; (e) mean effective stress; (f) deviator stress

z

σz=16 MPa

σr=14.5 MPa

r=0
r

Fig. 9 Mesh of the model close to the wellbore
σr is the radial normal stress, and σz is normal stress in the z
direction

equal to that of the soil close to the wellbore. The
temperature at the far-end boundary was set to be
equal to the initial temperature because we assumed
that there was enough heat supply in the far field. The
differences between the fully coupled and the
semi-coupled models are shown through the impact
of variation in porosity and volumetric strain on the
flow and heat equations. In the fully coupled THMC
model, porosity and volumetric strain are updated
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Parameter
n0
Bw (GPa)
Bg
p0 (kPa)
n1, n2, n3
K (m2)
N
Kd0 (mol/(m2·Pa·s))
ΔEd (J/mol)
KTs (W/(m·K))
ρs (kg/m3)
ρw (kg/m3)
μ
pcs0 (MPa)
M
m
m2 (MPa)
γ
λ
κ
KTw (W/(m·K))
KTg (W/(m·K))
KTh (W/(m·K))
βw (K−1)
βg (K−1)
βh (K−1)
cs (J/(g·K))
cw (J/(g·K))
cg (J/(g·K))
ch (J/(g·K))
Nh
Peq
ρh (kg/m3)
χ0
a
b
c
d
u
α

Description
0.35
2
pg
10
0.8, 0.5, 0.5
10−13
8
1.24×105
−78 300
3.92
2800
1000
0.3
4.5
1.35
4
200
0.85
0.1
0.006
0.556
0.0335
0.394
13.41T−3717
1/T
4.6×10−4
0.8
4.02+0.000 577T
1.24+0.003 13T
2.01
6
e39.08−8520/T
800
1
20
1
0.1
1
30
1

Hydrate saturation

Table 3 Parameters of the model

Fig. 10 shows the change in hydrate saturation
during depressurization. At the beginning of depressurization, hydrate saturation increases in the fully
coupled THMC model, but does not change in the
semi-coupled THMC model. This is because, in the
fully coupled model, the volumetric strain change due
to the compression by depressurization is updated at
every time step and hydrate saturation is re-calculated
using the updated volumetric strain. In reality, the
volume contraction of host sediments increases the
hydrate volume fraction and decreases the space of
the void in which the fluid can flow through the
formation.
As hydrate dissociates, the hydrate saturation in
the semi-coupled THMC model drops faster than that
in the fully coupled THMC model, because the fully

r/rwell

(a)

Hydrate saturation

every time step and influence the flow and heat
properties. However, in the semi-coupled THMC
model, porosity and volumetric strain remain constant
in the flow and heat equations, without any impact on
the flow and heat properties.

r/0.15 (m)

(b)

Fig. 10 A comparison of hydrate saturation calculated
using fully coupled and semi-coupled THMC models
(a) Fully coupled THMC model; (b) Semi-coupled THMC
model
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a given time, as pore pressure decreases faster in the
semi-coupled THMC model. Fig. 14 shows that
changes in deviator stress near the well boundary are
greater in the semi-coupled model because the mean
effective stress is higher than that in the fully coupled
THMC model. Larger volume contraction can be
obtained using the semi-coupled THMC model. Because of the circumferential restriction, the circumferential stress decreases more with the larger volume
contraction in the semi-coupled THMC model, leading to a larger difference between vertical stress and
circumferential stress. Fig. 15 shows that the volumetric strains in the semi-coupled THMC model are
larger than those in the fully coupled THMC model
because the mean effective stress is larger in the
semi-coupled THMC model.

Pressure (×107 Pa)

Pressure (×107 Pa)

coupled model gives a slower depressurization rate.
The difference is clearly shown in Fig. 11, which
shows the change in pore pressure during depressurization. As the formation compaction reduces the
space for water and gas flow, the pore pressure decreases more slowly in the fully coupled THMC
model than in the semi-coupled THMC model.
Fig. 12 shows that hydrate dissociates faster in
the semi-coupled THMC model than in the fully
coupled THMC model. Consequently, temperature
drops more quickly in the semi-coupled THMC
model. For the mechanical part, pore pressure has a
great impact on the force balance according to the
effective stress principle. Fig. 13 shows that the mean
effective stress is greater in the semi-coupled THMC
model than that in the fully coupled THMC model for

r/rwell

r/0.15 (m)

(a)

(b)

Temperature (K)

Temperature (K)

Fig. 11 A comparison of pressure calculated using fully coupled and semi-coupled THMC models
(a) Fully coupled THMC model; (b) Semi-coupled THMC model

r/rwell

r/rwell

(a)

(b)

Fig. 12 A comparison of temperature calculated using fully coupled and semi-coupled THMC models
(a) Fully coupled THMC model; (b) Semi-coupled THMC model
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r/rwell

r/0.15 (m)

(a)

(b)

Deviator stress (×106 Pa)

