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Abstract:

The multi-field coupling mechanism between hydrate dissociation and sand production
is a pivotal factor controlling hydrate exploitation efficiency. To elucidate the sand
erosion and migration processes induced by hydrate dissociation, this study proposes a
thermodynamics-based thermo-hydro-mechanical coupling model. This mechanical model
considers the effects of deviator stress, seepage and hydrate saturation on sand erosion,
and employs the critical migration rate concept to characterize the transition between
sand migration and deposition. Besides, it incorporates porosity evolution induced by
sand erosion, as well as the degradation of cementation stress. Gas-liquid seepage rate
and sand migration rate are deduced using migration coefficient relationships. The model
is verified through numerical simulations of hydrate dissociation experiments with and
without considering sand production. The proposed theoretical model can describe the
nonlinear evolution law of sand erosion and migration induced by hydrate dissociation
advancement, along with variations in temperature and axial displacement. Moreover, it is
established that hydrate saturation exerts a more remarkable promotive effect on both gas
production and sand production than depressurization pressure.

1. Introduction

(Sibille et al., 2015; Kazidenov et al., 2025). Elucidating the

Natural gas hydrate is widely recognized as a promising
clean energy resource with significant development potential,
therefore its safe and efficient extraction has recently become
a major research focus (Li et al., 2025). However, a high
proportion of 83% of sediment particles in the hydrate reser-
voir of the Shenhu area are smaller than 40 um (Zhou et
al., 2017). Hydrate dissociation induced by depressurization
leads to pore enlargement and a reduction in cementation
stress (Ning et al.,, 2022). Under external loading, the soil
skeleton reorganizes and sand particles are driven by gas and
liquid phase seepage. This involves multiple processes, such
as migration, deposition, further migration, and pore blockage

dynamic evolution of sand erosion and the migration process
during hydrate dissociation is essential for improving the
production efficiency and developing effective sand control
strategies.

Hydrate dissociation and deviator stress are key factors
controlling sand erosion (Li et al., 2024). Liquid seepage is
the dominant factor in sand migration (Oyama et al., 2010;
Murphy et al., 2020). Besides, sand erosion tests conducted
under different loading conditions indicate that the stress level
influences sand migration by modifying the cementation state
between particles (Cohen et al., 2019; Zhang et al., 2025).
Experimental research indicates that sand production is gov-
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Fig. 1. Erosion and migration of solid particles induced by hydrate dissociation (Wang et al., 2023).

erned more by hydrate saturation rather than by the stress level
(Fang et al., 2021). However, these studies primarily focused
on the total amount of sand produced, lacking quantitative
analysis of the dynamic processes of sand erosion, migration
and deposition, as well as the coupling mechanisms among
sand migration and hydrate dissociation.

Developing thermo-hydro-mechanical (THM) coupling
models is essential to accurately capture the coupling mecha-
nism between sand migration and hydrate dissociation. The
most commonly used criterion for sand migration is the
critical hydraulic gradient (Akaki and Kimoto, 2020; Uchida et
al., 2022). To simplify model calculations, many studies have
further adopted critical liquid seepage velocity as the erosion
criterion and established empirical relationships linked to hy-
drate saturation (Yang et al., 2019; Zhu et al., 2020). Further-
more, sand erosion models based on theoretical methods, such
as using equivalent plastic strain, stress balance and discrete
element method simulation, have been successfully applied
(Fujisawa et al., 2010; Wood et al., 2010; Katagiri et al., 2017).
This approach inevitably neglects the coupling among multiple
physical fields, particularly with respect to the effects of sand
erosion on porosity (Yoneda et al., 2015; Li et al., 2024; Dou et
al., 2025). However, the thermodynamic-based THM coupling
modeling approach offers a novel solution to these challenges
(Bai et al., 2023, 2024). As for the sand production process,
the energy dissipation associated with sand migration at the
microscale still needs to be formulated (Zhou et al., 2024).

This paper first incorporates the gas-liquid seepage velocity
and sand migration rate into the dissipative force system. Then,
by introducing the concept of granular temperature, the trans-
fer relationship between mesoscale and macroscopic energy
dissipation is established. Finally, the theoretical unification
of sand production and THM coupling dissociation of hydrate
based on granular thermodynamic theory is achieved. Hydrate
dissociation is simulated with and without considering the sand
migration process. The model is verified through gas produc-
tion volume, sand production mass, and axial displacement.

