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Discrete element numerical simulation of mechanical properties of methane hydrate
sediment considering deposit angles
Abstract:

Methane hydrate sediment (MHS) distributes under the seabed in different deposit angles
according to the bottom simulating reflector (BSR) exhibitions. The mechanical properties of the
combined sediment composed soil and MHS dominate the stability of the slope. In this work, the
simulation model was generated considering the deposit angles, the confining pressures, the
loading velocities and the hydrate saturation (S;) by using discrete element method, and the
mechanical response was studied. With deposit angle increasing, the peak strength increased first
and then decreased. The elastic modulus decreased first and then increased with the increment of
deposit angles. The peak strength and stiffness of sediments increased with increasing S; The
confining pressure enhanced the peak strength linearly, and the elastic modulus increased first and
then decreased in a parabolic equation. Under different loading velocities conditions, the peak
strength linearly increased and the elastic modulus logarithmically increased with increasing

loading velocity.

Keywords: methane hydrate sediment, mechanical properties, deposit angle, compress test,

discrete element method

1 Introduction

Methane hydrates are ice-like compound which methane gas melecules are trapped in a
cage-like void of water melecules. The methane hydrate has many advantages compared with
conventional fossil fuels such as high energy density, large reserves, and Green. Current research
exhibited that more than half of the organic carbon mass in the world is stored in methan hydrates.
The carbon mass storage trapped in methane hydrates is twice as much as all other fossil fuels
combined. Methane hydrate is as a potential energy resource and the energy crisis can be solved if
methane hydrate is exploited successfully. (Brugada et al., 2010; Kimoto et al., 2010; Kvenvolden
and Lorenson, 2001; Sultan et al., 2004; Yu et al., 2012). Many countries like the United States,
Japan, Canada, China, South Korea and India have performed extensive hydrate research (Collett
et al., 2008; Dallimore and Collett, 1995; Dillon et al., 1994; Fujii et al., 2009; Koh et al., 2015;

Wu et al., 2005). Methane hydrate is in existence under high-pressure and low-temperature
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conditions typically found in permafrost and deep seabed. The geological formations may be
disrupted during the methane hydrate commercial production. For example, the dissociation of
methane hydrate can trigger large-scale seafloor instabilities (Jin et al., 2016; Kleinberg et al.,
2003; Nixon and Grozic, 2007; Pauli et al., 2003; Vedachalam et al., 2015; Xu and Germanovich,
2006). The greenhouse effect will be exacerbated if methane hydrate is disscociated and
uncontrolled releases into the atmosphere (Brand et al., 2016; Paull et al., 2002; Zachos et al.,
2008). Therefore, the mechanical properties of methane hydrate sediment (MHS) should be
studied clearly before methane hydrate is exploited commercially and safely.

In order to commercially mine methane hydrate early, many tests of the mechanical properties of
MHS have been conducted in the field and the laboratory by using various test methods. It is one of the
best way to acquire the mechanical properties data of MHS using field samples or testing in-situ. In
past decades, several in-situ tests of the mechanical properties of MHS were conducted. Winters et al.
(2007) tested the acoustic properties and the shear properties of MHS drilled from the Mackenzie Delta.
In their tests, the effect of the pore content, the sediment grain size and the pore pressure were
considered. The shear strength was increased because of the existence of methane hydrate. The pore
pressure decreased during shear tests in coarse-grained sediment, whereas the pore pressure increased
in fine-graind sediment during shear test. Priest (2014) studied the impact of methane hydrate on the
strength of host sediment drilled from the Krishna-Godavari Basin under the undrained conditions. The
sediment containing methane hydate exhibited low shear strength. The shear strength increased with
hydrate saturation (S;) increasing. Yoneda (2015) carried out triaxial compression tests of sandy and
clayey-silty MHS which were covered pressure coring in the Eastern Nankai Trough of Japan. In their
tests, the excess pore pressure was always positive during compression tests for clayey-silty sediments
under undrained conditions. The shear strength and stiffness of sandy sediments increased with S
during drained compression tests. Jiang et al. (2017) investigated the mechanical properties of MHS in
the Shenhu area of South China Sea using laboratoty geotechnical experiments. The results show that
the moisture content and permeability decreased with shear strength increasing. The peak strength and
elastic modulus of MHS increased with the increasing effective confining pressure.

