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Based on the mechanical experimental results of methane hydrate (MH), a bond contact 
model considering the rate-dependency of MH is proposed. A CFD–DEM scheme considering 
fluid compressibility is used to simulate a series of undrained cyclic shear tests of 
numerical methane-hydrate-bearing sediment (MHBS) samples. The dynamic behavior, 
including stress–strain relationship, dynamic shear modulus, and damping ratio, is 
investigated. In addition, the force chains, contact fabric and averaged pure rotation rate 
(APR) are examined to investigate the relationships between micromechanical variables and 
macromechanical responses in the DEM MH samples. The effects of temperature, confining 
pressure and MH saturation are also analyzed. Due to the micro-structural strengthening by 
the MH bonds, no obvious change in microscopic quantities is observed, and the samples 
remain at the elastic stage under the applied low-shear stress level. When confining 
pressure and MH saturation increase, the dynamic elastic modulus increases, while the 
damping ratio decreases. An increasing temperature (leading to weakening of MH bonds) 
can lower the dynamic elastic modulus, but has almost no impact on the damping ratio. 
On the contrary, an increasing cyclic shear stress level lowers the damping ratio, but has 
almost no effect on the dynamic elastic modulus.

© 2018 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Methane hydrate (MH), a crystalline solid composed of methane and hydrogen-bonded water molecules, is formed at 
high ambient pressure and in low-temperature conditions prevailing along many continental margins and in the Arctic [1]. 
MH is viewed as one of the most promising resources due to its huge reserve potential [2–4], and increasing attention 
has been given to MH exploitation [5]. Compared with MHs found in continental permafrost regions, those in marine 
environments have attracted more attention because they are estimated to be 100 times greater in amount [6].

Marine methane hydrates generally exist in sediment sections below the seafloor, and are referred to as methane-
hydrate-bearing sediments (MHBS), whose strength can be significantly improved because of the bond effect of MH [7]. 
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At the same time, MH is sensitive to the environment of the deposition zone, and the strength of MHBS may be weakened 
when temperature or pressure changes or under external loads. As a result, a series of significant hazards such as submarine 
landslide, instability of submarine pipeline, and drilling platform may occur due to failure of MHBS [8–10]. Therefore, it is 
crucial to study the mechanical properties of MHBS for submarine disaster prevention and MH exploitation in the future.

Some pioneering works have been carried out to investigate the mechanical properties of MHBS through a number of 
experimental studies on core samples in situ [11–14] or artificial samples [15–18]. For instance, Masui et al. [11] conducted 
triaxial compression tests on natural core samples drilled from the Eastern Nankai Through and found that shear strength 
and elastic modulus increase with hydrate saturation, whereas no significant tendency was observed in Poisson’s ratio in 
relation to hydrate saturation. Li et al. [16] reported the mechanical properties of gas hydrate-bearing sediments using 
kaolin clay. Winters et al. [18] discovered that increasing the MH content can enhance the sediment shear strength. In 
addition, the mechanical properties of MHBS have also been explored by numerical methods [19–22]. These studies provide 
good understanding of the stress–strain responses of MHBS under different temperatures, confining pressures, strain rates, 
and MH saturations, etc. However, major research on the mechanical properties of methane-hydrate-bearing sediments was 
focused on statics analyses. Although the dynamic characteristics of MHBS have been examined by resonant column tests 
[23], compressional and shear wave velocity measurements [24–26] and dynamic triaxial tests [27], more studies are needed 
to obtain a sufficient understanding of the dynamic characteristics of MHBS. In reality, MHBS would be subject to the effects 
of dynamic loading, such as seismic loading and wave loading. De Alba et al. [28] showed that the random seismic load can 
be described by an equivalent cyclic loading of which amplitude is 65% of the peak value of seismic load and equivalent 
cyclic number is determined based on the earthquake magnitude. Following this widely accepted study, this paper attempts 
to investigate the cyclic behavior of MHBS.