2. THM coupling model for hydrate
dissociation and sand production

2.1 Basic principles of the granular
thermodynamic theory

2.1.1 Assumptions

Natural gas hydrate under external loading consists of
solid (S), liquid (L), gas (G), and hydrate phases (H) (Zhu
et al., 2020). During hydrate dissociation and gas/liquid mi-
gration, the solid particle can be eroded, causing the migration
of soil particles. Therefore, the solid phase can be represented
as the soil skeleton particle (s), the migration particle (f), and
the deposition particle (d) (Fig. 1).

The following assumptions are set:

1) mass transfer between the skeleton and deposition parti-
cles is neglected (Uchida et al., 2022);

2) free water is assumed not to convert with bound water;

3) liquid water is pure, containing no dissolved methane gas;

4) the effects of temperature on liquid density and viscosity
are assumed to be negligible;

5) considering that the temperature reductions induced by
hydrate dissociation are limited, the ice phase is not taken
into account, so as to simplify the model.

2.1.2 Granular thermodynamic theory

The granular thermodynamic theory provides a unified
framework to account for energy dissipation during me-
chanical deformation, heat conduction, seepage, and hydrate
dissociation (Bai et al., 2023). Existing studies provide a
rational explanation of classical gas-liquid seepage and heat
conduction. This study further introduces mesoscopic energy
dissipation associated with sand migration (granular entropy
€,). By incorporating this mechanism into the overall energy
dissipation framework through the concept of granular temper-
ature, the model achieves a theoretical unification of hydrate
dissociation and sand production (Fig. 2).
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Fig. 2. Energy dissipation of hydrate-bearing sediment at the macroscopic and mesoscopic scales.

2.1.3 Conservation equations

On the basis of the material composition of hydrate-bearing
sediment (Fig. 1), the mass conservation equation for each
phase is formulated using the superposition principle:

27 (¢ =L,G,H) ()
where p%, v¢ and m® represent the density fraction, velocity
and mass exchange rate of each phase, respectively.

The solid particle phase is further refined, and the mass
conservation equations are formulated for the soil skeleton

particles (s), migration particles (f), and deposition particles
(d), such as:

Y+ Viptvf =m®

d ,
5; (P)+Vi(p*vi) = —m’ 2
d
560w lor) =t
d

5 (pf) —DV? (pf) + Vi (pfv{) =m'—
where m/? represents the mass exchange from migration parti-
cles to deposition particles; m?/ represents the mass exchange
from deposition particles to migration particles; D represents
the migration sand diffusion coefficient; m°® represents the mass
exchange of solid particles.

The momentum, energy and entropy capacity conservation
equations are established by referring to Bai et al. (2023):

d
a@ ( Y, pHf ) + ) Viof
a=s{dLGH a=s{dLGH (5)
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where Gl T €as ‘Vi i Uy, respectively denote the stress tensor,
specific energy, deformation rate and entropy capacity of each
phase; R, represents the heat generation at macroscopic scale;
H represents the dissipated energy of hydrate dissociation;
oy, represents the energy dissipation of heat conduction; v}
represents the movement rate of solid phase; T denotes the
temperature; fj is the heat conduction at macroscopic level.

To characterize sand erosion and migration, the granular
temperature 7, and granular entropy are introduced. The
conservation equation of granular entropy is expressed by
referring to Eq. (7):

p e e ®)
dt T,

where R, denotes the mesoscopic heat generation; I, is the
entropy attenuation rate.

2.1.4 Thermodynamic differential equations

In porous media, the material-independent state
variables and their conjugates can be represented as
{p% MY def;, Q,Qt and {7% v, m;, T, Ty}, respectively.
The total energy differential equation is then obtained by
multiplying the state variables by their corresponding state

conjugates:

(t%dp* +- v dM{) 4 m;jde;+
a=sfdLGH &)
T,dQ, + TdQ
where t* and M represent the chemical potential and mo-
mentum of each phase; 7;; denotes the particle contact force;
g is the elastic strain; € and Q, are the entropy and granular
entropy, respectively.
Eq. (9) is simplified using the specific energy e, incorporat-
ing the mass (Egs. (1)-(4)), momentum (Eq. (5)), energy (Eq.
(6)), and entropy conservation equations (Egs. (7) and (8)).

dw =
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Finally, the thermodynamic differential relationship expressed
in terms of energy dissipation (R,+ R,)i is established as

(Ra+Rg)1 =

)y

o=s,f,dL,GH a=fL,G

_pigd (Pdw;‘fﬁmfd—mdf) ol (pfly]{k—&—DVZPf—Visvkpf‘s‘ms—mfd‘f'mdf)

follows:

viol— Y (Vo +pPVieq) + Tp* v Vide] — p*t (p iy —m')

