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Multiscale Modeling of Coupled Thermo-Hydro-Mechanical-

Chemical Behavior in Hydrate-Bearing Sediment
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aDepartment of Civil and Environmental Engineering, Hong Kong University of Science and
Technology, Hong Kong, China

bCollege of Civil and Transportation Engineering, Shenzhen University, Shenzhen, China
cDepartment of Civil and Environmental Engineering, University of California, Berkeley, USA

Abstract

This study presents a hybrid continuum-discrete multiscale computational framework that

integrates the material point method (MPM) and the discrete element method (DEM)

to model fully coupled thermo-hydro-mechanical-chemical (THMC) behavior of hydrate-

bearing sediments (HBS). Key innovation of the framework lies in its direct use of DEM to

model microscale mechanisms, such as hydrate bond degradation, particle rearrangement,

and pore evolution, thereby bypassing the need for conventional elastoplastic constitutive

models to define effective stress. We show that a simple hydrate saturation-dependent

contact model within the DEM can effectively reproduce characteristic shear and vol-

umetric responses of HBS under various hydrate saturation and confining stresses. By

embedding a DEM-based representative volume element (RVE) at each material point in

the MPM grid, microscale mechanical behaviors are seamlessly homogenized to inform

large-deformation macroscale multiphysics processes. Numerical simulations of biaxial

compression and indenter penetration demonstrate the framework’s capability to capture

critical phenomena, including shear band formation, shear-induced dilation, and the gen-

eration of negative excess pore pressure that drives localized hydrate dissociation. The

results further reveal that while higher hydrate saturation enhances shear strength, it also

promotes brittle failure and intensified dissociation. Conversely, increased confining stress

suppresses volumetric dilation and stabilizes the sediment by mitigating the development

of negative pore pressure. This multiscale approach provides a powerful new tool for elu-

cidating complex THMC interactions in HBS, with important implications for assessing

hydrate-related geohazards and optimizing gas extraction strategies.

Keywords: Hydrate-bearing sediment, Multiscale modeling, Discrete element method,

Material point method, THMC coupling, Large deformation
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1. Introduction1

Gas hydrate, an ice-like crystalline compound, is found in extreme environments with2

high pressure and low temperature, such as oceanic sediments at water depths exceed-3

ing 300 meters, where the bottom water temperature is approximately 2°C (Reagan and4

Moridis, 2007; Ruppel and Kessler, 2017). Changes in pressure and temperature condi-5

tions, driven by either natural processes (e.g., sea level fluctuations, sedimentation, and6

subsurface geothermal flow) or human interventions (e.g., depressurization and thermal7

stimulation during gas production), can trigger hydrate dissociation (Gatter et al., 2021;8

Jyothsna and Satyavani, 2024). Hydrates typically function as cementing agents that9

bind sediment grains and strengthen the soil matrix. Consequently, their dissociation can10

lead to significant mechanical weakening of the bearing sediments, potentially resulting in11

geological and geotechnical hazards such as seafloor collapse, submarine landslides, and12

wellbore instability (Boswell and S. Collett, 2011; Chong et al., 2016; Yin and Linga, 2019).13

A comprehensive understanding of the mechanical behavior of hydrate-bearing sediments14

(HBS) is essential for mitigating geohazards and advancing gas hydrate exploitation.15

However, the complex interactions among coupled heat transfer, multiphase flow, hydrate16

dissociation kinetics, and geomechanics within the porous HBS system present significant17

challenges to accurate prediction and analysis.18

The mechanical behavior of HBS has been studied through experimental and theoreti-19

cal investigations for several decades. For cementing-type HBS, it is well-established that20

its stiffness, peak strength, and dilation angle increase with hydrate saturation (Soga21

et al., 2006; Waite et al., 2009). It is also found that the contribution of hydrates to22

the shear behavior arises primarily from their cohesive nature rather than frictional ef-23

fects, which means the peak strength may vary, but the critical strength at large shear24

strain is similar regardless of hydrate saturation (Uchida et al., 2012). Furthermore,25

the formation of hydrate bonds enhances contact stiffness and cohesion at grain con-26

tacts, thereby increasing the macroscopic stiffness and shear strength. Additionally, the27

interlocking of grains also enhances the stiffness and peak strength. However, if the hy-28

drate bonds dissociate or break due to shearing, the soil exhibits mechanical softening29

behavior. The increased dilation with hydrate saturation can be attributed to a transi-30

tion from grain-scale to bonded-aggregate-scale particle rearrangements under shearing31

(Waite et al., 2009). Since HBS exhibit these mechanical properties, they can be effec-32

tively modeled as dense or bonded soils. This analogy has been experimentally confirmed33

through triaxial tests on natural and artificially prepared hydrate-bearing soils (Hyodo34

et al., 2005; Yun et al., 2007; Hyodo et al., 2013, 2014).35

An ideal constitutive model for HBS should incorporate the essential mechanical char-36

acteristics of both bonded and dense soils, including enhanced stiffness, strength, and37

dilatancy, limited compressibility, the degradation of hydrate cementing and grain in-38

2



terlocking due to dissociation and bond breakage, and stress relaxation resulting from39

hydrate dissociation. Extensions of the Mohr-Coulomb (MC) model have been a popular40

choice (Freij-Ayoub et al., 2007; Klar et al., 2010). However, these extended MC models41

can hardly capture all the critical mechanical behaviors of HBS. Recently, a number of42

critical state models for HBS have been developed to address these limitations by incorpo-43

rating additional mechanisms (Kimoto et al., 2010; Uchida et al., 2012; Sun et al., 2018).44

While these models offer improved capabilities, they often require numerous parameters,45

some of which lack a strong physical basis and are challenging to calibrate, thereby lim-46

iting their practical applicability. Despite significant advancements, current constitutive47

models for HBS still face difficulties in considering the degradation of hydrate cementing48

and interlocking by hydrate dissociation and plastic deformation, factors that are crucial49

for addressing hydrate-related engineering challenges and natural geohazards.50

Constitutive models for HBS are often empirical and phenomenological, lacking a51

physical representation of the underlying microscopic mechanisms. In contrast, the dis-52

crete element method (DEM) provides a more mechanistic approach for modeling the53

constitutive behavior (Nguyen et al., 2019; Le et al., 2021). DEM can incorporate various54

contact models between particles, allowing for the simulation of sediment movement and55

rearrangement (Gao et al., 2021, 2020), as well as hydrate bond formation, degradation,56

and breakage (Brugada et al., 2010; Jung et al., 2012; Xu et al., 2016). Moreover, DEM57

can effectively account for factors such as pore and sediment size distribution, particle58

stiffness, particle interlocking, and fabric evolution, enabling better predictions of the mi-59

cromechanical behavior of HBS (Jiang et al., 2014; Xu et al., 2025; Ding et al., 2022).60

DEM also offers the flexibility to adjust contact models and parameters to accommodate61

different types of hydrate-bearing soils, which are often challenging to examine through62

laboratory experiments. As a result of these advantages, DEM has been widely utilized63

as an alternative to laboratory-scale tests for investigating the mechanical behavior of64

HBS (Yu et al., 2016; Han et al., 2022; Wang et al., 2024b; Li et al., 2025). Additionally,65

it has been attempted to model large-scale problems, such as hydrate-related submarine66

landslides (Jiang et al., 2016). However, the computational demand increases significantly67

with the number of particles, limiting its applicability in engineering-scale problems.68

Another limitation of DEM is its inability to independently simulate the coupled69

THMC behaviors in an HBS system. DEM should be coupled with other approaches,70

such as computational fluid dynamics (CFD), to jointly simulate the THMC response71

(Jiang et al., 2018a,b; Liu et al., 2022; Wang et al., 2024a). For instance, Jiang et al.72

(2018b) employed the coupled CFD-DEM approach to investigate the undrained shear73

strength of HBS, observing significant localization in hydrate bond breakage but no such74

effect in fluid flow or excess pore pressure distribution. Similarly, Wang et al. (2024a)75

employed a resolved CFD-DEM framework to model solid-fluid interactions, enabling the76

simulation of particle movements and capturing variations in the hydraulic properties of77
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granular samples at the particle scale. This approach has also been applied to simu-78

late submarine landslides triggered by seismic loading in hydrate-rich zones (Jiang et al.,79

2018a). However, incorporating hydrate kinetics into the coupled CFD-DEM framework80

poses significant challenges, particularly in simulating mass exchange between solid and81

fluid phases. Additionally, this method remains inefficient for engineering-scale simula-82

tions, as the computational cost increases dramatically with the increase in the number83

of DEM particles.84

It is known that DEM is more suitable for simulating the mechanical behavior of hy-85

drate soils at the meso-scale, while the continuum approach, such as the finite element86

method (FEM) (Ma et al., 2026), material point method (MPM) (Yu et al., 2024d,c),87

smoothed particle hydrodynamics (SPH) (Feng et al., 2025b,a), and Peridynamics (Yang88

et al., 2025), is more efficient for capturing the macroscopic multiphysics responses.89

Therefore, a hierarchical multiscale coupling of both provides a more promising mod-90

eling approach (Nitka et al., 2011; Andrade et al., 2011; Han et al., 2020). Such hybrid91

continuum-discrete coupling schemes, represented by FEM-DEM (Guo and Zhao, 2014)92

and MPM-DEM (Liang and Zhao, 2019; Liang et al., 2022), have been demonstrated to be93

effective and powerful in many application scenarios, such as high-porosity sandstone (Wu94

et al., 2018a, 2019), saturated granular soils (Guo and Zhao, 2016; Liang et al., 2023), and95

frozen soils (Yu et al., 2024b). Although FEM is extensively applied for THMC modeling96

of HBS (Sridhara et al., 2018; Queiruga et al., 2019; Sun et al., 2018; Ye et al., 2022),97

it suffers from mesh distortion during large deformations, leading to inaccuracy or non-98

convergence, making it less suitable for modeling hydrate dissociation-associated failures99

and geohazards. By contrast, MPM combines the advantages of Lagrangian particles and100

Eulerian mesh, and has been well applied to geotechnical failure, large deformation, and101

multiphysics coupling problems, including landslides, ground collapses, pile driving, and102

footing penetration, among many other applications (Pinyol et al., 2018; Dunatunga and103

Kamrin, 2017; Chen et al., 2021; Lei et al., 2021; Baumgarten et al., 2024; Lei et al., 2024;104

Yu et al., 2024a; Liang et al., 2025).105

The aim of this study is therefore twofold: (1) to surpass phenomenological modeling106

of the mechanical behavior of HBS by conventional constitutive modeling, and (2) to in-107

corporate fully coupled THMC behavior in HBS systems for engineering-scale problems.108

For this purpose, this study proposes to develop a hierarchical multiscale approach that109

integrates the THMC-coupled MPM with DEM. The MPM solver is employed to sim-110

ulate the macroscale THMC responses, while the DEM solver is utilized to capture the111

path- and history-dependent stress-strain relationships. The multiscale coupling is estab-112

lished by embedding a DEM-based numerical sample of a representative volume element113

(RVE) at each material point. This framework leverages the strengths of MPM in mod-114

eling multiphysics large-deformation and large-scale problems and DEM in reproducing115

micromechanics-based constitutive behavior of hydrate-bearing soils. Specifically, we will116
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consider the hydrate cementation effect by incorporating a hydrate saturation-dependent117

bond contact model into the DEM solver. The yielding framework will be beneficial not118

only for HBS but also for other cemented soils, such as frozen soils and biocemented sand.119