Currently, it is widely accepted that the strength of MHBS depends on the microscopic distribution of MH in soils. 
(1) Pore filling: the hydrate nucleates in pore spaces without bridging two or more particles. (2) Cementation: the hydrate 
acts as a bond on the interparticle contact points. (3) Load-bearing: the hydrate grows and becomes part of the loading 
bearing force chain. (4) Grain-coating: the hydrate nucleates on the particle surface and can establish a cementation at 
contacts where the hydrate coating layers overlap [21]. Recent study by X-ray analyses reveal that the micro-structure of 
artificial MHBS is complicated, as the MH may exist as both loading-bearing and pore-filling matter [29]. Thus, laboratory 
triaxial tests on MHBS may not be capable of distinguishing the influence of micro-morphology on the mechanical properties 
of MHBS. The Discrete Element Method [30], on the other hand, can quantitatively describe the mechanical properties of 
MHBS with given micro-morphology, e.g., pore filling [19] and cementation [21]. Furthermore, MHBS may remain under 
undrained conditions in reality. Although the constant volume method can be used to simulate the undrained triaxial 
behavior of granular materials [31–33], this method may not be suitable for large boundary problems. On the other hand, 
the coupled CFD–DEM method has shown its significant potential in dealing with fluid-related geotechnical problems. In fact, 
it has been successfully applied in the analyses of fluid–particle interaction [34], liquefaction problem [35], and submarine 
steep-slope failures [36].

The rate-dependency of MH mechanical behavior is significant, such as the strength of MH is greatly influenced by strain 
rate. In one of the pioneering works by Hyodo et al. [37], the strength of MH had been shown to increase with strain rate. 
The same results were obtained in triaxial tests conducted by Nabeshima et al. [38]. Meanwhile, the rate-dependency of 
MH strength has been investigated extensively [39–41]. These researches provide good understanding of the rate-dependent 
behavior of MH and can help establish the DEM contact model considering the rate-dependency of MH, which constitutes 
the motivation of this study.

The purpose of this study is to propose a bond contact model for MHBS considering the rate dependency and investigate 
the dynamic behavior of MHBS under cyclic loading using the CFD–DEM scheme. Following this section, the bond contact 
model will be introduced, with emphasis on the rate-dependency of MH. A series of cyclic undrained shear tests are then 
simulated to investigate the micromechanical variables and macromechanical responses of MHBS, along with the effect of 
confining pressure, temperature, and saturation of MH on the dynamic behavior of MHBS under cyclic loads.

2. MH bond contact model

The bond contact model in this paper is modified from the original model in [42] for the dynamic problem. Fig. 1 illus-
trates a conceptual bond contact model and physical element models, which are composed of normal, tangential, and rolling 
contact components. These three components all include a spring reflecting an elastic behavior of the bond before failure, 
a bond element representing cementation at contact, and a dashpot allowing energy dissipation and quasi-static deforma-
tions. In addition, in the normal contact model, a bond element is set to be parallel with a divider in order to simulate 
the fact that the bond resists normal tension force, and no force is transmitted when the bond is broken and the particles 
separated. The tangential contact model includes a bond element in parallel with a slider that provide the bond with a 
shear resistance controlled by the Mohr–Coulomb criterion, even after the bond is broken. In the rolling-contact model, a 
bond element exists within a roller that presents bond-rolling resistance. As to the unbonded contact, the physical element 
models can be easily obtained by excluding the bond element in normal, tangential, and rolling components respectively.

The hydrate bond between two disks with radii R1 and R2 has a minimum thickness hmin and a maximum thickness 
hmax and a finite width B = Rβb, where R = 2R1 R2/(R1 + R2) is the common radius and βb is the rolling resistance 
coefficient of the bond.



M. Jiang et al. / C. R. Mecanique 346 (2018) 815–832 817
Fig. 1. Schematic illustration of methane-hydrate-bonded soil grains.

The total contact forces include the normal force Fn, the shear force Fs and the moment M , each of which is composed 
of the particle part (F p

n , F p
s , Mp) and the bond part (F b

n , F b
s , Mb):

Fn = F p
n + F b

n (1a)

Fs = F p
s + F b

s (1b)

M = Mp + Mb (1c)

The mechanical responses and the bond failure criterion are described in detail in the following.

2.1. Mechanical responses

Fig. 2 illustrates the mechanical responses of the bonded contact, where K b
n , K b

s , and K b
r are the normal, tangential, and 

rolling stiffness of the bond respectively; ub
n, ub

s , and θb are the translational displacement, the tangential displacement, 
and the rotation angle of the bond, respectively; λ and μb are the residual strength coefficient of the bond and the friction 
coefficient of the bond, respectively.

It can be observed in Fig. 2 that the compressive force, the tensile force, the shear force, and the moment transmitted by 
the bonded contact all increase linearly with the increase of the corresponding displacement/moment up to a limit value, 
i.e. the bond tensile resistance Rb

t , the bond compressive resistance Rb
c , the bond shear resistance Rb

s , and the bond rolling 
resistance Rb

r , respectively. Then the compressive force, the shear force, and the moment reduce to their residual values as 
a result of bond breakage, except that the tensile force drops to zero.