(10)
_plet (PL‘I/kLk —véSVka—kmL) _pHH (prlf]I{ _mH) —pGr6 (PGl//ﬁ( _VIE;SVkpG_’_mG)
+H + Vi (@ — fiT) + mjdc]; — mdys; + Tl + fiViT
The total energy dissipation of the dissociation system is V(@ — fiT) =0 (14)
formulated as the product of dissipative forces and dissipative AH-Ry=H (15)
flows. The macroscale dissipative forces, representing the 125 = pP1OVip® — V6% — p*Vieq +Tp* Vg
source terms driving the system away from equilibrium, can (¢ =L,G,1) (16)
be expressed as {m;, Ty, ViT, l//;j», vl v, l//g,vfs,vf;s,vfs}. T b oot
The corresponding dissipative flows, describing the in- —p' T DVpl =f (dth WVf ) a7
cremental responses to these forces, are expressed as — RT,d; Sy — sT,d; S, +ngpptiimt (18)

{Yijvlgv gk, Gil}s7 Gi‘;‘Hv Gi‘;'Lu Gil}Gastvxcsu st}

Regarding the dissipative force components at the
mesoscale, in addition to the mesoscale contact force Gl.vfg,
hydrate saturation rate, and suction change rate described in
Bai et al. (2023), the effects of the hydrate decomposition
rate d;Sy and the volume concentration of migration particles
Cy should also be considered. Accordingly, the overall energy
dissipation relationship between the macroscale and mesoscale

can be expressed as (R, + Rg)2:

(Ra +Rg)2 :nlJYl]+Ing+ Z G;;all/l(]x
a=s,f,d,L,G,H
+ ) foV,’fS + @ ViT + 05 W + RTd S (1)

B=tL.G
+AH Ry + sTydiSe + f (d:Cy,vy)

where Ry represents the hydrate dissociation rate per molar
mass; AH represents the dissociation energy per molar mass;
qy represents the dissipative flow of temperature gradient; s
and S, represent the suction stress and effective saturation,
respectively; Sy denotes the hydrate saturation; Cy and vy
denote the volume concentration and velocity of migration
particles, respectively.

The energy dissipation (R, + Rg); is equal to the energy
dissipation (R, +R,)>. By comparing the corresponding terms
in Egs. (10) and (11), the following can be inferred:

A P
Yij = dgj;

fe=ax

(12)
(13)

(po‘Fad,T - Gﬁ(l[/ﬁc) =V (KTVkT) + Vi [91‘\)

a=sf,dL,GH

where H represents the energy transfer caused by the
hydrate dissociation, which can be calculated by Eq. (15); AH
is represented as E; + E>T (Akaki and Kimoto, 2020).

2.2.2 Gas and liquid seepage model

On the basis of the relationship between the migration
coefficients (Zhou et al., 2024), the relationships between

BST+0VIT] - Y v (Viold +p°ToViT) +H

— anLTLmL — nGpGTGmG =0

Eqgs. (12)-(18) provide dynamic inferences within the

framework of granular thermodynamics, considering hydrate
dissociation and sand migration.

2.2 THM coupling dissociation model
2.2.1 Temperature conservation equation

Bai et al. (2024) established the relationship between
specific energy e and specific heat I (Eq. (19)). Thus, the
following expression of Eq. (6) is obtained:

Y, pYea= ) pTadT (19
a=s,f,d,L,G,H a=s,f,d,L,G,H
Y vEp*Vieq = vEpOToViT (20)

o=f,L.G
where 'y, and v,‘j‘s represent the specific heat and relative
velocity of each phase.
The dissipative force g; and @ can be expressed as (Bai
et al., 2024):

1
G = =k Vil + 05 + 090" 1)
Vi (@) = Vi (kr ViT) + Vi [05° T + 090 T | (22)
where k7 denotes the heat conduction coefficient; 0P denotes
the migration coefficient of velocity (8=L,G).

Combining Egs. (6) and (19)-(22), the temperature conser-
vation equation for hydrate dissociation is established:

(23)
a=f,L,G

the dissipative forces (vi—v}), (v —1?) and the dissipative
flows ka, )(kG are established, considering the influence of the
temperature gradient:

2f = 0BV, T 4y (vf —vf) (B =L,G)
1l = 0"V 477 (v })

(24)
(25)
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By further combining Egs. (6), (24) and (25), the following
simplified expression can be obtained:

Vieg =TV +TPVipP (B =L.G.f) (26)

P = VP —0PViT (B =L.GJf) 27)
where y# represents the migration coefficient of each phase;
Pg is the pore pressure of each phase.