The remaining part of this paper is organized as follows. Section 2 will present the120

multiscale MPM-DEM approach for THMC-coupled modeling of HBS. Section 3 will detail121

the preparation of an RVE and its mechanical responses. Section 4 and 5 will present122

biaxial compression tests and rigid indenter penetration tests to demonstrate the efficacy123

of the proposed multiscale framework in capturing coupled THMC behavior in HBS. A124

summary will be given in Section 6.125

2. Multiscale computational framework for hydrate-bearing sediment126

2.1. Basic assumptions127

The HBS is a highly complex multiphase and multi-component system. Before pre-128

senting its governing equations, several necessary assumptions are made.129

1. Four primary components or phases are considered: sediment (s), hydrate (h), water130

(w), and gas (g), while the dissolved gas in water and the water vapor in gas are131

neglected (Klar et al., 2013; Sun et al., 2018; White et al., 2020).132

2. For the phase transition process, only the hydrate dissociation is considered, whereas133

the formation of hydrate is neglected. Additionally, the hydration number is as-134

sumed to be 6, meaning that one hydrate molecule decomposes into six water135

molecules and one gas molecule (Liang et al., 2010; Sloan Jr and Koh, 2007; Ke136

et al., 2019).137

3. While hydrate can be present in various occurrence modes, including pore-filling,138

contact-cementing, and grain-coating (Waite et al., 2009), this study focuses on the139

cementing type hydrates. We assume that the hydrates and hosting sediment grains140

jointly contribute to the soil skeleton of the HBS system, with the hydrate playing141

the role of cementing agent (Wu et al., 2020; Jiang et al., 2014).142

4. The liquid phase is assumed to be weakly compressible, and both liquids and solids143

exhibit linear thermal expansion. The gas phase is treated as an ideal gas and144

follows the state equation of ideal gas (Ye et al., 2022).145

5. The migration of both fluid and gas is assumed to fulfill Darcy’s law, while heat146

transfer follows Fourier’s law (Sun et al., 2018; Ye et al., 2022). Both fluid flow and147

heat transfer are considered isotropic.148

Based on these assumptions, the governing equations, including the mass, momen-149

tum, and energy balance equations, are established, alongside the hydrate kinetic reac-150

tion model, a soil water retention model, the equations of state for each phase, and a151

permeability model accounting for changes in porosity and saturation of each phase.152
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2.2. Continuum theory for THMC modeling of HBS153

2.2.1. Preliminaries154

According to the mixture theory, all phases in an HBS medium are assumed to be155

spatially continuous and homogeneously distributed in an averaged sense on the macro-156

scopic scale. Based on this, for an RVE in HBS, as illustrated in Figure 1, the porosity,157

ϕ, and the saturation of each phase, Sπ, can be defined as (Lewis and Schrefler, 1998),158

ϕ :=
dVh + dVw + dVg

dV
, Sπ :=

dVπ
dVh + dVw + dVg

, π ∈ {h,w, g}, (1)159

where dVh, dVw, and dVg are the volumes of the hydrate, water, and gas phases, respec-160

tively, in an RVE, and dV is the total volume of the RVE.161

In the multiscale framework, the effective stress theory remains the fundamental link162

between the pore pressure and effective stress responses. Based on the extended Bishop’s163

effective stress theory (Gallipoli et al., 2003; Oka et al., 2006), the total stress can be164

expressed as,165

σ = σ′
RVE − pfI, with pf = χwpw + χgpg, (2)166

where σ′
RVE is the effective stress tensor; pf is the pore fluid pressure; pw and pg are the167

pore water and gas pressures; and χw = Sw/(Sw + Sg) and χg = Sg/(Sw + Sg) are two168

Bishop coefficients. Unlike using the conventional constitutive models, the effective stress169

σ′
RVE is now updated by the DEM-based RVE. It should be noted that the DEM is only170

employed to update the effective stress, while pore pressure variables are still updated by171

the macroscopic MPM solver.172

2.2.2. Mass balance equation173

The Mass balance equation for each phase in the Lagrangian description is given as174

follows,175 

Ds [(1− ϕ)ρs]

Dt
+ (1− ϕ)ρs∇ · vs = 0, (Solid)

Ds (ϕShρh)

Dt
+ ϕShρh∇ · vs = ṁh, (Hydrate)

Ds (ϕSwρw)

Dt
+ ϕSwρw∇ · vs +∇ · ρwJw = ṁw, (Water)

Ds (ϕSgρg)

Dt
+ ϕSgρg∇ · vs +∇ · ρgJg = ṁg, (Gas)

(3)

(4)

(5)

(6)

176

Here, the operator Ds/Dt denotes the material derivative with respect to the solid phase,177

defined as Ds

Dt
= ∂

∂t
+ vs · ∇. In addition, ϕ is the porosity. ρπ is the intrinsic density of178

phase π, where π ∈ {s, h, w, g}. vπ is the velocity of phase π, while Jπ = ϕSπ (vπ − vs)179

is the Darcy velocity, describing the relative flow of the phase with respect to the solid180

matrix. ṁπ is the rate of mass production (or consumption) per unit bulk volume due to181

hydrate dissociation.182
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Figure 1: Illustration of the distribution of each phase in an HBS RVE (Chen et al., 2016).

2.2.3. Momentum balance equation183

The momentum balance equations for the mixture, water, and gas phases are given as184

follows,185 

ρsh
Dsvs

Dt
+ ϕSwρw

Dsvw

Dt
+ ϕSgρg

Dsvg

Dt
= ∇ · (σ′

RVE − pfI) + ρmb, (Mixture)

ϕSwρw
Dsvw

Dt
= −ϕSw∇pw + ϕSwρwb− (ϕSw)

2 µw

kakrw
(vw − vs) , (Water)

ϕSgρg
Dsvg

Dt
= −ϕSg∇pg + ϕSgρgb− (ϕSg)

2 µg

kakrg
(vg − vs) , (Gas)

(7)

(8)

(9)

186

where ρsh = (1 − ϕ)ρs + ϕShρh is the average density of the hydrate-soil skeleton; ρm =187

(1 − ϕ)ρs + ϕShρh + ϕSwρw + ϕSgρg is the average density of the mixture; µw and µg188

are the dynamic viscosity of the water and gas phases, respectively; ka is the absolute189

permeability; krw and krg are the relative permeability of the water and gas phases,190

respectively; b is the body force vector; and I is the identity tensor. Note that the191

effective stress updated from the RVE should consider the effect of hydrate cementation.192

2.2.4. Energy balance equation193

The energy balance equation for the mixture is given by,194

Cm
DsT

Dt
+ (ρwcwJw + ρgcgJg) · ∇T +∇ · (−κm∇T )− θσ′:ε̇p = qe, (Mixture) (10)195
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where T is the temperature; Cm = (1 − ϕ)ρscs + ϕShρhch + ϕSwρwcw + ϕSgρgcg and196

κm = (1−ϕ)κs+ϕShκh+ϕSwκw+ϕSgκg are respectively the heat capacity and the thermal197

conductivity of the mixture; cπ and κπ are respectively the specific heat capacity and the198

thermal conductivity of phase π; θσ′:ε̇p represents the heat generation due to plastic199

deformation (Vishnu et al., 2022); and qe is the heat source due to hydrate dissociation,200

calculated by (Ye et al., 2022),201

qe = ∆Hṁh = (C0 + C1T )ṁh, (11)202

where ∆H is the enthalpy change, and C0 and C1 are coefficients characterizing the latent203

heat of hydrate dissociation, taken as 446,120 J/kg and 132.638 J/(kg·℃), respectively.204

Remark 1. It is important to note that thermal conductivity depends on the skeleton205

and pore structures, which can be updated based on the evolving RVE fabric. The same206

applies to hydraulic conductivity. Additionally, macroscopic plastic heat generation can207

also be derived from the RVE scale (Zhao et al., 2020). However, due to limited scope,208

these aspects are reserved for future investigation. This work focuses exclusively on the209

effective stress updates derived from the RVEs.210

2.2.5. Hydrate reaction model211

The mass source term ṁπ in the mass balance equations (Eqs. (4-6)) is determined212

based on the kinetic reaction rate of hydrate (Rr) in a given temperature and pressure213

condition as follows (Liang et al., 2010; Ruan et al., 2012),214

ṁh = −MhRr, ṁg =MgRr, ṁw = NhMwRr, (12)215

where Mh, Mg, and Mw represent the molar masses of hydrate, gas, and water, respec-216

tively, while Nh denotes the hydration number. The hydrate kinetic reaction rate Rr is217

calculated using the Kim-Bishnoi model (Kim et al., 1987; Clarke and Bishnoi, 2001b,a;218

Sloan, 1987),219

Rr = K0 exp

(
−∆E

RT

)
ϕSh (pe − pf ) , (13)220

pe = A1 exp

(
A2 −

A3

T + 273.15

)
, (14)221

where K0 is the kinetic dissociation constant; ∆E is the activation energy, taken as 78,151222

J/mol; R is the gas constant; Ageo is the surface area to volume ratio of hydrate particles,223

taken as 7.5 × 105 /m; and pe is the hydrate stability pressure; and A1, A2, and A3 are224

regression coefficients, given as follows: A1 = 1.15 Pa, A2 = 49.3185, and A3 = 9,459225

℃−1. This model takes into account the combined effects of temperature, pore pressure,226

hydrate content, and pore topology characteristics.227
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2.2.6. Soil water retention model228

In HBS, gas and water can be trapped within the voids as ”residual gas” and ”residual229

water”, with their magnitudes influenced by hydrate saturation. To account for this, an230

effective water saturation Se is defined as (Lewis and Schrefler, 1998; Sun et al., 2018),231

Se :=
Sw/ (1− Sh)− Swr

1− Swr − Sgr

, (15)232

where Swr := dVwr/(dVw + dVg) and Sgr := dVgr/(dVw + dVg) are the residual water233

saturation and residual gas saturation, respectively; and Vwr and Vgr are the volumes of234

residual water and residual gas, respectively.235

The effective saturation can be determined using the soil-water retention model. The236

well-established Van Genuchten model is employed in this work (Van Genuchten, 1980;237

Sun et al., 2018; White et al., 2020; Zhang et al., 2024), expressed as,238

Se =
(
1 + (pc/p0)

1/(1−m)
)−m

, (16)239

where pc = pg − pw is the capillary suction, with pg and pw the pore gas pressure and240

pore water pressure, respectively; p0 is the reference pressure; and m is a constant model241

parameter.242

2.2.7. Absolute and relative permeability model243

The absolute permeability ka is influenced by both porosity and hydrate saturation.244