After the bond breaks, the interaction at a physical contact without bond material is described by an unbonded contact 
law. The mechanical responses of the unbonded inter-particle contact are shown in Fig. 3, where K p

n , K p
s , and K p

r are 
the normal, tangential, and rolling stiffness of the particle, respectively; up

n, up
s , and θp are the translational displacement, 

the tangential displacement, and the rotation angle of the particle, respectively; μp and βp are the friction coefficient 
of the particle and the rolling resistance coefficient of the particle, respectively. Compared with the previous static bond 
contact model [42,43], a distinct feature is that different normal stiffness values for loading and unloading are used in the 
unbonded contact model to account for a dynamic problem; this is one of the dynamic features in this model. In addition, 
linear viscous damping was used to dissipate kinematic energy. The normal, tangential, and rotational viscous damping 
forces/moment can be calculated as:

F v
n = cnu̇n (2a)

F v
s = csu̇s (2b)

Mv = crθ̇ (2c)

where cn, cs, and cr are the normal, tangential, and rotational viscous damping coefficients, respectively; u̇n, u̇s, and θ̇ are 
the normal, tangential, and rotational rates, respectively. The damping coefficients can be calculated by:

cn = rnccrit
n (3a)

cs = rsccrit
s (3b)
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Fig. 2. The mechanical responses of the bonded contact: (a) normal direction; (b) tangential direction; (c) rolling direction.

Fig. 3. Mechanical response of particle contacts in (a) normal direction, (b) tangential direction, and (c) rolling direction.

cr = (
R̄βp)2

cn/12 (3c)

where rn and rs are two parameters, and ccrit
n and ccrit

s are the normal and tangential critical damping constants:

ccrit
n = 2

√
mK p

n (4a)

ccrit
s = 2

√
mK p

s (4b)
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Fig. 4. Sketch of: (a) two MH bonded granules and (b) shear strength envelope of pure MH.

where m is the effective system mass, which is the disc mass in the case of a disc–wall contact, or is equal to m1m2/

(m1 + m2) in the case of a disc–disc contact (m1 and m2 are masses of the two discs).

2.2. Bond-failure criterion

Whether a bond will break is determined by a failure criterion derived from a series of micromechanical tests on ide-
alized bonded granular materials [44,45]. A MH bond can break under a combination of a normal force Fn (in tension or 
compression), a shear force Fs, and a rolling moment M . The bond failure criterion can be written as:

(
F b

s

Rb
s

)2

+
(

Mb

Rb
r

)2
⎧⎨
⎩

< 1, intact bond
= 1, critical state
> 1, broken bond

(5)

According to Jiang et al. [44,45], the bond resistances including Rb
s , Rb

r , Rb
c , and Rb

t are determined as follows:

Rb
s = fs × gs × (

F b
n + Rb

t

) ×
[

ln

(
Rb

c + Rb
t

F b
n + Rb

t

)]0.59

(6a)

Rb
r = fr × gr × (

F b
n + Rb

t

) ×
[

ln

(
Rb

c + Rb
t

F b
n + Rb

t

)]0.59

(6b)

Rb
t = B × qmax,t (6c)

Rb
c = B × qmax,c (6d)

where fs = 2.05–0.89 ×e−(1000hmin−1.15)2
, fr = 2.05 −0.92 ×e−(1000hmin−1.15)2

, gs = 0.41–61.07hmin and gr = 0.83–146.36hmin
are fitting parameters based on experimental results [44,45].

Fig. 4 provides a sketch of two MH bonded granules at temperature T and the surrounding water pressure σw, along 
with the shear strength envelope of pure MH, having assumed the validity of the Mohr–Coulomb failure criterion, where σt

and σc are the minimum and maximum principal stresses, respectively. Depending on the value of water pressure, σt may 
be tensile. Thus, qmax,c and qmax,t can be expressed as:

qmax,t = σw − σt (7a)

qmax,c = σc − σw (7b)

Triaxial compression tests on pure MH bulk sample show that the shear strength of MH qmax depends on temperature, 
confining pressure, sample density, and strain rate [37,38,46–48]. The first three factors have been discussed and incorpo-
rated into the previous static bond contact model and applied in DEM simulations [42,43]. This study further accounts for 
the strain rate effect. Fig. 5 shows that the peak shear strength of MH increases with the logarithm of the axial strain rate 
in an almost linear way. The peak strength of MH qmax (MPa) was fitted and implemented into the dynamic bond contact 
model:

qmax = q∗
max(T ,σw) + ξ log ε̇1 (8)
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Fig. 5. Rate-dependency of MH strength.

where q∗
max(T , σw) (MPa) is the peak shear strength when the axial strain rate ε̇1 is 1%/min, which depends on σw and T . 