According to Bai et al. (2023), the migration coefficients y*
and y© are expressed as parameters related to the permeability
coefficient of hydrate-bearing sediment: ¥* = u; /(K - kr.) Sy,
Y° =ug/(K kg)u, and ¥ = atsur /(K - ki) 8. Consequently,
Eq. (27) can be simplified as follows:

Kk Kk
B 2B “Boby.r (B=LG) (28
i up BT g
Kk
/S (29)

= —(Xf Ttﬁﬁ V,‘PL

where K represents the reservoir permeability; kg and ug
represent the relative permeability and viscosity coefficient of
each phase, respectively; o is the migration sand velocity
coefficient.

The natural convection of liquid and gas phases is ex-
pressed as (K -kz)/up x Vi(P.) and (K -k¢)/uc % Vi(Pg) (Bai
et al. (2023)). By substituting Eq. (28) into Eq. (1), the
hydraulic field conservation equation is obtained:

d (nSﬁpﬁ) Kkﬁ Kkﬁ
— {nsﬁpﬁ (—ﬁvkpﬁ ” eﬁva)]
+nSpppdie, =mP (B =L,G)

(30)

where n stands for porosity; Sz denotes the saturation of each
phase; €, is the volumetric strain.

The capillary pressure (F.) can be expressed as a combi-
nation of effective saturation (S.) and reference pressure Fy:

_ 1—x
P.= P;—P,= P [(Se) 1/%—1} 31)
S —Sir
S, = 32
¢ 1—Su—Scr— St (52)

where x denotes the model parameter; Sg, is the residual
saturation of each phase (=L,G).
The relative permeability k; and kg can be expressed as:

k=521 (1 —Si/”)nr
ko = (1—5,)7 (1 _Si/n)z’7

where 711 denotes the parameter of relative permeability.

(33)

(34)

2.2.3 Stress and strain relationship

The stress-strain relationship of porous media employs the
elastic potential energy density function to characterize the
elastic-plastic deformation (Bai et al., 2023):

1
we =B k+2(£§)k+2+§(€f)k(«9§)2
SLPL+56Ps o

S+ Sg

(35)
+ 0 (Sg)Prexp(—A,€8 — Age®)el +

where k represents the elastic energy parameter; € and €
represent the elastic and plastic strain, respectively; &, B, 4,
and A, are parameters related to cementation stress; B and &
are the stiffness and friction parameters, respectively.

The contact stress 7;; corresponds to the effective stress
0;; in classical elastoplastic mechanics (Bai et al. (2023)) and
can be expressed as the differential of the elastic strain with
respect to the potential energy density function:

oy = B{ [(e)"" + k& (e) " (e0)’]
SLPL+SGPg } 5 (6

+ o (SH)ﬁr exp(—A, S, 1S

+288¢ ()
where ¢;; denotes the deviator elastic stress.

The stiffness parameter B is described as B = By X
exp(—n/A(1 —n)), and the plastic strain rate is obtained by
combining the migration coefficient 1);;; with Eq. (36):

el — As€)+

UB Ns s
dz8£ = [(Tg)K <3Ke ~6G. ) 8ij6u + (T)" TGE&'kajl ;j
37

where x, 7, and 1, are the migration parameters;
K, denotes the elastic volumetric modulus (K, =
B[(e)F + k& (e0) 1 (e2)?/€¢]); Ge is the elastic shear
modulus (G, = BE (££)X).

By combining Egs. (36) and (37) and defining Ty, =

Ns(T,)¥, the following expression is obtained:
0 (Si)Pr exp(—A ¢ — Age’
dtSil;chng e+ ¢ (Su) p% Y 5&) 5,-j+ngefj
e
(38)

In Eq. (38), the granular temperature represents the macro-
scopic plastic deformation resulting from the microscopic
particle rearrangement (Bai et al. (2023)). The conservation
equation for granular temperature is formulated as:

dse;idse; d;e,dseg,
ATy = OG22y oy A
39
st,SHﬂd, prfDVpr c Tye (39
ps >ps

where C1-Cs are model parameters; e;; denotes the deviator
stress; €, is the volumetric strain.

2.2.4 Hydrate dissociation model

Referring to Kimoto et al. (2010), the hydrate phase change
reaction equation is expressed as:
1/2
n(1-Sy)? /
2K

—AE
mt = —kgMHnSH (P, —Pg)exp d
RyT

(40)
where kg represents the intrinsic dissociation rate; My rep-
resents the molar mass of each phase; P, denotes the phase
change pressure; AE, is the activation energy.