The following equation is adopted to evaluate ka (Masuda, 1999; Liang et al., 2010; Ruan245

et al., 2012; Ye et al., 2022),246

ka = k0

(
ϕ

ϕ0

)1.5(
1− ϕ

1− ϕ0

)3

(1− Sh)
mh , (17)247

where k0 is the hydrate-free permeability at the porosity of ϕ0 and mh is a permeability248

reduction parameter related to the pore structure249

The relative permeabilities for the water and gas phases, krw and krg, are calculated250

using a modified Corey’s model (Corey, 1954; Liang et al., 2010; Ruan et al., 2012),251

krw =

(
Sw/(1− Sh)− Srw

1− Srw − Srg

)nw

, krg =

(
Sg/(1− Sh)− Srg

1− Srw − Srg

)ng

, (18)252

where nw and ng are two material constants.253

2.3. Discrete element model for HBS considering hydrate bond254

As aforementioned, DEM has been widely used to investigate the cross-scale mechan-255

ical behavior of HBS (Ding et al., 2022; Wang et al., 2024b; Li et al., 2025; Xu et al.,256

2025). In different work, the hydrate may be treated as a pore-filling particle or cementing257
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agent, corresponding to the pore-filling and cementing types of HBS, respectively. Both258

types of models can be implemented within the current multiscale framework seamlessly.259

In this study, we focus mainly on the cementing-type hydrate. For simplicity but without260

loss of generality, we adopt a simple bond contact model to capture the cementation ef-261

fects when hydrate is present, together with a frictional contact model to represent basic262

grain-to-grain interactions in the absence of hydrate bonds (Liang and Zhao, 2019; Liang263

et al., 2023; Zhao et al., 2022).264

This approach naturally accounts for the following effects: (1) the cementation effect265

of hydrate, (2) the influence of hydrate saturation on the bond strength and sediment stiff-266

ness, (3) hydrate bond breakage when the grain contact force exceeds the bond strength,267

(4) bond degradation during hydrate dissociation, (5) the dependence of sediment strength268

and stiffness on hydrate saturation, confining stress, and packing density, (6) path- and269

history-dependent stress-strain relationships during mechanical loading and hydrate dis-270

sociation, and (7) other microscopic properties of HBS.271

2.3.1. Basic frictional contact model272

The contact forces between any two contacting particles, such as particle A and particle273

B (as illustrated in Figure 2), are linearly related to their relative displacements. The274

tangential contact force is further constrained by the Coulomb friction condition. These275

relationships are described as follows,276 {
fn = −knun,

∆ft = −kt∆ut, |ft| ≤ µ |fn| ,
(19)

(20)
277

where fn and ft are the normal and tangential components of the contact force (positive278

for tensile forces); kn and kt are the normal and tangential stiffnesses; un and ut are279

the normal and tangential displacements; and µ is the friction coefficient at the contact.280

The stiffness parameters kn and kt are linked with the grains’ Young’s modulus (Ec) and281

Poisson’s ratio (νc) through kn = Ecr̄ and kt = νckn, where r̄ = 2rArB/(rA + rB) is the282

harmonic mean radius of the two contacting particles with radii rA and rB (Smilauer283

et al., 2023).284

2.3.2. Hydrate saturation-dependent bond contact model285

In the presence of hydrate, a bond contact model is employed. Rather than simulating286

hydrate and sediment grains as distinct entities, each DEM grain is conceptually treated287

as a composite of hydrate and sediment, where the grain size and elastic properties are288

defined as functions of hydrate saturation. The intergranular cementation is then modeled289

using a point-bond model, where the bond strength is also a function of hydrate saturation.290

The equivalent size of the sediment-hydrate mixed particle is given by,291

req = r0

(
Vs + Vh
Vs0

)1/D

= r0

(
1− ϕ0 + (ϕ0 + εv)Sh

1− ϕ0

)1/D

, (21)292
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Figure 2: Illustration of contact model in DEM solver

where r0 is the initial grain size; Vs0 is the initial volume of the solid phase; Vs and Vh293

are the current volumes of the solid phase and the hydrate phase, respectively; ϕ0 is the294

initial porosity; εv is the volumetric strain; Sh is the hydrate saturation degree; and D is295

the dimension.296

The maximum normal and tangential contact forces, fmax
n and fmax

t , are defined as297

(Wu et al., 2018b, 2023),298

{
fmax
n = Cnmin

{
r2A, r

2
B

}
,

fmax
t = µfn + Ct min

{
r2A, r

2
B

}
,

(22)

(23)
299

where Cn and Ct represent the normal and tangential cohesion strength of the bond.300

If either the normal or tangential force exceeds its corresponding maximum threshold,301

the bond will break. In the case of a tensile normal force, the contact is entirely lost.302

Otherwise, the contact transitions to a purely frictional contact.303

The bond strength and the particle stiffness (Young’s modulus) are dependent on the304

hydrate saturation as follows (Yu et al., 2024b),305

{
Ci = Ci0 +∆Cmax

i Φ (Sh) , i = n, t,

Ec = Ec0 +∆Emax
c Φ (Sh) .

(24)

(25)
306

Here, Ci0 and Ec0 are the cohesion strength without hydrate bond and the Young’s mod-307

ulus of pure soil grains, respectively. ∆Cmax
i and ∆Emax

c are the maximum additional308

cohesion and modulus due to the hydrate bond, respectively. Additionally, Φ is a function309

related to the hydrate saturation Sh.310

Since the bonding effect might not be significant when hydrate saturation is low, an311

exponential function Φ is adopted for Φci and Φki,312

Φ = exp[−ηh(1− Sh/Sh,max)], (26)313
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where Sh,max is the (reference) maximum saturation of hydrate, ηh is a shape parameter.314

Figure 3 shows the Φ as a function of ηh. As can be seen, Φ decreases with hydrate315

saturation.316

Remark 2. The bond properties can also be correlated with pressure and temperature,317

as adopted by some existing DEM simulations for hydrate-bearing soils (Jiang et al.,318

2016, 2017). In our model, hydrate saturation is directly dependent on pressure and319

temperature, inherently capturing these effects. Additionally, the multiscale approach320

enables the dynamic simulation of pressure and temperature changes, which, in turn,321

allows for the real-time updating of hydrate saturation. This is traditionally challenging322

to achieve with purely DEM-based modeling.323

2.3.3. Boundary imposition and stress homogenization324

To reduce the boundary effect from rigid boundaries (e.g., rigid confining walls), pe-325

riodic boundary conditions are employed in the DEM simulations (Liang et al., 2023).326

At each MPM time step, the incremental displacement gradient ∇u is received from the327

macroscale MPM material point and prescribed as the boundary condition for the RVE.328

It is important to note that the RVE used here corresponds to the updated configura-329

tion from the previous step, rather than the initial RVE. Therefore, in the current step,330

only the incremental displacement gradient is required to update the RVE. This update331

strategy naturally accounts for path- and history-dependent granular mechanics. Under332

non-isothermal conditions, the incremental displacement gradient in the MPM solver is333

calculated as,334

∇u = ∆tMPM∇vs −
βsh
3

∆TI, (27)335

12



where ∆tMPM is the MPM time step size. The second term on the right-hand side repre-336

sents the volumetric expansion or contraction due to thermal effects. It is important to337

note that this incremental displacement gradient represents the total deformation within338

a single MPM time step. For each DEM time step, the applied deformation should be339

∇vDEM = ∇u/∆tDEM, in which ∆tDEM is the DEM time step size.340

Remark 3. Note that the time step size of the MPM solver, ∆tMPM, and that of the DEM341

solver, ∆tDEM, need not be identical. ∆tMPM is governed by the CFL condition derived342

from the macroscopic governing equations, whereas ∆tDEM is determined by particle-scale343

properties such as density and stiffness. These two time steps are mutually independent344

and do not influence one another.345

After applying the boundary condition, the homogenized Cauchy stress of the RVE is346

computed based on the well-established Love-Weber formula (Nicot et al., 2013),347

σ′
RVE =

1

VRVE

∑
Nc

d⊗ f , (28)348

where “⊗” denotes the dyadic product between two vectors; VRVE is the volume of the349

RVE; Nc is the total number of all contacts inside the RVE; d is the branch vector joining350

the centers of contacting particles; and f is the contact force.351

2.4. Multiscale coupling strategy and solution procedure352

The multiscale coupling is implemented by attaching an RVE to each material point.353

The one-point multiphase MPM serves as the upscale solver for modeling macroscopic mul-354

tiphysics, while the DEM serves as the downscale solver for updating hydrate-saturation-355

dependent mechanical responses. A schematic of the overall strategy of the coupled356

MPM-DEM approach is shown in Figure 4. The detailed coupling strategy with the357

update-stress-first (USF) scheme is given as follows.358

2.4.1. Step 1: MPM Solver - Map Particles to Nodes & Update Particle Properties First359

(1.1) Map material point information (e.g., mass, momentum, heat capacity, and heat)360

to nodes, calculate nodal velocities, vk
sI , and temperature, vk

πI :361

Mk
sh =

np∑
p

(
mk

sp +mk
hp

)
SIp, vk

sI =
(
Mk

sh

)−1

I

np∑
p

(
mk

sp +mk
hp

)
vk
spSIp, (29)362

Mk
π =

np∑
p

mk
πpSIp, vk

πI =
(
Mk

π

)−1

I

np∑
p

mk
πpv

k
πpSIp, π ∈ {w, g}, (30)363

Ck
m =

np∑
p

V k
p C

k
mpSIp, T k

I =
(
Ck

m

)−1

I

np∑
p

V k
p C

k
mpT

k
p SIp, (31)364
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Figure 4: Illustration of the multiscale modeling strategy for HBS.

where the subscripts p and I denote material point and node indices, respectively; the365

superscript k and k + 1 denote the current and next time steps, respectively; SIp is the366

MPM interpolation function regarding material poin p and node I; and np is the number367

of particles.368

(1.2) Compute particle strain, ε̇k+1
p , and incremental displacement gradient, ∇uk+1

p :369

ε̇k+1
p =

1

2

(
∇vk

sp +
(
∇vk

sp

)T)− βsh
3
Ṫ k
p I, (32)370

∇uk+1
p = ∆t

(
∇vk

sp −
βsh
3
Ṫ k
p I

)
, (33)371

where the particle velocity gradient is compute as ∇vk
sp =

∑
I v

k
πI∇SIp; ∆t is the time372

step size of the MPM solver; and βsh is the volumetric thermal expansivity of the hydrate-373

soil skeleton. Then, the volumetric strain and porosity can be updated using the strain374

rate.375

(1.3) Update the rate of hydrate saturation, Ṡk+1
hp ,376

Ṡk+1
hp = (ϕk+1

p )−1

(
ṁh

ρh
+ βshṪ

k
p − Sk+1

hp ε̇k+1
sp

)
, (34)377
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where ε̇sp is the rate of volumetric strain of the solid phase.378

(1.4) Update the rate of pore gas and liquid pressures, ṗk+1
wp and ṗk+1

gp ,379 [
K̃ww K̃wg

K̃gw K̃gg

]
p

{
ṗk+1
w

ṗk+1
g

}
p

=

{
f̃w

f̃g

}
p

, (35)380

where the components of the LHS matrix and the RHS vector, K̃ww, K̃wg, K̃gw, K̃gg, f̃w381

and f̃g, are derived from the mass balance equations and their detailed expression of can382

be found in Appendix B and Yu et al. (2026).383

(1.5) Update other properties, including densities of each phase, absolute and relative384

permeability, and source terms.385

2.4.2. Step 2: MPM/DEM Message Passing & Run DEM Solver to Shear RVE386

(2.1) Transfer the updated incremental displacement gradient ∇uk+1
p and the hydrate387

saturation Sk+1
hp from material points to the corresponding DEM RVEs:388

∇uk+1
p → ∇uk+1

RVE, Sk+1
hp → Sk+1

h,RVE. (36)389

(2.2) Update the RVE parameters (e.g., grain elastic modulus, bond strength, and390

particle size) based on hydrate saturation according to Eq. (21) and Eqs. (24 - 26);391

(2.3) Shear RVE by enforcing the velocity gradient:392

∇vk+1
RVE = ∇uk+1

RVE/∆tDEM, (37)393

where ∆tDEM is the time step size of the DEM solver. Then, calculate the homogenized394

stress based on Eq. (28).395

(2.4) Transfer the updated RVE stress tensor and other microscopic information (e.g.,396

bond state and fabric distribution), if necessary, to the corresponding material points.397

2.4.3. Step 3: MPM Solver - Update Nodal Solutions, Map Nodes to Particles, & Update398

Particles399

(3.1) Compute nodal forces and calculate nodal acceleration v̇k+1
πI using a node-based400

implicit scheme:401  Msh Mw Mg

∆tQd
w Mw −∆tQd

w 0

∆tQd
g 0 Mg −∆tQd

g


I


v̇k+1
s

v̇k+1
w

v̇k+1
g


I

=


f ext
m + f int

m

f ext
w + f int

w +Qd
w · (vk

w − vk
s )

f ext
g + f int

g +Qd
g · (vk

g − vk
s )


I

.