The parameter ξ (MPa) is not a constant, but depends on σw and T :

ξ = aσw

(
T

T ∗ + b

)
(9)

where T ∗ = 273 K and the fitting parameters a = −3.7, b = −1.0. In this fitting equation, σw is in MPa and T is in K.
Based on Eqs. (8) and (9), the peak strength of MH under various strain rates can be obtained, which is used to 

determine the bond resistances in Eqs. (6c) and (6d). In this way, the temperature, pore pressure, density [42] and strain-
rate-dependent bond resistances are considered in a consistent way. This is another dynamic feature in this model.

2.3. Governing equations for fluids

The CFD governing equations for fluids are given in Eqs. (10)–(11), where n is porosity; ρf is fluid density, which is not 
constant during the simulation, unlike in the classical CFD–DEM; Uf is the average velocity of a fluid cell; p is the fluid 
pressure in the cell; μf is the viscosity coefficient of the fluid; Fp is the interaction force the particles inside the cell exert 
on the fluid; g is the gravitational acceleration. It should be noted that there are four variables in the governing equations, 
and to determine the four variables, a fluid state equation has to be considered. As illustrated in Eq. (12), Li [49] proposed a 
state equation for seawater, and the equation is chosen in this study. In Eq. (12), ρf and ρf0 are fluid density and the initial 
fluid density, S is salinity of sea water, T is the temperature, P and P0 are fluid pressure and the initial fluid pressure, and 
A, C and A∗ are fitting parameters decided by Eqs. (12). The units of A and A∗ are 105 Pa = 1 bar.

∂(nρf)

∂t
+ ∇ · (nρfUf) = 0 (10)

∂(nρfUf)

∂t
+ ∇ · (nρfUfUf) = −∇p − Fp + nρfg + n∇ · (μf∇Uf) (11)⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ρf − ρf0

ρf
= (

1 − S × 10−3)C log

(
A∗ + P

A∗ + P0

)
A = 2668 + 19.867T − 0.311T 2 + 0.001778T 3

C = 0.315
A∗ = (2670 + 6.89656 × S) + (19.39 − 0.0703178 × S)T − 0.223T 2

(12)

3. CFD–DEM coupling scheme

The basic coupling principle is that the particle–fluid interactions are considered in addition to particle–particle interac-
tions in DEM and fluid–fluid interactions in CFD. In this coupling scheme, the pressure-gradient force and the drag force are 
considered as the interaction forces between fluid and particles. In a fluid cell, the pressure-gradient force can be calculated 
by:

Fp = −∇p
np∑

i=1

V i
p (13)

where p is the hydraulic pressure, np is the particle number in the fluid cell, and V i
p is the volume of particle i.
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Fig. 6. Sample and schematic of loading.

Due to the complex particle configuration, there is no accurate theoretical solution for the drag force. Two empirical 
formulas based on the bed pressure drop tests [50,51] are used:

fdrag = (1 − n)

(
150

μf(1 − n)

nd̄2
p

+ 1.75
ρf|uf − ūp|

d̄2
p

)
(uf − ūp), n > 0.8 (14)

fdrag = 0.75(1 − n)

(
CD Ren−265μfρf|uf − ūp|

d̄p

)
(uf − ūp), n ≤ 0.8 (15)

where CD is the drag coefficient, calculated by Eq. (16) [51], dp is the average diameter of particles in a fluid cell, uf and 
up are the fluid velocity vector and the average particle velocity vector, respectively. Re is the Reynolds number and can be 
obtained by Eq. (17) [51].

CD =
{ 24

Re

(
1 + 0.15Re0.687), Re ≤ 1000

0.44, Re > 1000
(16)

Re = nρfd̄p|uf − ūp|/μf (17)

Pore pressures and fluid velocities are solved in CFD, while the forces between particles and particle velocities are 
calculated in DEM. When the coupling is started, the pore pressure, fluid velocities, forces between particles, and particle 
velocities are passed to the coupling module to obtain the porosity, drag force and interactive force between the fluid and 
the particles. Then the drag force and porosity are passed to the CFD, and the interactive force between fluid and particles 
are passed to the DEM.