The hydrate dissociation model is established by combin-
ing the hydrate mass conservation equation (Eq. (1)) with Eq.
(40), which can be derived as:
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Fig. 3. Multi-field relationships within the THM coupling
dissociation and the sand production model.

—AE,
l’lpLd,SH = ka,MHnSH (Pe — Pg) €xXp d
RyT

1/2 41

n(1-Sy)*
M _nSHPHdtgv

2K

Zhang et al. (2025) expressed the permeability and hydrate
phase change pressure P, as follows:

P, =exp (el - e—z) (42)

T

K=Ko(1—-Sg)" 43)
where e; and e, represent the phase change pressure param-
eters; Ky and N represent the intrinsic reservoir permeability
and degradation coefficient, respectively.

The mass conversion among the hydrate, liquid and gas
phases can be derived from the reaction equation CHy -
(H20)Ngyy— CHy + Npyq-H20. The mass change rate of the
liquid and gas phases are given by m! = NuyaMp /My x mt
and m® = Mg /My x m", respectively.

2.3 Sand erosion and migration model
2.3.1 Sand erosion model

By converting the mass conservation equation of the skele-
ton particles (Eq. (2)) into a corresponding porosity expression
and performing a further simplification step, the following
relationship is obtained:

g tavi (1)
where V,, represents the volume of each phase (o = s, f, d);
V is the total volume.

According to Uchida et al. (2022), the sand erosion rate is

expressed as:

V. VLS
d; Vs = =Vsw [erij +1In (T) +Md] H ( - 1> 45)

(44)

Vso Ve
where wi and w» are the sand erosion parameters; M? denotes
the initial detachability potential.

The critical migration velocity v, can be established as a
function of hydrate saturation and initial critical velocity v
(Ve =veo(1 —Sg)"3). The liquid relative velocity is obtained
from Eq. (28). This approach is well established in the

literature (Zhu et al., 2020; Uchida et al., 2022).
2.3.2 Sand migration and deposition model

The volume concentration Cy (Cy = m! /psnSr) used to
simplify Eq. (4), and the resulting expression is:

% (nSL.Cf) —nSLDV? (Cr) +v/*nS ViCr = di Vs —d, Vg +d,Vay
(46)
Zhu et al. (2020) indicated that the introduction of migra-
tion sand alters the viscosity coefficient of the liquid phase,
and the mixed viscosity coefficient can be expressed as:

1.3 4
G (Cf) (1 _ Cf)
Cf() Cf() Cfo

where Cpro and o represent the critical migration sand
concentration and the viscosity coefficient of pure liquid,
respectively. Cyo is calculated to be 0.6 (Zhu et al., 2020).

A step function H(-) is employed to describe this
migration-deposition-further migration process. The resulting
sand deposition function can be expressed as:

-25
(47)

Hr = Hro [

LS
dVig—d Ve =d,Vy = ACp/S —H (Vv - 1> v,  (8)
c

In Eq. (48), the first term on the right-hand side describes
the blockage mechanism, while the second term corresponds
to the volume of deposition particles converted into migration
particles.

3. Multi-field coupling relationships and
numerical calculation strategy

3.1 Analysis of coupling relationships

The proposed model comprises mechanical, thermal, hy-
draulic, phase change, and sand production modules. Specifi-
cally, the mechanical field is governed by Egs. (36), (38) and
(39), the thermal field is reflected by Eqs. (23) and (15), the
hydraulic field is represented by Egs. (30)-(34), Egs. (41)-(43)
represent the phase change model, and Eqs. (44)-(48) represent
the sand production module.

The proposed model provides a more comprehensive rep-
resentation of coupled mechanisms (Fig. 3):

1) the mechanical field model accounts for the influence
of sand erosion (V) in addition to gas pressure, liquid
pressure, and the saturations of liquid, gas and hydrate;

2) the hydraulic field model considers both temperature
conduction and thermal driving effects induced by tem-
perature gradients;

3) the thermal field model is coupled with the volume
concentration of migration particles;

4) the deposition-further migration process is incorporated
into the sand production model.

3.2 Methods of parameter calibration

The calibration of the stiffness parameter By uses the
isotropic compression-rebound curve, while A represents the
slope of the compression curve in the e-lgp’ plane. Cj is
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Initial and boundary conditions, mesh generation and parameter input

1) A transient solver with a separation method is employed.