Deviator stress (×106 Pa)

Fig. 13 A comparison of mean effective stress calculated using fully coupled and semi-coupled THMC models
(a) Fully coupled THMC model; (b) Semi-coupled THMC model

r/rwell

r/rwell

(a)

(b)

Volumetric strain

Volumetric strain

Fig. 14 A comparison of deviator stress calculated using fully coupled and semi-coupled THMC models
(a) Fully coupled THMC model; (b) Semi-coupled THMC model

r/rwell

r/rwell

(a)

(b)

Fig. 15 A comparison of volumetric strain calculated using fully coupled and semi-coupled THMC models
(a) Fully coupled THMC model; (b) Semi-coupled THMC model
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7
Simulation of hydrate production by
depressurization

In this section, a depressurization process for
extracting methane gas from a sediment layer with a

specific heterogeneous hydrate distribution is simulated. The model is shown in Fig. 16. The hydrate
distribution is shown in Fig. 17a. The interbedded
layer without hydrate is clay and the intrinsic permeability is different in the different layers (Fig. 17b).

z (m)

z (m)

Fig. 16 An assumed vertical well model

Intrinsic permeability of host sediments, Ki (×10−14 mD)

(a)

(b)

z (m)

z (m)

Initial hydrate saturation, sh0

0.36

Porosity, n0

Permeability coefficient under compression, β

(c)

(d)

Fig. 17 Initial hydrate saturation and intrinsic permeability distribution along the vertical
(a) Hydrate saturation; (b) Intrinsic permeability; (c) Porosity; (d) Empirical formula parameter
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The porosity distribution is shown in Fig. 17c. A
power law-type empirical formula was adopted for
the relationship between the void ratio and permeability, as presented in Eq. (25). The distribution of the
parameter related to permeability in Eq. (25) is shown
in Fig. 17d and the value was chosen according to
Sakamoto et al. (2010). The water pressure at the left
boundary of the model decreases from 13 MPa to
7 MPa in 2 h to model the depressurization inside the
well. When the wellbore pressure is 8.7 MPa, hydrate
in the formation starts to dissociate. We assumed that
the temperature gradient close to the wellbore was
equal to zero and the temperature at the far field remained at its initial value. The initial effective stress
is equal to 3 MPa in the vertical direction and 1.5 MPa
in the horizontal direction. The pressure and temperature remain constant at the far-end boundary, assuming depressurization close to the well has little
impact on the far-end boundary. The values of the
material properties, initial conditions, and boundary
conditions are listed in Table 4.
Depressurization leads to compaction of the
sediment layer due to the increase in mean effective
stress. The rates of water and gas flow become faster
due to the increase in pressure difference during the
depressurization process. The temperature initially
decreases due to hydrate dissociation, and then increases due to the heat convection and heat conduction occurring between the far-end higher temperature
region and the dissociation region.
Fig. 18a shows the change in hydrate saturation
during depressurization. Hydrate dissociation results
in a decrease in hydrate saturation near the wellbore.
The effective stresses increase with the drop in pore
pressure. In addition, hydrate dissociation affects the
mechanical behavior leading to stress relaxation.
Fig. 18b shows that the mean effective stress increases as pore pressure decreases. However, after the
hydrate dissociates, it falls because hydrate dissociation induces stress relaxation. Fig. 18c shows that
deviator stress increases. This is due to the difference
between the gradient of pore water pressure in the
vertical direction and that in the radial direction.
Stress is concentrated near the borehole. Fig. 18c also
shows the stress relaxation that occurs by hydrate
dissociation. An increase in mean effective stress
results in formation compaction of the layers (Fig. 18d).
In the no dissociation zone, the volumetric strain of

the layer with hydrate is smaller than that of the layer
without hydrate because the hydrate layer has higher
stiffness. Fig. 18e shows that the temperature falls
when hydrate dissociates, reflecting the endothermic
process. The temperature then increases due to heat
convection in which hot water and gas from the

Table 4 Model parameters
Parameter
Bw (GPa)
Bg
p0 (kPa)
n1, n2, n3
K (m2)
N
Kd0 (mol/(m2·Pa·s))
ΔEd (J/mol)
KTs (W/(m·K))
ρs (kg/m3)
ρw (kg/m3)
Μ
pcs0 (MPa)
M
m
m2 (MPa)
γ
λ
κ
KTw (W/(m·K))
KTg (W/(m·K))
KTh (W/(m·K))
βw (K−1)
βg (K−1)
βh (K−1)
cs (J/(g·K))
cw (J/(g·K))
cg (J/(g·K))
ch (J/(g·K))
Nh
Peq
ρh (kg/m3)
χ0
a
b
c
d
u
α

Description
2
pg
10
0.8, 0.5, 0.5
10−13
5
1.24×105
−78 300
3.92
2800
1000
0.3
4.5
1.35
4
200
0.85
0.1
0.006
0.556
0.0335
0.394
13.41T−3717
1/T
4.6×10−4
0.8
4.02+0.000 577T
1.24+0.003 13T
2.01
6
e39.08-8520/T
800
1
20
1
0.1
1
30
1
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Hydrate
saturation