4. CFD–DEM analysis of undrained cyclic shear tests on MHBS

The bond contact model was implemented by the C++ code into the DEM software PFC2D for the simulation of cyclic 
shear tests through the proposed CFD–DEM scheme. The simulations were carried out in four steps: (1) generation of 
unbonded sample without MH cementation; (2) activation of MH bonds in the sample; (3) isotropic compression; (4) cyclic 
shearing of the samples. During cyclic loading, the sample was sheared at a strain rate of 1%/min and the shear directions 
of the loading walls were reversed when the deviator stress reached the target value. The lateral load is servo-controlled to 
keep the total confining pressure constant.

The homogeneous unbonded sample consisting of 6000 particles at a target void ratio of 0.25 was generated by the 
Multi-layer with Undercompaction Method (UCM) proposed by Jiang et al. [52], with a maximum, a minimum, and a mean 
diameter of 9 mm, 6 mm, and 7.8 mm. The void ratio of 0.25 corresponds to a dense sample. The uniformly coefficient is 
1.3. The sample was then subjected to an effective confining pressure of 0.2 MPa. Then, the MH bonds were activated. Fig. 6
illustrates the DEM sample with a width of 400 mm and a height of 800 mm, and the enlarged part of the sample in Fig. 6
illustrates the pore pressure, as will be discussed later.

After the sample was prepared, the sample was consolidated under the effective confining pressure of 1, 2, and 3 MPa, 
respectively. Then the sample was cyclically sheared under a constant strain rate of 1%/min, which means that when the 
vertical stress reached the target value in one direction, the load was applied in an inverse direction. The target stress 
value was controlled by the cyclic stress amplitude qcyc, referring to [53], the dynamic stress ratio was set as 0.3. qcyc was 
assigned two values in the simulations: qcyc,sand = 5/6q f ,sand and qcyc,MHBS = 5/6q f ,MHBS, where qcyc,sand is the dynamic 
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Table 1
Particle and fluid parameters in the CFD–DEM analyses.

Material parameter Value

Particle density 2650 kg/m3

K p
n 6 × 108 N/m

K p
s 4 × 108 N/m

K p
m K p

n (βp R)2/12

μp 0.5

βp 0.5

K p
n/K p

un 0.95

K b
n Eq. (14)

K b
s 2K b

n /3

K b
r K p

m(βp R)2/12

Rb
s Eq. (6a)

Rb
r Eq. (6b)

Rb
t Eq. (6c)

Rb
c Eq. (6d)

μb 0.5
Normal stiffness between particles and wall 6.0 × 108 N/m
Tangential stiffness between particles and wall 4.0 × 108 N
Friction coefficient of wall 0.0
Initial fluid density 1000 kg/m3

Fluid viscous coefficient 0.001 Pa s

stress amplitude of pure sand (no MH bond), and qcyc,MHBS is the dynamic stress amplitude of MHBS. qf,sand is the shear 
strength of pure sand and qf,MHBS is the shear strength of MHBS (qf,MHBS > qf,sand) in the biaxial monotonic test.

The pore fluid pressure was applied on the outermost layer particles (red particles in Fig. 6) which was counter-balanced 
by the wall. In this way, the stress on the wall is the total stress. Taking particles A and B, for example, the resultant force 
FAB = p(rA + rB) is shared by particles A and B:

FA = FAB
rA

rA + rB
(18)

FB = FAB
rB

rA + rB
(19)

In DEM, the lateral boundary walls maintained a constant total stress by a servo-mechanism. The top and bottom bound-
aries were moved at a strain rate of 1%/min. To maintain the compatibility of CFD and DEM geometries, the fluid in CFD 
was assigned the same velocity as the wall along the sample’s boundary, and no flow is allowed.

4.1. Sample parameters

Table 1 summarizes the parameters of particles, bond material, and fluid used in this study. The parameters of the 
unbonded part, i.e. the particle contact stiffness parameters, rolling resistance coefficient, along with the particle friction 
coefficient, are selected based on a previous study [42]. These parameters are determined by trial-and-error and are chosen 
to match the mechanical behavior of the host sand in triaxial compression tests. As to the bonded part, since the Young’s 
modulus for soil grains ranges from 50 to 70 GPa. They can be regarded as rigid particles when the bonds (e.g., MH bonds) 
have a lower elastic modulus. As illustrated in Fig. 1, for the case of rigid particles with a deformable elastic bond, the 
normal deformation of the bond material, δn, can be expressed as

δn = εt = σ t

E
= Fnt

B E
(20)

where ε is the normal strain, σ is the evenly distributed normal stress, E is Young’s modulus of the bonding material and t
is the average thickness of the bonding material. Thus, the normal contact stiffness of bond can be related to E as follows:

K b
n = Fn = B E

(21)

δn t
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Fig. 7. Comparison of the CFD–DEM prediction and analytical solution for: (a) single particle settling, and (b) one-dimensional consolidation tests.