2) The initial time step size is set to 0.001 with a relative tolerance of 0.005.

3) The implicit backward difference method is used for time discretization.

4) The Newton-Raphson method is used to solve the nonlinear equations at each iteration.

L N N RSy N N NN NN
* Step I * Step 11 Step 111 ¢
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Spatiotemporal distribution of sand erosion and migration induced by hydrate depressurization dissociation

Fig. 4. Numerical calculation strategies and convergence control methods.

related to the specimen dilatancy ratio, and C, is calculated
from the stress ratio when the drained shear of the hydrate
sediment samples reaches the critical state (Bai et al. (2023)).
C3 is obtained by fitting the isotropic compression curve
under Sy = 0, and C4 is obtained by fitting the volumetric
strain curve. Cs is related to the stress relaxation of the sedi-
ment samples and is calibrated using the attenuation method
described in Bai et al. (2023). The parameters o, and f5
are determined by fitting the initial cementation stress curve
using Eq. (36), with the initial cementation stress obtained by
inverting the peak shear strength (Shen et al., 2016). Finally,
A, and A are simultaneously calculated based on the gas
production volume and the displacement curve.

Referring to Uchida et al. (2022), the critical migration
rate voo and wsz are set as 0.01 m/d and 3, respectively.
The parameter o is calibrated as ay = Cy/(1—Cy) (Sun et
al., 2023). The parameters w; and w, are fitted to match the
sand production rate and sand production mass under different
confining pressures. The parameter Ay is calculated from the
ratio of sand particle concentrations at the inlet and outlet
(Cortis et al., 2006). M“ denotes the initial sand erosion rate,
and Vg is the initial sand particle volume, calculated by the
initial porosity.

3.3 Modeling setup and convergence control

The displacement U, gas pressure Pg, liquid pressure Py,
temperature 7, hydrate saturation Sy, volume of skeleton
particles V;, and migration sand concentration Cy are selected
as basic variables. Modeling was performed using the finite
software COMSOL Multiphysics 6.3, with the following setup:

1) the mechanical field model was implemented by the solid

mechanics, PDE, and ODE modules;

2) the hydraulic, thermal, and phase change models were
input via the PDE modules;

3) the sand erosion module was implemented using the ODE
module;

4) the sand migration model was input using the PDE
module.

The theoretical model was solved using a “separation” ap-
proach. First, the hydraulic, thermal and phase change modules
were solved. Next, the mechanical field model was solved,
followed by the sand production model (Fig. 4). Convergence
control includes initial calculation compensation, selection of
iterative methods, and determination of relative tolerances and
time steps (Fig. 4).

4. Results and discussion

Bai et al. (2023) and Zhou et al. (2024) have validated the
constitutive relations, gas-liquid seepage behavior, and heat
conduction of the theoretical model. The prediction accuracy
is evaluated using the mean squared error (MSE) and the
coefficient of variation (COV), where a smaller MSE and
COV indicate higher prediction accuracy. Tables 1 and 2
present the simulation parameter values and initial conditions,
respectively, calculated by Lu et al. (2018) and Li et al. (2019,
2021).

4.1 Case I: Verification of hydrate dissociation

Referring to the dissociation steps in the experiment con-
ducted by Li et al. (2019), three depressurization stages are
simulated (Figs. 5(a) and 5(b)), named AB stage (3.6 ~ 6 MPa,
At =20 min), BC stage (6 MPa, At =40 min), and CD stage
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Mechanical model (Case I; Case II)

Hydrate dissociation and sand erosion model (Case II)

Parameter Value Parameter Value Parameter Value

By (MPa) 6.03x107;5.0x10°  ug (Pa-s) 1.01 x 1073 el e 35.4; 9,459
k 0.5, 0.5 n 0.6 My (kg/mol) 0.124

A 0.13; 0.13 Strs SGr 0.1; 0.01 Mp; Mg (kg/mol)  0.018; 0.016
£ 2.3;5.0 R (J/mol/K) 8.31 k9 1.25%x 107
G 800; 800 N 5 ps: pr (kg/m®) 2,150; 917
C; (s?) 0.6; 0.28 AEy 77,330 pr: pg (kg/m?) 1,000; 0.684
Cy (kgm3kPa~l)  0.03; 0.03 oL, 09 J/m3/K%)  8; 40 wy (b1 0.1

Cs (kgm 3571 1x10% 1.8 x10* Is; Ty (J/kg/K) 750; 2,220 W3 w3 1;3

o 1.67; 3.16 Iy T 4,200, 2,180 D 2% 107*

B 2.0; 1.84 Ks; Ky (W/m/K) 0.8; 0.3 veo (m/d) 0.01

Ay 10; 6 Kr; kg (W/m/K) 0.56; 0.03 A 0.98

As 6; 3 E| 446,120 E, —132.6

Table 2. Initial and boundary conditions used for simulation.