(38)402

where Qd
w and Qd

g are the nodal drag force coefficients. f ext
(∗) are f int

(∗) are the nodal internal403

and external forces.404

(3.2) Compute nodal heats from particles and calculate temperature rate Ṫ k+1
I using405

an explicit scheme:406

Ṫ k+1
I =

(
Esource
TI + Eext

TI + E int
TI +Qconv

wI · (vk
wI − vk

sI) +Qconv
gI · (vk

gI − vk
sI)

)
/C̃mI , (39)407

15



where Esource
TI , Eext

TI , and E int
TI are the nodal heat sources, internal and external heat; Qconv

wI408

and Qconv
gI are nodal coefficients related to heat convection; and C̃mI is the modified nodal409

heat capacity.410

(3.3) Map updated nodal temperature and velocity variables to particles and update411

particle temperature and velocities:412

Vk+1
p = Vk

p +∆t

nI∑
I

V̇k+1
I SIp, V = vs,vw,vg, T. (40)413

(3.4) Update particle displacements up and positions xp:414

∆xk+1
p = ∆uk+1

p = vk
sp∆t+

1

2
v̇k+1
sp ∆t2. (41)415

For the details of the MPM discretizations and the solution algorithm, readers may416

refer to our previous work (Yu et al., 2026).417

3. RVE preparation418

In this study, 2D examples are employed to demonstrate the efficacy of the proposed419

multiscale framework for modeling HBS. While 3D simulations remain computationally420

expensive at present, the framework is equally applicable to 3D cases.421

3.1. RVE generation422

The RVE is generated using the bond contact model by setting a zero bond strength,423

which is equivalent to a pure frictional contact model. The microparameters used for the424

RVE preparation are listed in Table 1. A dense RVE packing with 500 grains and an425

initial porosity of approximately 0.18 is prepared under an isotropic confining stress of426

100 kPa, as illustrated in Figure 5b. The distribution of contact normal orientations is427

shown in Figure 5a, indicating that the RVE exhibits relatively isotropic packing.428

Remark 4. The use of 500 grains per RVE is a compromise between computational ac-429

curacy and efficiency. The RVE must be sufficiently large to capture the characteristic430

mechanical behavior of the meso-scale sample. However, an excessively large RVE leads431

to a significant, often exponential, increase in computational cost. Previous studies have432

established that for a 2D RVE, approximately 400 grains (Guo and Zhao, 2014; Wu et al.,433

2018a; Liang et al., 2023) strike a reasonable balance. Accordingly, we selected a slightly434

larger value of 500 grains to enhance representativeness while maintaining tractable com-435

putational demands.436

Remark 5. Notice that the RVE is prepared under a relatively low confining stress437

(100 kPa) to achieve a stable initial packing. However, it is crucial to note that the438

subsequent mechanical response is governed by the current state transmitted from the439
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MPM material point. During the simulation of macroscopic boundary value problems,440

the embedded RVEs routinely experience effective stresses in the MPa range. The path-441

and history-dependent nature of our DEM model ensures that the RVE’s response evolves442

appropriately to these high-stress conditions.443

Remark 6. It is also important to note that the porosity of a DEM RVE characterizes444

the space occupied by fluid phases (i.e., water and gas), which differs from the hydrate-445

free porosity defined in the MPM framework. However, it should be acknowledged that,446

in the current model, using the RVE porosity to update the macroscopic porosity can be447

tricky, as this study employs a highly simplified DEM model for hydrates. This limitation448

can be addressed in future work by adopting a more sophisticated 3D DEM model for449

hydrate-soil interactions.450
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Figure 5: (a) RVE force chain and (b) contact normal orientation distribution.

Table 1: Microscopic parameters used for RVE preparation.

DEM parameters Value

Grain density, ρgrain: kg/m
3 2650

Grain size, rgrain: mm 3∼7

Young’s modulus, Ec: MPa 600

Poisson’s ratio, νc 0.8

frictional coefficient, µ 0.5

Number of grains in an RVE, Ngrain 500

Once the RVE packing is prepared, the bond parameters are assigned based on the451

hydrate saturation condition. For a condition without hydrate (Sh = 0), the soil is452

modeled as a low-cohesion material with a bond strength of 20 MPa. At a hydrate453
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saturation of 0.5, the additional cohesion is set to 200 MPa, while the additional modulus454

is defined as 20 GPa. The shape parameter, ηh, which is a critical factor governing455

the global mechanical response of the HBS RVE, is carefully chosen as 3 in this study.456

A summary of the parameters for the saturation-dependent bond model is provided in457

Table 2.458

Table 2: Hydrate saturation-dependent RVE parameters.

DEM parameters Value

Hydrate-free Young’s modulus, Ec0: GPa 5

Additional Young’s modulus at Sh = 0.5, ∆Emax
c : GPa 20

Cohesion without hydrate, Ci0: MPa 20

Maximum additional cohesion, ∆Cimax: MPa 200

Shape factor, η 3

3.2. RVE responses459

To validate whether the RVE with the selected parameters can effectively capture the460

key mechanical characteristics of HBS, a series of biaxial compression tests is performed461

on RVE samples under varying hydrate saturation levels and confining stresses. Five sat-462

uration conditions are tested, specifically 0.5, 0.35, 0.23, 0.12, and 0, with corresponding463

Φ values of 1.0, 0.4, 0.2, 0.1, and 0.05, respectively. Each sample is tested under four464

confining stress conditions, i.e., 0.8, 1.6, 3.2, and 6.4 MPa. The test conditions, including465

the corresponding grain Young’s modulus and cohesion values, are summarized in Table466

3.467

Table 3: Biaxial test on RVE with different hydrate saturation.

Test ID Sh Sh/Shmax Φ Ec: GPa Ci: MPa σc: MPa

RVE-Test-1 0 0 0.05 6 30 0.8, 1.6, 3.2, 6.4

RVE-Test-2 0.12 0.24 0.1 7 40 0.8, 1.6, 3.2, 6.4

RVE-Test-3 0.23 0.46 0.2 9 60 0.8, 1.6, 3.2, 6.4

RVE-Test-4 0.35 0.7 0.4 13 100 0.8, 1.6, 3.2, 6.4

RVE-Test-5 0.5 1.0 1.0 25 220 0.8, 1.6, 3.2, 6.4

Figure 6(a) and (b) present the axial stress (σyy)-axial strain (εyy) relationships for468

samples with different hydrate saturation under confining stress of 0.8 MPa and 1.6 MPa.469

The results reveal that (1) The Young’s modulus increases with hydrate saturation; (2) the470

peak strength increases with hydrate saturation, while the critical strength is relatively471

similar for all hydrate saturation conditions; (3) high saturation samples exhibit more472
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obvious strength softening at large strains. The severe fluctuations in the curves for higher473

saturation samples are likely caused by frequent bond breakage. Another potential factor474

is the limited number of particles used in the simulation. It is important to note, however,475

that this limitation does not compromise the model’s ability to faithfully reflect the overall476

mechanical trends of hydrate soils. Figure 6(c) and d show the evolution of volumetric477

strain with axial strain. All samples present a slight volumetric contraction first and then478

dilation. The degree of volumetric dilation grows with the hydrate saturation. These479

are consistent with the reported mechanical characteristics of HBS samples (Waite et al.,480

2009; Jung et al., 2012).481
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Figure 6: RVE responses in biaxial compression test: (a) Φ = 1.0, (b) Φ = 0.4, and (c) Φ = 0.2.

Figure 7 further compares key strength parameters of the RVE samples and the exper-482

imental data (Soga et al., 2006; Masui et al., 2005, 2006; Waite et al., 2009). The Young’s483

modulus E50 is calculated at 50% of the stress at failure. The cohesion and friction angle484

are determined based on the Mohr circles. The dilation angle, ψ, is determined by (Waite485

et al., 2009),486

∆εv
∆εyy

=
−2 sinψ

1− sinψ
, (42)487
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Figure 7: (a) Young’s modulus E50, (b) cohesion c, (c) friction angle φ, and (d) dilation angle sinψ versus

hydrate saturation obtained from RVE biaxial tests. The red square markers with dashed lines represent

the DEM-based RVE results, while the blue markers show the laboratory-tested data on either synthetic

or natural HBS samples (Masui et al., 2005, 2006; Soga et al., 2006; Waite et al., 2009).

where ∆εv is the change in volumetric strain and ∆εyy is the change in axial strain.488

Figure 7(a) and (b) show that the Young’s modulus ranges from 200 MPa to 1000 MPa,489

while the cohesion varies between 100 kPa and 1200 kPa. These values are closely aligned490

with those reported for laboratory-formed cementing hydrate samples (Masui et al., 2005).491

Furthermore, it can be observed that the variations in stiffness, cohesion, and dilation492

angle are less pronounced under low hydrate saturation conditions, which is consistent493

with laboratory tests. However, the friction angle, as shown in Figure 7(c), exhibits494

no significant dependence on hydrate saturation, aligning with experimental findings as495

well. However, the magnitude shows some discrepancy, which is about 20° for the DEM496

RVE. This is probably because the rolling resistance is not considered in the DEM model.497

Nonetheless, this value remains within the physically reasonable range for HBS samples.498