Experimental data obtained from tests on pure MHs [46] reveal that E is strongly related with the temperature T , the 
confining pressure (i.e. the pore pressure in this case, σw), and MH density ρ . By fitting experimental data [46], E can be 
inferred using:

E

pa
= 3

(
σw

pa

)
− 1.98

(
T

T0

)
+ 4950.50

(
ρ

ρw

)
− 1821.78 (22)

The tangential and rolling bond contact stiffness values can be assumed to be proportional to the normal contact 
stiffness, with the former one determined by experimental investigations [44,45] and the latter one determined by the 
assumption of elastic bond [54]:

K b
s = 2

3
K b

n (23)

K b
r = 1

12
K b

n B2 (24)

In this study, the MH has a density of 0.9 g/cm3 to match the experimental conditions [46]. The stiffness ratio K p
n/K p

un
is set to 0.95 based on the analysis by Thornton et al. [55]. Other parameters have been calibrated in our previous study 
[36], in which the CFD–DEM prediction and analytical solution for single-particle settling and one-dimensional consolidation 
tests are compared, as illustrated in Fig. 7. During the simulation, the salinity S is set to the mean value of seawater 3.5%. 
The tangential damping ratio rs is the same as the normal damping ratio rn, and rn can be obtained by:

rn = ln e√
(ln e)2 + π2

(25)

where e is the reconstitution coefficient that can be obtained from drop tests [56].
Fig. 8 illustrates the DEM sample after consolidation and the CFD griding. By trial, it is reasonable that a grid contains 

8–20 particles. The colored particles are merely to improve the visualization and the 15 × 30 grids are set in the CFD 
module, with each grid size of 26 mm × 26 mm and each grid contains about 12 particles. The analysis showed that the 
difference of pore pressure in the sample is very small, so the pore pressure is calculated using the mean value of each cell.

4.2. Scheme of the simulation

The simulations are divided in three groups labeled with T01, T02 and T03 to investigate the effects of temperature, 
MH saturation, and effective confining pressure on the dynamic mechanical properties of MHBS, as shown in Table 2. Each 
group is subjected to two different dynamic stress amplitudes, i.e. qcyc,sand = 5/6qf,sand and qcyc,MHBS = 5/6qf,MHBS.

Before testing MHBS, a series of undrained cyclic triaxial tests on pure sand were conducted and compared with ex-
perimental results [57]. The test condition of the pure sand was the same as T01, except that MH was not considered and 
qcyc = qcyc,sand. Fig. 9 illustrates the stress–stain relationship and the effective stress paths obtained in simulation and in 
laboratory experiments. Fig. 9 shows a qualitative consistency between the simulation results and experimental ones. Liq-
uefaction will occur after about 20 loading cycles, indicating that the coupling scheme is capable of capturing the shear 
behavior of sand under undrained cyclic triaxial test. Note that the undrained behavior of sand depends on initial void ratio, 
dynamic stress amplitude, and loading rate, etc., and the same DEM sample as in a previous study [42] was used in this 
study. Thus, only qualitative comparison was made.
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Fig. 8. (a) Consolidated DEM sample and (b) the CFD griding.

Table 2
Scheme of the simulation.

Test number Temperature 
(K)

MH saturation 
(%)

Effective confining 
pressure (MPa)

T01 283 25 1, 2, 3
T02 268, 274, 283 25 1
T03 283 25, 30, 40, 50 1

5. Simulation results

Because the shear responses of MHBS under different temperatures, effective confining pressures, and saturations are 
similar, only the results under one condition with an effective confining pressure of 1 MPa, a temperature of 283 K, a 
MH saturation of 25%, and an initial pore pressure of 10 MPa are presented in detail. The macroscopic responses of MHBS 
under qcyc,sand are presented and compared with the simulation results of pure sands. Then the simulation results on 
MHBS under qcyc,sand are discussed with emphasis on the stress–strain relationship, Ed and λd to investigate the dynamic 
behavior of MHBS from a microscopic view. The dynamic shear modulus Ed and damping ratio λd are the main indexes in 
the stress–strain relationship of geotechnical material under cyclic loads and can be utilized in earthquake analysis and field 
safety assessment. Fig. 10 presents the typical hysteretic loop in the stress–strain relationship of geotechnical material under 
cyclic loads. The loop area represents energy consumption during the loading and unloading process and the damping ratio 
λd is also related to the loop area. The mean slope of the loop is denoted by Ed. Ed and λd are calculated by:

Ed = qmax

εmax
(26)

λd = AL

4πAT
(27)

where qmax is the maximum deviator stress, εmax is the maximum axial strain, AL is the area of hysteretic loop in the q–εa
plane, and AT is the area of the triangle in Fig. 8.