Due to the limitations on the types of equipment and techniques in field tests, the mechanical
properties of MHS were mainly studied using synthetic specimens in a laboratory. Previous

experimental tests showed that the mechanical properties of sediment could change depending on
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the presence of hydrate by using a triaxial shear test, a direct shear test and a bending test
(Ebinuma et al., 2005; Hyodo et al., 2008; Lee et al., 2010; Masui et al., 2005; Ohmura et al.,
2002). Comparing the experimental results of field tests versus laboratory tests, it indicated that
synthetic MHS had similar mechanical behaviors to those of the in-situ samples, to a certain extent.
Masui et al. (2005) conducted a series of triaxial tests using the synthetic MHS generated with
ice-sand and/or the water-sand mixture in their laboratory. In that study, the increment of Sj
enhanced the shear strength, the secant elastic modulus, and cohesive force, and strain softening
became more obvious with increasing S;. Miyazaki (2010a, 2010b) examined the strain-rate
dependence of the shear strength using artificial sediment in laboratory. In their research, it was
found that the strain rate dependence of MHS is as strong as that of frozen sand. Hyodo (2013a,
2013b, 2014) reported the mechanical and dissociation response of cementation type MHS in
undrained triaxial testing. Li et al. (2016) conducted a series of trial axial compressive tests of
permafrost-associated methane hydrate-bearing sediments to study the mechanical properties
under different exploiting methods. The results exhibited that both depressurization and heating
will decrease the stability of methane hydrate-bearing sediments. Kajiyama et al. (2017) carried
out a series of plane compression tests to study the effect of grain characteristics and fines
contents on the mechanical properties of MHS. The test results indicated that the shear strength
increased with fines content. The cohesion and friction angle of MHS increased with increasing S;.
Liu et al. (2017) proposed an easy and effective method to test the shear properties of MHS using
a direct shear apparatus. The shear strength was strengthened due to the cementation effect of
hydrates (Liu et al., 2019). Gong (2019) tested the mechanical properties of MHS in the laboratory
using a multiple failure test method. The mechanical properties of MHS have been studied from
different aspects in the above tests using various test apparatuses and methods. The test results
indicated the mechanical properties of MHS depended on hydrate saturation significantly.
However, the saturation of methane hydrate is difficult to maintain the same in every two
experiments because of the limit of the experimental technology.

Due to the current monitoring technique limitation, the micromorphology of MHS during the test
processes may not be capable of distinguishing. The Discrete Element Method (DEM, is a numerical

method for computing the motion and effect of a large number of small particles) (Cundall and Strack,
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1979) has been applicated widely in civil engineering, and this method can quantitatively describe the
mechanical properties of MHS. The DEM supplied a new way to study the geotechnical problems of
MHS. Many significant features of MHS, such as hydrate dissociation (Holtzman et al., 2009) or the
hydrate distribution of pore-filling patterns (Brugada et al., 2010; Jung et al., 2012, 2010) or of
cementation patterns (Jiang et al., 2014, 2013), can be investigated separately. It can be more intuitive to
explain the destructive mechanism of the hydrate-sediment by using DEM. In recent years, several
researchers have conducted studies on the mechanical properties of hydrate-sediment by using DEM.
Brugada et al. (2010) investigated the micro-scale response of the mechanical behavior of pore-filling
type MHS during triaxial compression test by using Particle Flow Code in 3 Dimensions (PFC3D). The
simulation results exhibited that the existence of hydrate enhanced the frictional characteristic of MHS,
rather than the cohesion characteristic. Jung et al. (2012) simulated two different kinds of methane
hydrate distribution, which are patchy hydrate distribution and random pore-filling hydrate distribution,
and investigated the mechanical properties of the two kinds of MHS. Sediments with patchy hydrate
distribution exhibited lower shear strength than sediments with random pore-filling distributed hydrate..
Jiang et al. (2013) proposed a micro-bond model to study the mechanical response of bonding type
methane hydrate and conducted biaxial tests using Particle Flow Code in 2 Dimensions (PFC2D). Jiang
et al. (2015) studied the backpressure effect on the macroscopic mechanical properties of MHS using
PFC2D. The simulation results showed that shear strength, small strain stiffness and shear dilation of
MHS increased with the backpressure increasing. Yu et al. (2016) studied the effect of soil shape and the
hydrate growth pattern on the mechanical properties during triaxial compression tests by using PFC3D.
Wang et al. (2018) proposed a simulation method to generate pore-filling type hydrate by using PFC3D,
and tested the mechanical properties under different confining pressure and S, conditions. The peak
strength and stiffness increased with increasing S, and agreed with the experimental test results.

In nature, the methane hydrate-sediment generally deposits under loose soil or weakly bonded
rock in a certain deposit angle. Methane hydrate in continental margins is commonly indicated by a
prominent bottom-simulating reflector (BSR) that occurs a few hundred meters below the seabed. As
shown in Fig. 1, the BSR can reflect the deposit condition of methane hydrate-sediment. In the figure,
the methane hydrate-sediment deposits with a certain angle (Riedel et al., 2011). Due to the occurrence
of environment change of methane hydrate, methane hydrate maybe decomposes. Methane maybe is

emitted from the boundary above or/and below methane hydrate-sediment, as shown in Fig. 2 (Skarke
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et al., 2014). However, most of the previous mechanical properties research of MHS did not consider
the effect of deposit angle of MHS. In this work, the mechanical response of the combined sediment
composed soil and MHS is researched by using PFC2D considering hydrate saturation, deposit angle,

confining pressure and loading velocity.