Figure 7(d) indicates that the dilation angle tends to increase with hydrate saturation, a499
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trend that becomes more pronounced at higher saturation levels. The results of the RVE500

biaxial tests demonstrate that the DEM RVE with saturation-dependent bond properties501

successfully captures the key mechanical characteristics of HBS samples under varying502

saturation conditions.503

With the RVE prepared, two classical benchmarks, including the biaxial compression504

test and the rigid indenter penetration test, are conducted to evaluate the efficacy of the505

proposed multiscale framework in capturing coupled THMC behaviors of HBS in meso-506

and large-scale problems. The effect of confining stress and hydrate saturation will be507

further investigated.508

4. Numerical example I: Undrained biaxial compression test509

4.1. Model setups510

The multiscale framework is first applied to simulate undrained biaxial compression511

tests on HBS, with a particular focus on shear localization (Liang and Zhao, 2019). Fig-512

ure 8 illustrates the model setup for the test, in which an HBS sample with dimensions513

of 2 m by 4 m is considered. Both lateral boundaries of the sample are subjected to a514

constant confining pressure σc. Rough, rigid plates are attached to the top and bottom515

boundaries, with their movements constrained in the x directions. The top plate moves516

monotonically downward with a constant vertical velocity vy = 0.1 m/s, while the bottom517

plate is fully fixed. The loading velocity of the top plate is increased linearly from zero to518

the prescribed magnitude in the first 0.1 s to reduce stress oscillation. Quadrilateral cells519

with a cell size of 0.1 m and four material points per cell are employed for the background520

mesh. The macroscopic material parameters for the MPM solver are given in Table 4.521

A series of cases with varying confining stress (i.e., 0.8, 1.6, and 3.2 MPa) and hydrate522

saturation (i.e., 50%, 35%, and 23%) are simulated. The case with hydrate saturation523

Sh = 50% and confining stress σc = 0.8 MPa (denoted as ’BCT-50-0.8’) serves as the524

reference case for comparative analysis. Plastic heat generation is considered in all cases,525

except for the last case denoted by ’BCT-50-0.8-NPH’. A complete list of the test cases526

is provided in Table 5.527

4.2. Global and local THMC responses528

This section takes the case of ’BCT-50-0.8’ as an example for discussion while leaving529

the comparison with other cases to the subsequent subsections.530

4.2.1. Stress-strain responses531

Global stress-strain responses. The global stress-strain relationship for the ’BCT-532

50-0.8’ case is presented in Figure 9. The vertical stress σyy and the shear stress σyx are533

computed from the vertical and horizontal reaction forces acting on the loading plate,534

normalized by the plate area. As can be seen, σyy reaches its first peak at εyy ≈ 0.5%,535
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Figure 8: Model setup of biaxial compression test of HBS.

Table 4: Material parameters adopted for MPM solver.

Parameters Solid, s Hydrate, h Water, w Gas, g

Initial density, ρπ: kg/m
3 2,650 900 1,000 -

Specific heat capacity, cπ: J/(kg·°C) 800 2,010 4,200 2,100

Thermal conductivity, κπ: W/(m·°C) 0.836 0.393 0.556 0.0335

Viscosity, µπ: Pa·s - - 1× 10−3 7× 10−6

Molar mass, Mπ: kg/mol - 0.124 0.018 0.016

Gas constant, R - - - 8.314

Kinetic hydrate dissociation rate, Rr K0 = 3.6× 10−5 mol/(m2 · Pa · s),
Effective saturation, Se p0 = 1× 104 Pa, m = 0.5, Swr = 0.2, Sgr = 0.3

Heat source, ∆H = C0 + C1T : J/kg C0 = 446,120 J/kg, C1 = 132.638 J/(kg·K)

Absolute permeability ka: m
2 k0 = 1× 10−14 m2, mh = 10

Relative permeability, krπ nw = 4, ng = 2

Note: The parameters adopted in this study are based on Refs. Chen et al. (2016), Hardwick and Mathias

(2018), Sun et al. (2018), and Ye et al. (2022).

followed by slight fluctuations. Afterward, it gradually decreases until reaching a relatively536

stable state with σyy ≈ 3 MPa. In contrast, the magnitude of σyx, ranging between 0.1537

MPa and -0.2 MPa, is much smaller than that of σyy. Despite significant fluctuations538
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Table 5: A summary of test conditions of the biaxial compression tests.

Test ID Sh [%] Sw [%] Sg [%] σc [MPa] Plastic heat

BCT-50-0.8 50 40 10 0.8 Yes

BCT-50-1.6 50 40 10 1.6 Yes

BCT-50-3.2 50 40 10 3.2 Yes

BCT-35-0.8 35 52 13 0.8 Yes

BCT-23-0.8 23 61.6 15.4 0.8 Yes

BCT-50-0.8-NPH 50 40 10 0.8 No

Note: The test ID, for example, ‘BCT-50-1.6’, indicates a biaxial compression test (BCT) with hydrate

saturation Sh = 50% and confining stress σc = 1.6 MPa. In addition, ‘NPH’ in the last test indicates

that no plastic heat was considered.

being observed in σyx, a distinct peak is observed at εyy = 5%, after which σyx gradually539

decreases to nearly zero. The fluctuations in σyx are closely associated with the formation540

and development of shear bands within the soil sample.541
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Figure 9: Global stress-strain relation for case ’BCT-50-0.8’ in biaxial compression test.

Figure 10(a) illustrates the distributions of equivalent deviatoric strain (εd) at four542

critical loading states: a) εyy =0.6% - the state immediately after the peak normal stress,543

b) εyy =5% - the peak shear stress state, c) εyy =10% - the critical state, and d) εyy =20%544

- the final state. At εyy =0.6%, two X-shaped shear bands are initiated, indicating545

the beginning of the plastic yielding in response to the sharp decrease in normal stress.546
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The generation of two, rather than one, X-shaped shear bands is potentially due to the547

constraint of the top and bottom boundary plates. By εyy =5%, the two X-shaped bands548

merge into one, with the leftward-tilting shear band more dominant. Meanwhile, the549

resisting shear stress due to constraint by the rough top plate points to the left (negative550

in value), as observed in Figure 9. The constraint of the rough top plate restricts the551

further deformation of the sample to the right side and enhances the development of the552

rightward-tilting shear band. At εyy =10%, both normal and shear stresses gradually553

drop, while both shear bands continue to develop. When the loading approaches the final554

state at about εyy =20%, the cross-shape shear bands develop in full.555

Figure 10: Distributions of (a) equivalent deviatoric strain εd and (b) volumetric strain εv at the axial

strain of 0.6%, 5%, 10%, and 20%.

Figure 10(b) further present the distributions of volumetric strain εv. The shear556

deformation results in volumetric dilation within the soil sample, with an incremental557

volumetric strain of approximately 4% observed at the final state. Consequently, the558

porosity increases from its initial value of 0.4 to over 0.42 within the shear band. The559

cross-shaped shear band divides the sample into four distinct regions: the top and bottom560

pentagonal zones and the left and right triangular zones. Slight volumetric contraction561

is observed in the pentagonal regions due to compression. The global volumetric strain562

of the sample is further plotted in Figure 9. The total volume of the sample at any563

given time is calculated by summing the volumes of all material points. Initially, the564

sample undergoes volumetric contraction, reaching its maximum contraction at the peak565

normal strain. Beyond this point, continuous volumetric dilation is observed. By the566

final state, the global volumetric change of the sample approaches 2%. Shear-induced567
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dilation is a characteristic mechanical behavior of hydrate-bearing soils, and it has been568

effectively captured by the proposed multiscale method. The dilation within the shear569

band is primarily caused by the particle rearrangements at the grain scale to accommodate570

shear deformation. The bonding aggregates the soil grains and thus creates larger-sized571

grains with more kinematic constraints, which further enhances the dilation, as can be572

observed in Figure 11 where large voids are generated in the RVE due to aggregate-scale573

dilation. This behavior is important for accurately modeling the mechanical response of574

HBS, which is inherently considered in the presented multiscale modeling approach.575

Local stress-strain responses. Figure 12 presents the local stress-strain relation-576

ships at three representative material points.577

• Point A. Located in the bottom pentagonal region outside the shear band, Point578

A exhibits a linear increase in shear stress (q) to a peak value of approximately579

1.75 MPa at a small deviatoric strain (εd) of 0.5%, followed by a gradual decrease580

to around 0.75 MPa. The effective stress path in Figure 12(c) confirms that Point581

A undergoes an almost perfect loading-unloading process. Being outside the shear582

band, the volumetric strain at this point is minimal and dominated by contraction.583

• Point B. Located inside the rightward-tilting shear band in the upper right region584

of the sample, Point B shows a rapid increase in stress to a peak at εd = 0.5%,585

followed by a decrease as the shear band continues to develop. Figure 13 shows586

that the RVE at this point undergoes severe deformation and bond breakage. The587

volumetric strain at Point B initially exhibits slight contraction, then transitions to588

dilation, and stabilizes at approximately 3%.589

• Point C. Positioned at the center of the X-shaped shear band, Point C is influenced590

by the development of both intersecting shear bands. As a result, Point C undergoes591

Figure 11: Two typical RVEs with obviously enlarged voids observed after shearing, as highlighted by

the yellow ellipses. These large void spaces are generated due to aggregate-scale deformation. The red

lines represent active bond contacts, while the black lines indicate either broken bonds or pure frictional

contacts. The dashed rectangular frame indicates the initial shape of the RVE.
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Figure 12: Local stress-strain responses for selected material points in biaxial compression test: (a-c)

Point A, (d-f) Points B and C. The initial coordinates of Points A, B, and C are (0 m, 0.5 m), (−0.5 m,

2.7 m), and (0 m, 2 m), respectively. In (a), the arrow indicates that the material at Point A experiences

a linear loading–unloading response. In (d) and (e), the arrows denote the presence of dual peaks in the

q–εd curve and the associated two-stage dilation behavior in the εv–εyy curve at Point C. This behavior

is attributed to the asynchronous initiation and evolution of the leftward- and rightward-tilting shear

bands. In (c) and (f), the arrows indicate the direction of stress-path evolution.

a secondary increase in both shear stress and volumetric strain, as clearly depicted592

in Figure 12(d) and 12(e).593

Additionally, the effective stress paths for Points B and C indicate that the effective594

mean stress continues to rise as the shear stress reaches its peak, before both stresses595

eventually decline. This behavior is attributed to the development of negative excess596

pore pressure within the shear band, which will be discussed in detail in the following sec-597

tion. In addition to the stress-strain and volumetric responses, other important mesoscale598

properties, such as the rotation and fabric anisotropy of the RVE during shear deforma-599

tion, can also be analyzed using this framework. However, these aspects are beyond the600

scope of this discussion. Interested readers may refer to Liang and Zhao (2019) for further601

details.602
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Figure 13: Deformed RVE and force chains at Point B. The red and black lines represent active bond

contacts and broken bonds (or pure frictional contacts), respectively.

4.2.2. Pore pressure characteristics603

The dilative deformation associated with shear band formation can lead to a reduction604

in pore pressure within the shear band region. Figure 14 illustrates the spatial distribu-605

tions of excess pore gas pressure (pg) and excess pore water pressure (pw) at various loading606

stages. At εyy = 0.6%, negative excess pressures (pg and pw) are observed within the shear607

bands as a result of volumetric dilation, while regions outside the shear bands exhibit pos-608

itive excess pore pressures due to volumetric contraction. As the loading progresses to609

εyy = 5%, the reduction in pore gas and liquid pressures becomes more pronounced, with610

a maximum negative value of approximately -1.6 MPa. This substantial pressure drop611

underscores the significant effect of localized deformation on pore pressure redistribu-612

tion. With continued loading, the magnitude of the pore pressure within the shear bands613

gradually increases. Similar phenomena of negative excess pore pressure induced by shear614

dilatancy have been observed in laboratory triaxial tests on hydrate-bearing sediments, as615

reported by Yan et al. (2023). The consistency between these experimental observations616

27



and the numerical results highlights the critical role of dilatancy in driving pore pressure617

evolution within shear bands under undrained or low-permeability conditions.618

Figure 14: Distributions of (a) excess pore water pressure pw and (b) excess pore gas pressure pg at the

axial strain of 0.6%, 5%, 10%, and 20%. Note that pw and pg all denote excess pore pressure hereafter.