Finally, the effects of temperature, MH saturation and effective confining pressure on the dynamic behavior of MHBS are 
discussed. Note that the focus is on the bond effect of MH, thus the temperature is assumed to only change the properties 
of the MH bond, while the fluid’s properties are unaffected.

5.1. Macroscopic mechanical response of MHBS

Fig. 11 illustrates the stress–strain relationship and the effective stress path of MHBS during cyclic shearing. It shows that 
the stress–strain relationship and the effective stress path are like hysteretic loops after one cyclic load. The closed curves 
in Fig. 11 show that, unlike the undrained cyclic triaxial test on pure sand, in which liquefaction will occur after about 20 
loading cycles, the MHBS samples are in elastic stages during cyclic loading as a result of the bonding effect of MH.
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Fig. 9. Comparison of simulation and experimental results [57] on pure sand: (a) stress–strain relationship in laboratory, (b) effective stress path in labora-
tory, (c) stress–strain relationship in simulation, and (d) effective stress path in simulation.

Fig. 10. Hysteretic loop in cyclic loading.

5.2. Microscopic response of MHBS

To investigate the microscopic features of MHBS during cyclic loading, the force chains, contact fabric, and average pure 
rotation (APR) of the MHBS sample at given moments in Fig. 12 will be analyzed in the following. Four moments, which are 
represented by points O, A, B, and C in Fig. 12, are used.

As illustrated in Fig. 13, force chain is shown by representing each normal contact force with a line connecting the 
centers of the two contacted granules with the line thickness representing the magnitude of the force. Thicker force chains 
refer to stronger particle contact forces. In addition, the black force chains mean compressive contact forces, and red chains 
are tensile. Note that the sizes of MHBS at different moments are presented as the same for clear comparison. Fig. 13 shows 
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Fig. 11. Macroscopic mechanical responses of MHBS: (a) stress–strain relationship of MHBS and (b) effective stress path of MHBS.

Fig. 12. Variation of excess pore pressure against time and the positions of the typical moments during the simulation.

Fig. 13. Distribution of force chains of MHBS at different moments.
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Fig. 14. Contact fabric of MHBS at different moments.

that the force chains are mainly vertically and horizontally distributed and except for the initial state (point O), at which the 
force chains are uniformly distributed in the sample. The distribution of the force chains changes with the loading direction. 
Meanwhile, regions with very few and weak force chains emerge at point C, showing that relatively fewer contact forces 
are transferred by the particles. However, no liquefaction occurs as a result of the bonding of MH.

Fig. 14 provides the contact fabric of MHBS at different moments, it can be observed that the contact fabric seldom 
changed during cyclic loading, which is caused by the MH bonding that restricts the movement of particles. As to the 
particle rotation, Fig. 15 illustrates the distributions of average pure rotation rate (APR). The APR is proposed by Jiang et 
al. [58] and could be used as one of the kinematic characteristics of granules during loading. Fig. 15 shows that despite 
slightly variations, the APR is evenly distributed in the sample during cyclic loading. Overall, the microscopic characteristics 
of MHBS sample during cyclic loading seldom changed as a result of MH bonding.

5.3. The influence of test conditions on the dynamic behavior of MHBS

This section investigates the influence of temperature, saturation of MH and effective confining pressure on the dynamic 
behavior of MHBS under qcyc,sand and qcyc,MHBS.

5.3.1. The influence of temperature
Fig. 16 illustrates the effect of temperature on the dynamic mechanical properties of MHBS. Ed almost decreases linearly 

while λd only slightly varies with increasing temperature. The values of Ed and λd under qcyc,sand are larger than that under 
qcyc,MHBS at the same temperature.

Fig. 17 illustrates the evolution of the mean strain rate of MH bond with the temperature. The mean strain rate is the 
average value of the maximum and minimum strain rates during shearing. When temperature increases, both the mean 
normal and tangential strain rates of MH bond slightly increase with increasing temperature. The mean normal strain rate 
is larger than the tangential one, and the shear stress amplitude seldom affects the mean strain rate. The viscous energy 
consumed during cyclic shearing is determined by the strain rate of MH bond. Thus, it can be concluded that during 
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Fig. 15. Distributions of the APR at different moments.