Initial conditions Case I Case II
R (H) (mm) 25 (240) 63 (100)
Pso (MPa) 13.5 11.0
Suo () 0.25 0.47

ng (-) 0.46 03

Sro () 0.65 0.43

Ko (mD) 97.98 97.98
Ty (K) 281.15 275.15

(3.8 ~ 6 MPa, Ar = 140 min). The phase change pressure is
calculated by Eq. (42), and the value of P, = 6 MPa.

Both gas production and axial displacement exhibit a clear
three-stage evolution characterized by slow growth, gradual
stabilization and rapid development (Figs. 6(a) and 6(b)).
The gas release during stage AB increases specimen porosity,
leading to greater axial displacement under external load. As
the dissociation reaction intensifies in stages BC and CD, the
axial displacement transitions from a stable plateau to a rapid
rise (Fig. 6(b)).

4.2 Case II: Sand production within the hydrate
dissociation process

Referring to the experiment of Lu et al. (2018) (Fig. 7(a)),
the simulated pressure is divided into three stages: AB, BC
and CD (Fig. 7(b)). The corresponding phase change pressure
is calculated to be 3.0 MPa by Eq. (42). Therefore, hydrate
dissociation primarily occurs during stage BC, while stage
CD represents the further release of gas and liquid after the
dissociation reaction is complete.

4.2.1 Hydrate dissociation property

In the initial stage (AB), gas inside the specimen is
discharged under the initial pressure gradient, resulting in a
gas production of 6.5 L. As the pressure gradually drops below
the phase transition pressure, hydrate dissociation begins,
leading to a gas production of 44.5 L (Fig. 8(a)). Compared
with simulations that do not consider sand production, gas
production during the AE stage increases when sand erosion is
included. In contrast, during the ED stage, the opposite trend
emerges, indicating that migration particles gradually block
pore channels.

It is worth noting that hydrate dissociation primarily occurs
at the top and bottom of the critical extraction end and
gradually propagates toward the central region (Fig. 8(b)).
This phenomenon, as demonstrated by Fuente et al. (2019),
is attributed to the endothermic nature of hydrate dissociation.

4.2.2 Deformation and heat transfer property

Axial displacement is the most pronounced during the
BC stage, reaching 1.33 mm, while those in the AB and
CD stages are 0.32 and 0.26 mm, respectively (Fig. 9(a)).
Since hydrate dissociation is an endothermic process, the
temperature boundary at the top of the hydrate layer exhibits
asymmetry. Accordingly, the resulting temperature gradient
facilitates the dissociation reaction (Fig. 9(b)).

4.2.3 Sand production mechanism

Deviator stress breaks the cementation between soil parti-
cles, causing sand particles to detach from the soil skeleton and
be transported through pore channels with the liquid phase.
The sample deformation further amplifies porosity changes.
By the end of this stage (f = 400 min), the cumulative sand
production reaches 0.85 g (Fig. 10).
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Fig. 10. Sand production rate and mass during the hydrate
dissociation process.

Once the dissociation reaction is complete (f = 400 min),
liquid water in the specimen is expelled from the depressur-
ization end under the action of the pressure gradient. This
effect induces the further migration of previously eroded par-
ticles. The sand production mass gradually increases between
t =400 ~ 1,000 min, and the total sand production reaches
1.21 g at t = 1,000 min (Fig. 10).

4.3 Sand erosion and migration
4.3.1 Sand erosion mechanism

The evolution curve of the sand erosion rate is illustrated
in cross-sectional and longitudinal sections (cross-section:
H =50 mm; longitudinal section: R = 18 mm). As the hydrate
dissociation reaction progresses, sand erosion initiates near the
dissociation end and gradually expands inward over time (Fig.
11(a)). The sand erosion rate near the dissociation end shows
an initial increase followed by stabilization over time, with the
maximum sand erosion rate reaching 0.058 (Fig. 11(a)).
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Fig. 12. Cloud diagram of sand erosion rate during the hydrate dissociation process.