Figure 15(a) and d show the evolution of pg (solid lines) and pw (dashed lines) at619

Points A, B, and C. At Point A, the excess pore pressure initially increases and then620

decreases, but remains positive (positive value means compression), consistent with the621

volumetric contraction trend observed at this point. At Points B and C, the excess pore622

pressures similarly show an initial rise to a magnitude comparable to that of Point A623

but subsequently drop dramatically into negative values due to shear dilation. When624

εyy reaches approximately 3%, both pg and pw reach their lowest values for Points B625

and C. After this point, although the volumetric strain becomes constant (as shown in626

Figure 12e), the pressures gradually increase due to gas dissolution. Notably, at Point627

C, the pressure exhibits a significant second drop followed by a secondary peak. This628

behavior corresponds to the second dilation stage, which is dominated by the development629

of the rightward-inclined shear band. The negative excess pore pressures generated in630

the shear bands enhance the effective mean stress (p′), as shown in Figure 12f. Such631

phenomena cannot be captured in dry granular samples, as reported by Liang and Zhao632

(2019), underscoring the importance of performing coupled hydromechanical simulations633

for hydrate-bearing soils.634

4.2.3. Hydrate/gas saturation changes635

With the pore pressure within the shear band decreasing by up to 1.6 MPa (from an636

initial pressure of 3.75 MPa), the hydrate phase equilibrium shifts outside its stability637
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Figure 15: Local responses of excess pore water/gas pressure (pw and pg), hydrate saturation (Sh), and

temperature (T ) at (a-c) Point A and (d-f) Points B and C. In (d), the arrows highlight the two decreasing

stages in excess pore pressure at Point C. In (f), the arrows highlight the opposite temperature evolution

path with and without consideration of shear heating.

zone, resulting in hydrate dissociation and subsequent gas production. Figure 16 shows638

the spatial distribution of hydrate saturation Sh and gas saturation Sg. The results639

indicate that the pore pressure drop at εyy = 0.6% leads to immediate reduction of640

hydrate saturation in the shear band, possibly caused by hydrate dissociation. As shear641

band development progresses, the degree of hydrate saturation inside the band continues642

to decline. Notably, a slight increase in hydrate saturation is observed outside the shear643

band. This phenomenon arises because the void volume (Vv) decreases in these regions,644

while the hydrate volume (Vh) remains unchanged (no hydrate formation considered in645

the simulation). Consequently, since the hydrate saturation Sh = Vh/Vv, the reduction in646

Vv results in a relative increase in Sh.647

There are two primary mechanisms that govern the evolution of hydrate saturation:648

(1) hydrate dissociation/formation and (2) porosity change due to skeleton deformation,649

as clearly expressed by the hydrate phase mass balance equation:650

ϕ
DsSh

Dt
=

ṁh

ρh︸︷︷︸
hydrate reaction

+ [(1− ϕ)Shβs + ϕShβh]
DsT

Dt
− Sh∇ · vs︸ ︷︷ ︸

volumetric change

. (43)651

Therefore, the reduction of hydrate saturation in the shear band is caused not only by652
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Figure 16: Distributions of (a) hydrate saturation Sh and (b) gas saturation Sg at the axial strain of

0.6%, 5%, 10%, and 20%. The water saturation Sw can be obtained by 1− Sh − Sg.

hydrate dissociation but also by volumetric dilation. It is more apparent to character-653

ize the degree of hydrate dissociation by the ratio of hydrate mass (or volume) change:654

∆mh/mh0, in which ∆mh is the hydrate mass change and mh0 is the initial hydrate mass.655

It is easy to link the ratio with porosity ϕ, volumetric strain εv, and hydrate saturation656

as follows:657

∆mh

mh0

≈ ∆Vh
Vh0

=
Vh
Vh0

− 1 =
Vh
Vv

Vv
V

V

V0

V0
Vv0

Vv0
Vh0

− 1 =
ϕSh(1 + εv)

ϕ0Sh0

− 1, (44)658

where ϕ0, Sh0, V0, Vv0, Vh0 are the initial porosity, initial hydrate saturation, initial volume,659

initial void volume, and initial hydrate volume, respectively.660

Figure 12(b) and e plot the evolution of hydrate saturation and the hydrate mass661

change ratio (∆mh/mh0) at three selected points. As can be seen, the hydrate saturation662

at Point A is slightly increased compared to the initial state (increases first and then663

decreases to a positive constant value), while the mass of hydrate remains unchanged,664

indicating that the saturation change is solely a result of porosity change. At Points B665

and C, Sh undergoes significant declines and sharp changes in decreasing rate. However,666

the evolution of the hydrate mass change ratio shows that the dissociation of hydrate667

progresses at a relatively constant rate (with slight variations in response to pressure and668

temperature changes). This suggests that one should reconsider whether it is accurate669

enough to use hydrate saturation as the only state variable to characterize the effect of670

hydrate dissociation on HBS property changes.671
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4.2.4. Temperature evolutions672

Hydrate dissociation is an endothermic process, and thus, its occurrence within the673

shear bands is expected to be accompanied by a temperature decrease. On the other674

hand, shear-induced irreversible deformation generates plastic work dissipation, resulting675

in a temperature rise within the shear band (Vishnu et al., 2022). These two competing676

effects jointly govern the evolution of the temperature field. Figure 17(a) shows the677

temperature distribution at different loading stages. At εyy = 0.6%, when the shear678

band is just forming, a slight temperature increase is observed in the shear band region.679

As hydrate dissociation intensifies, significant temperature reductions can be observed.680

Apparently, the initial temperature rise is caused by plastic heat generation, and the681

following temperature drop is caused by dissociation-related heat absorption. Notably,682

a localized temperature increase is observed along the central axis of the shear band,683

where plastic deformation (and plastic heat generation) is more pronounced. At the684

final state (εyy = 20%), a considerable temperature rise is observed at the center of the685

X-shaped shear band. The competing effect can be more clearly visualized from the686

temperature evolution at Points B and C, as shown in Figure 12f. The temperature at687

Point B continuously decreases after a minor initial increase, indicating a heat absorption-688

dominated process. In contrast, Point C experiences a second rise in temperature after a689

period of drop, showing a transition from a heat absorption-dominated process to a heat690

generation-dominated one.691

However, if the plastic heating effect is not considered, the temperature decreases692

only, and more pronounced decrease magnitudes are recorded, as shown in Figure 17(b).693

Plastic heating, often overlooked in many HBS simulation studies, plays a crucial role694

in the THMC coupling behavior of an HBS system. This effect becomes particularly695

significant in large shear deformation scenarios, as it can accelerate hydrate dissociation696

and contribute to the destabilization of the sediment system.697

4.2.5. Mechanism of dilation-induced hydrate dissociation698

The shear dilation-induced hydrate dissociation and the associated THMC chain re-699

sponses are identified through the biaxial compression test using the proposed multiscale700

method. The chain process and underlying mechanism are illustrated in Figure 18. As701

hydrate-bearing sediment is typically a dense, bonded soil, shear localization often occurs702

upon loading, accompanied by volumetric dilation. This shear-induced dilation generates703

negative excess pore pressures within the shear bands, destabilizing the hydrate-gas phase704

equilibrium and triggering hydrate dissociation. However, the negative pore pressure in-705

creases the effective mean stress, which acts to suppress further dilation. At the same706

time, the gas/water produced by hydrate dissociation raises the pore pressure, counter-707

acting the pressure drop caused by volumetric dilation. The hydrate dissociation process708

absorbs heat, resulting in a decrease in temperature. However, plastic heat generation709
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Figure 17: Distributions of temperature T (a) considering plastic generation and (b) neglecting plastic

heat generation at the axial strain of 0.6%, 5%, 10%, and 20%. Note that the initial temperature is 2.3

°C.

from shear deformation delays this temperature drop, creating conditions favorable for710

further hydrate dissociation. In addition, the loss of hydrate leads to a reduction in711

soil stiffness and strength, which promotes further shear deformation. As a result, sev-712

eral competing processes collectively contribute to the mechanical deformation, hydraulic713

response, hydrate reaction, and heat transfer in an HBS system.714

Remark 7. A key implication of shear dilation-induced hydrate dissociation is that rapid715

shear deformation, such as earthquake-induced plate movement in submarine hydrate-716

bearing sediment, can trigger fast dissociation of hydrate. Moreover, the formation of717

shear bands may act as effective seepage paths, facilitating methane gas leakage and718

further accelerating dissociation. This mechanism could be one of the triggers of subma-719

rine landslides associated with submarine earthquakes and earthquake-induced hydrate720

dissociation. A thorough validation of this hypothesis will be reserved for future work.721

4.3. Effects of hydrate saturation and confining stress722

Having established the chain of THMC mechanisms in the previous section, we now723

systematically investigate how these processes are influenced by two key factors: initial724

hydrate saturation and confining stress. It is expected that samples with low hydrate725

saturation and high confining stress conditions present less dilatancy and less hydrate726

32



Figure 18: Mechanisms of shear dilation-induced hydrate dissociation.

dissociation. This section investigates in detail these effects on the THMC responses727

in HBS. Figure 19 compares the global stress-strain relations, Figure 20 compares the728

distribution of εd, εv, p (i.e., excess pore pressure), and Sh at the axial strain of 5%, and729

Figure 21 and Figure 22 compare the local responses at the central Point C.730

4.3.1. Effect of initial hydrate saturation731

Three samples, respectively with initial hydrate saturation of 23%, 35%, and 50%,732

are tested under the confining stress of 0.8 MPa. The simulation results for Sh = 23%733

and Sh = 35% cases exhibit similar trends to the Sh = 50% case, such as the volumetric734

dilation, negative excess pore pressure, and the dual peak in stress and excess pore pres-735

sure. However, the magnitude of primary fields shows evident divergences, indicating the736

critical influence of hydrate saturation on the THMC behavior in the sediment. The key737

findings are summarized as follows:738

(1) Peak strength and dilative behaviors of HBS. As depicted in the global739

stress-strain relations (Figure 19(a) and b), the peak normal stress increases proportionally740

with Sh, confirming that higher hydrate saturation enhances shear strength. The Sh =741

50% sample exhibits pronounced strain softening post-peak, whereas the Sh = 23% sample742

shows negligible softening or hardening (Figure 19(a)). This divergence arises because743

hydrates primarily contribute to sediment strength through cohesive bonding rather than744

frictional resistance, as evidenced by the convergence of residual stresses at large strains745

across all cases. Global volumetric strain analysis (Figure 19(b)) further reveals that low746

Sh samples (e.g., 23%) display limited dilation due to weaker hydrate-cemented structures.747

(2) Shear localization dynamics. Shear band development is highly sensitive to748
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Figure 19: Comparison of global stress-strain responses for cases with varied initial situations and con-

fining stress. Note that the axial stress σyy is normalized by the confining stress σc.