Fig. 16. Influence of different T values on (a) Ed and (b) λd.

undrained cyclic triaxial tests of MHBS, the viscous energy is mainly consumed in the normal direction of grain contact. 
Increasing the temperature and stress amplitude seldom affects the mean strain rate and, as a result, the temperature has 
only a slight effect on the damping ratio in Fig. 17.

5.3.2. The influence of MH saturation
MH saturation of in this paper can be calculated from the geometry of all the bonds in the sample, see [42]:

SMH = Ab

Av
+ SMH0 = (1 + ep)

ep A

m∑
i=1

Ab,i + SMH0

= (1 + ep)

ep A

m∑
R̄2

i

[
2βb − β

√
1 − (βb)2

4
− 2 arcsin

(
βb

2

)
+ t0iβ

b

R̄ i

]
+ SMH0 (28)
i=1
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Fig. 17. Mean strain rate of MH under different temperatures.

Fig. 18. Influence of different MH saturations on (a) Ed and (b) λd.

where Ab is the area of bond, Av is the total void area, SMH0 is the threshold value of hydrate saturation at which methane 
hydrates start to bond sand grains, A is the total area of the sample, ep the sample planar void ratio, m is the total number 
of MH bonds in the sample, Ab,i the area of each bond, t0,i the minimum thickness of each bond; more detailed principles 
for selecting these parameters can be found in [42].

The relationship between MH saturation and Ed and λd in Fig. 18 shows that when MH saturation increases, Ed increases 
significantly while λd decreases. The increase in qcyc can lead to a decrease in λd, but there is no change in Ed. A larger 
mean strain rate means a larger damping force/moment. More work is done when the mean strain rate is larger. As the 
damping ratio indicates energy dissipation by damping under dynamic loading, the variation of the mean strain rate is the 
microscopic origin of the changes of the damping ratio.

Fig. 19 illustrates the influence of MH saturation on the mean strain rate of MH. Fig. 19 shows that the mean normal 
strain rate is always larger than the tangential one. When MH saturation increases, the mean normal strain rate obviously 
decreases, while the tangential one decreases slightly. In a fashion similar to the case in Fig. 17, the decrease of strain rate 
by the increasing MH saturation leads to the decrease of λd.

5.3.3. The influence of the initial effective confining pressure
As to the influence of initial effective confining pressure on Ed and λd, Fig. 20 shows that Ed increases rapidly when 

the initial effective confining pressure increases from 0.1 MPa to 1.0 MPa, while λd quickly decreases at the same time. 
However, when the initial effective confining pressure further increases from 1.0 MPa to 3.0 MPa, Ed and λd vary slowly. 
And it should be noted that the values of Ed and λd caused by qcyc,sand are larger than that caused by qcyc,MHBS at the same 
initial effective confining pressure. However, Fig. 21 shows that when the initial effective confining pressure increases, the 
mean normal strain rate increases nearly linearly and the tangential one increases slightly.
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Fig. 19. Mean strain rate of MH under different MH saturations.

Fig. 20. Influence of confining pressure on (a) Ed and (b) λd.

Fig. 21. Mean strain rate under different confining pressures.

6. Conclusions

This study proposed a 2D bond contact model incorporating the effect of the rate dependency of MH, and the con-
tact model was implemented into the DEM software, PFC2D. A series of undrained cyclic biaxial tests were conducted to 
investigate the dynamic behavior of MHBS, and the test results were discussed with emphasis on stress–strain relation-
ship, effective stress path, Ed and λd, along with the force chains, contact fabric, and averaged pure rotation rate (APR). 
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Finally, the influence of temperature, MH saturation and effective confining pressure on the dynamic behavior of MHBS was 
analyzed. The results showed that:

1) during the cyclic biaxial tests, the stress–strain relationship closed as a hysteretic loop after one cyclic load, the MHBS 
samples remained in the elastic state during the whole cyclic shearing due to the bonding effect of MH. The force 
chains, contact fabric, and APR seldom changed as a result of MH bonding;

2) Ed rapidly increased and λd quickly decreased when the initial effective confining pressure increased from 0.1 MPa to 
1.0 MPa. When the initial effective confining pressure further increased from 1.0 MPa to 3.0 MPa, Ed and λd slowly 
varied. λd rarely varied, while Ed decreased almost in a linear way with increasing temperature. As to the influence of 
different MH saturations, Ed increased obviously, and λd decreased gradually when MH saturation increased;

3) microscopically, λd reflects the amount of energy dissipation caused by the viscous resistance, i.e. the increase in the 
strain rate of MH bonds can cause an increase in the damping ratio. However, this effect can be by hindered by the 
growing effective confining pressure.
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