During the period of + = 0 ~ 100 min, the sand erosion
rate in the top and bottom regions is greater than that in the
central region (Fig. 11(b)). The sand erosion rate initiates near
the depressurization end and gradually develops toward the
internal boundary regions (Fig. 12). Once hydrate dissociation
is completed (¢ > 500 min), sand detachment tends to stabilize,
indicating that the erosion process has reached a steady state.

4.3.2 Sand migration mechanism

From ¢t = 0 ~ 300 min, the migration sand concentration
(Cr) gradually increases, and the affected region expands
outward to R = 50 mm (Fig. 13(a)). At t = 500 min, Cy reaches
a maximum value of 0.088 near the dissociation end, while
migration sand is generated at R = 60 mm with Cy = 0.002.
Subsequently, as time progresses (t = 500 ~ 1,000 min), the
Cy value near the dissociation end decreases.

The migration sand concentration (Cy) at the top and
bottom regions is significantly higher than that in the middle
region (Fig. 13(b)). The Cy values at (0, 50) and (0, 100)
exhibit a pattern of initial increase followed by a decrease,
with the turning point occurring at + = 400 min (Fig. 13(c)).
Besides, the migration sand concentration (Cy) at point (63,
50) increases gradually throughout the process (Fig. 14).

5. Discussion of parameters

Hydrate saturation (Syo = 0.15,0.30,0.45 and 0.6) and
depressurization pressure (Pg, = 0.1,0.4,1.0 and 1.5 MPa)
are key factors influencing sand erosion and migration. Other
modeling parameters are same as the test of Lu et al. (2018)
(Table 1). The ranges of hydrate saturation and depressur-
ization pressure were selected based on the research of Li
et al. (2019, 2024) and Ning et al. (2022). These ranges
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5.1 Hydrate saturation effect

While higher hydrate saturation corresponds to greater total
volumes of produced gas and sand (Figs. 15(a), 15(b)), the
early-stage gas production rate is actually more pronounced
under conditions of lower saturation. The initial gas production
at Sgo = 0.15 reaches 23 L, accounting for 54.7% of the
total gas production volume. In contrast, at Syo = 0.45, the
initial gas production is only 6.2 L. Notably, the initial
sand production remains essentially unchanged across varying
hydrate saturations (t = 0 ~ 20 min, Fig. 15(b)).

The sand erosion rate reaches its maximum at the depres-
surization end and decreases rapidly with the distance increas-
ing. The erosion-affected range also expands with increasing
hydrate saturation. When Sgo = 0.6, the erosion range extends
to R =47 mm, compared with only R = 18 mm at Sgo =0.15.
The region influenced by sand migration is larger than that for
sand erosion (Figs. 16(a) and 16(b)).

t =400 min o

0.12

0.10

0.08

0.06

0.04

0.02

0.00

the hydrate dissociation process.

5.2 Depressurization pressure effect

As the depressurization pressure decreases, the gas produc-
tion volume in the BC section increases (Fig. 17(a)). However,
the final gas production volume remains similar, all reaching
approximately 51.5 L. Moreover, the depressurization pressure
increases the liquid and gas phase flow rates (Eq. (28)), leading
to an increase in the final sand production mass (Fig. 17(b)).

The sand erosion rate exhibits an overall increase due to
the accelerated liquid seepage induced by depressurization
pressure (Fig. 18(a)). In addition, the influence range of sand
erosion expands as the depressurization pressure decreases.
The migration sand concentration is positively correlated with
depressurization pressure, and its influence range is larger than
that of sand erosion (Fig. 18(b)).

6. Conclusions

This study establishes a THM coupling model for hydrate
dissociation and sand production by integrating the gas-liquid
seepage velocity and sand migration rate into the energy dissi-
pation system based on a granular thermodynamic framework.
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The primary findings are summarized as follows:

1) The proposed model incorporates sand migration rate as
an intrinsic component of the energy dissipation system,
providing a unified theoretical framework that inherently
captures the processes of hydrate dissociation and sand
production.

2) Numerical implementation simulates the full cycle of
sand erosion and migration driven by liquid seepage,
mechanical deformation and hydrate dissociation. The
Heaviside step function enables automatic switching be-
tween these phases, enhancing computational robustness.

3) Model validation encompasses dissociation tests both
with and without considering sand migration. Hydrate
dissociation and sand erosion progress more rapidly near
the specimen edges, while they lag at the central region.
The migration sand concentration first reaches a peak
value and then begins to decline, while the sand erosion
rate gradually increases and eventually stabilizes.

This study provides a valuable tool for predicting sand
production risk induced by hydrate dissociation. The predictive
performance of the model under extreme formation conditions
and long-term production scenarios requires further validation.
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