hydrate saturation. At 5% axial strain, the Sh = 50% sample exhibits rapid shear band749

formation, whereas low Sh samples (23% and 35%) show delayed localization (20(a)). This750

phenomenon is attributed to the cohesive nature of hydrate bonds: higher Sh enhances751

sediment stiffness and brittleness, enabling localized failure once the cohesive strength is752

exceeded. In contrast, low Sh samples retain greater ductility due to weaker cementation,753

resulting in distributed deformation rather than discrete shear bands (Zeng et al., 2023).754

(3)Negative excess pore pressure. High Sh samples (50%) exhibit more significant755

reduction in pore pressure (Figure 7.17c), driven by pronounced volumetric dilation within756

well-developed shear bands (Figure 20(b) and c, and Figure 21(b) and (d)). Dilation in-757

creases soil volume, reducing pore pressure and elevating effective stress (Figure 21(c)),758

thereby enhancing shear resistance. Conversely, low Sh samples (23%) generate minimal759

excess pore pressure due to restricted dilation and underdeveloped shear bands. Addi-760

tionally, hydrate dissociation is less concentrated and less pronounced in low Sh samples,761

as evidenced by reduced ratio of hydrate mass loss and higher residual temperatures762

compared to the 50% case (Figure 21(e)and (f)).763

In summary, hydrate saturation critically controls the transition from ductile to brittle764

failure, pore pressure dynamics, and strain localization patterns. These insights highlight765
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Figure 20: Comparison of (a) deviatoric strain εd, (b) volumetric strain εv, (c) excess pore pressure εp,

and (d) hydrate saturationSh for case BCT-23-0.8, BCT-35-0.8, ’BCT-50-0.8’, and BCT-50-3.2 at the

axial strain of 5%.

the cohesive role of hydrates in sediment strengthening and their implications for geome-766

chanical stability in hydrate-bearing formations.767

4.3.2. Effect of confining stress768

Many studies have investigated the effect of confining stress on the mechanical re-769

sponses of HBS, but few have discussed its effect on the coupled THMC responses. Three770

tests with confining stress of 0.8, 1.6, and 3.2 MPa are performed. The main findings are771

summarized as follows.772

(1) Global stress-strain responses and volumetric behavior. The global stress-773
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Figure 21: Comparison of local responses at the center of the sample with initial hydrate saturation of

50% and 35%: (a) shear stress q, (b) volumetric strain εv, (c) stress path, (d) excess pore pressure, (e)

hydrate mass change, and (f) temperature T . In (b) and (e), the dashed arrows highlight that with the

decrease in initial hydrate saturation, the volumetric dilation within the shear band decreases and the

resulting excess pore pressure becomes less negative.

strain relations (Figure 19) demonstrate that confining stress significantly influences both774

peak strength and volumetric strain. At higher confining stress (3.2 MPa), the peak shear775

stress (q) increases compared to the 0.8 MPa case, reflecting enhanced soil strength due to776

greater lateral constraint. However, the axial strain at peak stress increases, suggesting777

a transition toward more ductile failure under elevated confinement (Miyazaki et al.,778

2011). Volumetric strain (εv) trends reveal suppressed dilation at 3.2 MPa, with the779

sample exhibiting nearly neutral volumetric behavior (Figure 19d). This contrasts with780

the 0.8 MPa case, where pronounced dilation occurs due to lower confinement, allowing781

particle rearrangement. The inhibition of dilation under high confining stress aligns with782

reduced void space compression and restricted particle movement, thereby diminishing783

the material’s capacity to expand during shearing.784

(2) Shear localization and inclined angle reduction. Shear band geometry785

evolves with confining stress, as evidenced by the decreasing inclined angle of localization786

under higher confinement (Figure 19(a) and b). At 0.8 MPa, shear bands form at steeper787

angles, consistent with dilation-driven failure typical of brittle materials. In contrast, the788
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Figure 22: Comparison of local responses at the center of the sample with confining stress of 0.8 MPa

and 3.2 MPa: (a) shear stress q, (b) volumetric strain εv, (c) stress path, (d) excess pore pressure, (e)

hydrate mass change, and (f) temperature T . In (b) and (e), the dashed arrows highlight that with the

increase in confined stress, the volumetric dilation and the negative excess pore pressure within the shear

band becomes less significant.

3.2 MPa case shows a lower-angle shear band attributed to the suppression of dilation789

and a shift toward ductile deformation. Elevated confining stress increases mean effec-790

tive stress, reducing the critical state stress ratio (q/p′) required for failure. This lowers791

the theoretical shear band angle, which correlates with the internal friction angle. Addi-792

tionally, restricted dilation under high confinement limits strain localization to narrower793

zones, promoting shear band propagation at reduced angles. The transition underscores794

the interplay between confinement, dilation, and failure mode in hydrate-bearing sedi-795

ments.796

(3) Suppression of negative excess pore pressure. Negative excess pore pressure797

diminishes with increasing confining stress (Figure 20(c) and Figure 22d), a consequence798

of inhibited volumetric dilation (Figure 20(b) and Figure 22(b)). At 0.8 MPa, significant799

dilation generates negative pore pressure by expanding the soil skeleton. Under 3.2 MPa,800

however, confinement restricts dilation, leading to less pronounced pore pressure reduction801

or even slight positive excess pressure due to contractive tendencies. This suppression of802

negative pore pressure diminishes the effective stress enhancement. Furthermore, reduced803
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hydrate dissociation (Figure 20(d) and Figure 22e) under high confinement—owing to lim-804

ited volumetric strain—may stabilize pore pressure evolution, as less hydrate breakdown805

occurs to release water or gas. These mechanisms collectively highlight how confining806

stress governs pore pressure dynamics by modulating volumetric strain and hydrate sta-807

bility.808

In summary, elevated confining stress enhances peak strength but suppresses dilation,809

alters shear band geometry through ductility transitions, and mitigates negative pore810

pressure generation. These effects mirror, to some extent, the role of high hydrate satura-811

tion in promoting brittleness, yet they arise from distinct mechanical constraints imposed812

by lateral stress rather than hydrate bonding.813

5. Numerical example II: Vertical penetration of a rigid indenter814

The vertical penetration of a rigid indenter is simulated as a classical geomechanical815

test to assess the bearing capacity and failure mechanisms of a material under differ-816

ent stress paths and boundary conditions than those of the biaxial test. This serves817

to demonstrate the robustness and versatility of our framework in handling complex,818

engineering-scale boundary value problems involving large deformations and failure.819

Again, the effects of hydrate saturation and the confining stress are explored. The820

model setup of the problem is depicted in Figure 23. A rectangular HBS foundation with821

dimensions of 18 m × 6 m is simulated. A rectangular rigid indenter with a width of 1.6822

Figure 23: Model setup of indenter penetration test on HBS.
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m and a height of 1.8 m is placed exactly at the center of the foundation surface. Given823

the symmetry of the problem geometry, only half of the domain is simulated. Note that824

although the RVE anisotropy may influence the global responses (Liang et al., 2021), it825

is minimal for this problem since a rather isotropic RVE is employed, as indicated by the826

nearly symmetric cross-shaped shear bands in the biaxial tests. For the half domain, the827

right and left are two roller boundaries, with lateral movements constrained, while the828

bottom is a fully fixed boundary. All three boundaries are impermeable and adiabatic.829

The top surface, except for the region where the indenter is placed, is free to drain and830

deform and is subject to a confining stress of σc. The rigid indenter moves monotonically831

downward with a vertical velocity vy, which is increased linearly from zero to 1 m/s before832

being maintained at this constant value. The initial temperature and pressure conditions833

and the material properties are the same as the biaxial test.834

Four cases are conducted:835

• Case 1: Sh0 = 0.23, σc = 0.8 MPa - Low saturation case.836

• Case 2: Sh0 = 0.35, σc = 0.8 MPa - Midium saturation case.837

• Case 3: Sh0 = 0.5, σc = 0.8 MPa - High saturation case.838

• Case 4: Sh0 = 0.5, σc = 1.6 MPa - High confining stress case.839

5.1. Bearing capacity and failure patterns840

The resistance force qR on the rigid indenter versus normalized settlement (d/B) is841

plotted in Figure 24, in which d is the settlement, and B is the width of the indenter842

(B = 1.6 m). Figure 25 shows the distribution of deviatoric strain (εd) at d/B = 0.5,843

which represents a rather large penetration depth.844
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Figure 24: Normalized resistance (σyy/σc) versus normalized settlement (d/B) of the rigid indenter.
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Figure 25: Simulation results of the rigid indenter penetration test: distribution of the deviatoric strain

(εd) at d/B = 0.5.

Case 3 is taken as an example case for discussion before the comparative analysis with845

other cases. Apparently, Case 3 displays a typical general shear failure pattern, consistent846

with the dense and highly bonded nature of a high-saturation HBS foundation. The847

development of the shear bands in this case can be described as follows: (a) under applied848

load, stress concentrates at the edges/corners of the indenter, exceeding the soil’s elastic849

limit, and localized yielding begins beneath the indenter edges; (b) strain localization850

occurs as plastic deformation becomes confined to narrow zones, forming incipient shear851

bands; (c) the shear bands extend diagonally toward the ground surface, connecting the852

active wedge (beneath indenter), the radial shear zone, and the passive wedge (near853

surface); (d) the passive wedge uplift occurs as the shear band reach the surface, forming854

visible bulges; (e) the shear bands merge into a complete failure plane, separating the rigid855

blocks outside bands from highly deformed material within bands. The bearing capacity856

q, i.e., resistance on the rigid indenter, shows a sharp decrease after reaching the peak857

at the normalized settlement of approximately 10%. After a softening stage, the residual858

bearing capacity remains at a relatively constant value.859

With the decrease in the initial hydrate saturation Sh0 (Case 1 and Case 2), the860
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Figure 26: Simulation results of the rigid indenter penetration test: distribution of deviatoric strain (εd)

at d/B = 0.5 for the case without hydrate, e.g., Sh = 0.

failure modes tend to transition from a general shear failure pattern to a local shear861

failure pattern, as the soil becomes less dense and less bonded. This is evident by the862

following phenomena at low Sh0 cases: (a) the strain localization comes less pronounced,863

with shear bands failing to fully propagate to the ground surface; (b) the passive wedge864

uplift diminishes significantly, resulting in only minor surface distortions rather than865

distinct bulges; (c) the bearing capacity curve exhibits a more gradual post-peak softening866

behavior, lacking the sharp drop observed in general shear failure. However, with the867

increase in confining stress (Case 4), the general failure pattern is enhanced, as evidenced868

by the increased bearing capacity and the critical settlement where the peak load is869

reached. If the initial hydrate saturation drops to zero, a clear punching shear failure870

pattern is observed, as shown in Figure 26. The successful capture of the transition of the871

failure mode demonstrates the efficacy of the proposed multiscale method for modeling872

the mechanical responses of HBS.873

5.2. Pre- and post-failure THMC responses874

The distributions of volumetric strain, excess pore pressure, relative hydrate mass875

change (∆mh/mh0), and temperature at d/B = 0.5 are shown in Figure 27 - Figure 30,876

respectively. As the initial hydrate saturation is not the same for Cases 1 to 3, a com-877

parison of the evolution of hydrate saturation between them is not so straightforward.878