2d
Hydrate
saturation

0.5 d

Mean effective
stress (×106 Pa)
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Fig. 18 Change of each variable with hydrate extraction under t=0.5 d, 2 d, and 5 d
(a) Hydrate saturation; (b) Mean effective stress; (c) Deviator stress; (d) Volumetric strain; (e) Temperature; (f) Shear stress in the
radial direction; (g) Shear strain in the radial direction

far-end high temperature areas flow into the zone of
lower temperature. Because hydrate occupies the pore
space before dissociation, when it dissociates, more
pore space becomes available for water and gas to
flow through. Hence, the water permeability increases
during hydrate dissociation.
Heat convection is an important behavior for the
heterogeneous layers. The permeability in the hydrate

layer where hydrate has dissociated is much greater
than that in the layer without hydrate. The pressure
gradient drives hot water and gas flow into the hydrate dissociated layer from the sediment layer
without hydrate, prohibiting the temperature drop due
to hydrate dissociation and boosting hydrate dissociation compared to the case of homogeneous layers.
Due to the difference in the stiffness and strength of
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the different layers, stress distribution is not uniform
in the whole model, leading to a large stress gradient
at the surface between the layers with and without
hydrate. Shear stress increases in the interface
(Fig. 18f), because the enhanced stiffness of the
sediments due to the bonded structure formed by
hydrates makes the deformation of the hydrate layer
smaller than that of the layer without hydrate when
the same loads are applied. Local shear strain exists in
the interface and local shear stress is concentrated
near the dissociation zone (Fig. 18g).

8 Conclusions

In this paper, we describe a mathematical
framework based on the basic physical balance laws
for porous media. Combining some auxiliary relationships, a fully coupled thermo-hydro-chemomechanical numerical model was implemented in
COMSOL Multiphysics® to simulate the behavior of
MHBS during methane gas extraction from hydrate
bearing sediments by the depressurization method.
The assumptions made for the implementation were
presented. A thermodynamics-based constitutive
model was implemented in COMSOL using its external material module to simulate the complicated
mechanical behavior of MHBS. The accuracy of the
model was verified by carefully comparing the simulated results with some triaxial test data available in
the literature. The accuracy of the fully coupled
THMC model without the mechanical part was validated by the gas production test data provided by
Masuda et al. (1999). The performance of the code
was similar to that of other simulators reported in the
past.
The effect of full coupling compared with semicoupling was investigated by simulating methane gas
extraction by the depressurization method. Results
showed that the changes in pressure, temperature, and
hydrate saturation in the semi-coupled model were
faster than those in the fully coupled model. The main
reason for the difference was due to the volume
change deformation, which influences the water and
gas permeability and prolongs the pore pressure
equalization diffusion process.
A case study of gas extraction from a heterogeneous hydrate layer system by depressurization was
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analyzed using the fully coupled model. Compared
with a homogeneous model, a continuous heat supply
from the layer without hydrate prohibited the temperature drop in the hydrate-dissociated layer due to
hydrate dissociation, guaranteeing continuous gas
production. Different mechanical properties of the
different layers resulted in local shear stress and strain
found at the interface between the hydrate layer and
the layer without hydrate.
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中文概要
题

目：基于 COMSOL Multiphysics 天然气水合物沉积

目

的：水合物沉积物开采过程是一个热-水-力-化多场耦

物热-水-力-化多场耦合模型研究
合过程，该过程包含了不同土层间的热对流、压
缩引起的局部变形以及胶结结构破坏引起的应
力松弛。不适当的开采会引起出砂、塌孔等破坏
问题。本文旨在建立天然气水合物沉积物多场耦
合计算模型，以量化由开采引起的地质灾害风
险。
创新点：1. 通过 COMSOL Multiphysics 实现水合物开采过
程多场耦合有限元控制方程的计算；2. 建立的模
型考虑变形-渗流双向全耦合过程。
方

法：1. 通过理论推导，给出开采天然气水合物过程模
拟的控制方程；采用偏微分方程模块实现除力学
之外其他物理场的耦合计算；采用结构力学模块
实现变形计算。2. 通过与试验数据进行比较验证
模型的可靠性。3. 通过对比全耦合模型与半耦合
模型，分析双向耦合对水合物开采过程中沉积物
物理力学行为的影响。

结

论：1. 所建立模型能够精确模拟水合物开采过程中沉
积物的物理力学行为。2. 当考虑压缩对渗流的影
响时，由于孔隙率的降低，计算得到的水合物分
解速度要小于不考虑该影响时的速度。3. 由于存
在层间对流效应，非均质模型计算得到的水合物
分解速度要快于均质模型。

关键词：水合物沉积物；多场耦合模型；COMSOL；产气