Alternatively, the relative hydrate mass change, which is more fair to compare, is shown879

instead of the hydrate saturation. At the initial loading stage, the region below the rigid880

indenter behaves in a compressive state with volumetric contraction and positive excess881

pore pressure. However, as the load increases and shear bands begin to develop, the882

mechanical response transitions to shear-induced dilation, triggering a chain of THMC883

coupling responses, similar to the biaxial compression examples.884
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Within the shear bands, the densely packed HBS structure undergoes dilation (positive885

volumetric strain, as shown in Figure 27) due to particle rearrangement and hydrate886

cracking, particularly in high-saturation and low-confining-stress specimens. Dilation887

reduces pore pressure (Figure 28), creating a transient suction effect that temporarily888

enhances shear strength (effective stress increase). More importantly, as discussed in the889

biaxial compression examples, the pore pressure drop shifts the hydrate phase equilibrium,890

causing significant hydrate dissociation (Figure 29). The dissociation occurs mainly within891

the shear bands, whereas the regions outside the shear band, including the triangular892

wedge beneath the rigid indenter, show no hydrate dissociation. The dissociation of893

hydrates further causes the following chain responses: (1) the liberated gas and water894

further increase the pore pressure, and absorbing heat, inhibiting the hydrate dissociation;895

(2) the loss of hydrate cementation decreases soil stiffness and strength, while reduction896

of hydrate fraction together with the expansion of pore space increase the permeability,897

accelerating the pore pressure dissipation. Additionally, the plastic heat generation due898

to plastic deformation also plays a significant role in promoting hydrate dissociation. In899

short, the indenter penetration tests display basically the same THMC responses as those900

Figure 27: Simulation results of the rigid indenter penetration test: distribution of volumetric strain (εv)

at d/B = 0.5.
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Figure 28: Simulation results of the rigid indenter penetration test: distribution of excess pore pressure

at d/B = 0.5.

of the biaxial compression test, including the effect of hydrate saturation and confining901

stress, showing the robustness of the multiscale method in capturing both sample scale902

and field scale problems. Due to the similar evolution mechanism, the detailed local903

response analyses will not be conducted further.904

6. Concluding remarks905

This study presents a novel hybrid continuum-discrete multiscale computational frame-906

work to address the persistent challenges in modeling THMC-coupled phase transitions,907

large deformations, and constitutive behavior in hydrate-bearing sediments (HBS). Key908

contributions and findings are summarized as follows:909

1. Within this framework, a fully coupled THMC-MPM is adopted to update key910

macroscale field variables in HBS, including sediment deformation, pore water/gas911

pressure, temperature, and hydrate/gas/water saturation, and a hydrate-saturation-912

dependent bonded-based DEMmodel is employed to simulate the micro- and mesoscale913

mechanical responses of hydrate-bearing sediment. The multiscale coupling is achieved914
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Figure 29: Simulation results of the rigid indenter penetration test: distribution of relative hydrate mass

change (∆mh/mh0) at d/B = 0.5.

by embedding a DEM RVE at each material point. The MPM solver passes the de-915

formation gradient and hydrate saturation information to the DEM solver, which916

subsequently updates the RVE’s material parameters and the effective stress. This917

updated stress is then returned to the MPM solver for subsequent macroscopic sim-918

ulation.919

2. RVE tests were conducted first with varying hydrate saturations and confining pres-920

sures to calibrate the microscopic parameters and validate the hydrate-saturation-921

dependent bond contact model. Results demonstrate that, with carefully chosen922

microscopic parameters, the DEM RVE can effectively capture key mechanical char-923

acteristics (e.g., Young’s modulus, cohesion, friction angle, and dilation angle) of924

HBS samples under different hydrate saturation conditions. Subsequently, biaxial925

compression and rigid indenter penetration tests are simulated to demonstrate the926

framework’s capability in capturing shear localization and the corresponding THMC927

responses of HBS under various conditions.928

3. Simulation results show that (a) shear-induced dilation within shear bands generates929
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Figure 30: Simulation results of the rigid indenter penetration test: distribution of temperature at

d/B = 0.5.

negative pore pressure, triggering localized hydrate dissociation; (b) specimens with930

higher initial hydrate saturation produce more pronounced negative pore pressure931

and consequently experience greater dissociation; (c) elevated confining pressures932

suppress volumetric dilation and the development of negative pore pressure; (d)933

plastic heating within shear bands further promotes hydrate dissociation; and (e)934

high-saturation HBS exhibits a trend of brittle failure mode under biaxial compres-935

sion and general shear failure under indenter penetration.936

In summary, the proposed multiscale, multiphysics framework effectively bypasses the937

need for traditional elastoplastic constitutive models for HBS. It demonstrates that even938

a relatively simple DEM model can replicate hallmark behaviors of hydrate-bearing soils.939

By leveraging the strengths of MPM for large-deformation multiphysics problems, this940

method provides a powerful and versatile tool for investigating hydrate-related granular941

mechanics and geohazards across multiple length scales, from laboratory specimens to942

engineering-scale problems.943

Notwithstanding its capabilities, the current model has some limitations for future944

refinement. First, the use of a 2D RVE, although computationally efficient, may lead945
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to an overestimation of dilation due to the absence of out-of-plane particle mobility and946

its inability to represent the true 3D porosity of sediments. The 2D examples presented947

here are intended as a necessary first step to demonstrate the feasibility and effectiveness948

of the proposed multiscale framework prior to undertaking computationally prohibitive949

3D simulations. Nevertheless, these limitations do not compromise the validity of the950

present findings, and extension of the current 2D model to 3D is conceptually straight-951

forward. Furthermore, the current RVE model is specifically designed for cementing-type952

hydrate-bearing sediment; its applicability to pore-filling habits remains to be investi-953

gated. Future research will therefore focus on integrating advanced DEM models that954

explicitly account for various hydrate occurrence modes and incorporate particle-scale955

dissociation mechanics (Zhang et al., 2025). To enable large-scale 3D simulations, we956

will also explore the integration of machine learning and data-driven surrogate modeling957

techniques to supplant computationally intensive DEM calculations, thereby enhancing958

efficiency (Qu et al., 2023; Wang et al., 2025).959
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Appendix A. Derivation of mass balance equations971

Further derivation of the mass balance equations requires the equation of state for each972

phase. For the solid, liquid, and hydrate phases, the linear equation of state is adopted,973

given by,974

1

ρπ

Dπρπ
Dt

= απ
Dπpπ
Dt

− βπ
DπT

Dt
, π = s, h, w, (A.1)975

where απ and βπ are respectively the compressibility and the thermal conductivity of π976

phase; T is the temperature; and pπ is the phase pressure. The solid and hydrate phases977
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are considered to be incompressible, i.e., αs = αh = 0. For the gas phase, the equation978

for an ideal gas is adopted, given by,979

ρg =
Mgpg
RT

, (A.2)980

where Mg is the gas molar mass and R is the universal gas constant.981

By applying the chain rule for Eqs. (3) to (6) and introducing the equation of state of982

each phase, the mass balance equations can be reformulated as follows,983

Solid phase:984

Dsϕ

Dt
= −(1− ϕ)βs

DsT

Dt
+ (1− ϕ)∇ · vs , (A.3)985

986

Hydrate phase:987

ϕ
DsSh

Dt
=
ṁh

ρh
+ βsh

DsT

Dt
− Sh∇ · vs , (A.4)988

989

Water phase:990 (
ϕ
∂Sw
∂pw

+
ϕSw
Kw

)
Dspw
Dt

− ϕ
∂Sw
∂pw

Dspg
Dt

− βws
DsT

Dt
+ Sw∇ · vs +∇ · Jw =

ṁw

ρw
, (A.5)991

992

Gas phase:993 (
ϕSg
ρg

Mg

RT
+ ϕ

∂Sw
∂pw

)
Dspg
Dt

−ϕ∂Sw
∂pw

Dspw
Dt

−βghs
DsT

Dt
+(Sg + Sh)∇·vs+∇·Jg =

ṁg

ρg
+
ṁh

ρh
, (A.6)994

where βsh = (1−ϕ)Shβs+ϕShβh, βws = (1−ϕ)Swβs+ϕSwβw, βghs = (1−ϕ) (Sg + Sh) βs+995

ϕShβh +
ϕSg

ρg

Mgpg
RT 2 , and Kw = 1/αw is the liquid bulk modulus.996

Eqs. (A.3) and (A.4) describe the rate of porosity ϕ and hydrate saturation Sh, re-997

spectively, whereas Eqs. (A.5) and (A.6) describe the rate of pore water pressure and pore998

gas pressure.999

Appendix B. Matrices in discretized governing equations1000

The matrices in Eq. (35) are given by,1001

K̃ww = Kww +∆t
NhMw

ρw
KdAsχw , (B.1a)1002

K̃wg = Kwg +∆t
NhMw

ρw
KdAsχg , (B.1b)1003

K̃gg = Kgg +∆t

(
Mg

ρg
− Mh

ρh

)
KdAsχg , (B.1c)1004

K̃gw = Kgw +∆t

(
Mg

ρg
− Mh

ρh

)
KdAsχw , (B.1d)1005
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f̃w =
NhMw

ρw
KdAs(pe − pk) + βwsṪ

k+1
p + Swε

k+1
sp + ϕpSw

(
ε̇k+1
wp − ε̇k+1

sp

)
, (B.1e)1006

f̃g =

(
Mg

ρg
− Mh

ρh

)
KdAs(pe − pk) + βghsṪ

k+1
p + (Sh + Sg) ε̇

k+1
sp + ϕpSg

(
ε̇k+1
gp − ε̇k+1

sp

)
.

(B.1f)

1007

1008

The matrices in Eq. (38) are given by,1009

(Mπ)I =
∑
p

VpϕpSπpρπpSIp, π = w, g , (B.2a)1010

(Msh)I =
∑
p

VpρshpSIp , (B.2b)1011

(Qd
π)I = −

∑
p

Vp(ϕpSπp)
2 µπp

kapkrπp
SIp, π = w, g , (B.2c)1012

(f ext
π )I =

∑
p

Vph
−1
p t̂πpSIp +

∑
p

VpϕpSπpρπpbSIp, π = w, g , (B.2d)1013

(f int
π )I =

∑
p

VpϕpSπppπp∇SIp, π = w, g , (B.2e)1014

(f ext
m )I =

∑
p

Vph
−1
p t̂SIp +

∑
p

VpρmbSIp , (B.2f)1015

(f int
m )I = −

∑
p

Vpσp:∇SIp . (B.2g)1016

1017

The matrices in Eq. (39) are given by,1018

(C̃m)I =
∑
p

Vp

(
Cmp +∆t

∂qe
∂T

)
SIp., (B.3a)1019

(Qconv
w )I = −

∑
p

VpϕpSwpρwpcwp∇TpSIp, (B.3b)1020

(Qconv
g )I = −

∑
p

VpϕpSgpρgpcgp∇TpSIp, (B.3c)1021

(Esource
T )I =

∑
p

VpqepSIp, (B.3d)1022

(Eext
T )I = −

∑
p

Vph
−1q̂epSIp +

∑
p

Vp(θσ
′:ε̇p)SIp, (B.3e)1023

(E int
T )I =

∑
p

Vp (−κm∇Tp) · ∇SIp. (B.3f)1024
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