2 Simulation model generation and parameters determine

2.1 Simulation model generation

Due to the computational limitation, the initial size of the specimens was set to 5 mm in
height and 2.5 mm in width. The soil specimen was initially prepared by generating 3498 balls
with diameters ranging from 0.1 mm to 0.4 mm according to the particle size distribution curve of
soil in a laboratory experiment (see Figure 3) (Masui et al., 2005) in a rectangle region with rigid
frictionless walls. During this assembly generation stage, the initial value of porosity and
inter-particle friction were set to 0.1 and 0.5, respectively. Once the DEM assembly has been
generated, walls were moved to compress the specimen until the desired isotropic stress state (0.5
MPa) was achieved by the numerical servo-control mechanism.

Considering the generation process of MHS in the deep sea, it is assumed that hydrates were
formed after the initial geostatic stress were carried by the soil skeleton. In this work, in order to
simulate the generation of hydrates, the walls and soil particles were fixed first and then the radius
of soil particles was shrunk to one-tenth of its original radius for generating hydrates particles
more easily. Hydrate particles were randomly generated in the void space of MHS part of the
rectangle area, followed soil particles were freed in all directions and expanded ten times to its
original radius. Figure 4 shows an example of the specimen with the saturation of hydrate of 70%
and the number of soil and hydrate grains was 12,000. In the figure, yellow circles and grey circles
represent soil particles, and red circles represent hydrate particles. The volume of the upper half of
soil particles equal to the volume of the lower half of soil particles. The angle between the
boundary line, which is between the upper half of soil particles and the lower half of soil particles,
and the horizontal line is defined as the deposit angle of methane hydrate. In the figure, the deposit
angle of methane hydrate is expressed by ‘a’. Considering the cementation of hydrates, parallel
bond contact model was set in hydrate-hydrate contacts and soil-hydrate contacts. Considering the

rolling of particles, the rolling resistance model was set in soil-soil contacts. Completing the
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specimen generation, the generated specimen was compressed to the desired isotropic stress state
(e.g. 1 MPa, 2 MPa, 3 MPa, 5 MPa, and 10 MPa).
2.2 Parameters selection and verification

According to the physical properties of drilled methane hydrate sediment from Nankai
Trough (Santamarina et al., 2015), the density of soil particles was set at 2650 Kg/m® and the
density of methane hydrate particles was set at 320 Kg/m>. Based on the trial axial compressive
test results conducted by Masui et, al. (2005), the parameters of particles and contacts were
calibrated using the try out method. The relationship between stress versus strain in the
simulations were compared with that in experiments under different S, conditions, as shown in Fig.
5. The simulation results of stress-strain response present similar deformation characteristics in
comparison with the experimental results obtained by Masui et al in the following aspects: (1)the
strain softening become more and more evident with the increase of Sj; (2) both the elastic
modulus and the maximum deviatoric stress increase gradually with S, increasing, and the axial
strain at the maximum deviatoric stress is around 2-4%, in good agreement with the experimental
results; (3) the value of peak strength and elastic modulus in experimental test are almost
coincident with those in simulation test, respectively. According to the above comparison, the
simulation model can reflect the main characteristics of the mechanical properties of MHS, and
the particle parameters used in simulation models are reasonable. The particle parameters used in
simulations are listed in Table 1 and the contact parameters are listed in Table 2. The smooth
lateral wall was given a normal stiffness of one-tenth of the mean particle stiffness in order to

simulate soft confinement.

3 Test results and discussion

After the verification of the simulating model and the particle parameters, a series of bi-axial
tests were conducted considering the hydrate saturation, the deposit angel, the confining pressure
and the loading velocity. The simulation conditions of each group are shown in Table 3. All the
test results of peak stress and elastic modulus are listed in the Appendix (Table 4).

3.1 Effect of the deposit angle
Methane hydrate generally generated in the void of soils and deposited under the deep seabed

in a certain occurrence angle. The mechanical properties of MHS have been studied in previous
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research. In this section, the effect of the deposit angle on mechanical properties of MHS is
introduced.

Fig. 6 shows the relationship between the deviatoric stress and axial the strain ratio during the
shear test under the same loading velocity (1x10°m/s) and the same confining pressure (1 MPa)
condition. In the figure, the strain softening tendency is similar in all cases under the same Sy
condition. The peak stress shows fluctuations with increasing deposit angle. The fluctuation
amplitude tends to become large with the increment of S;. The initial elastic modulus and the
secant elastic modulus (i.e., Es50) tend to be stable with S increasing. The peak stress and Esg are
discussed in the following.

Fig. 7 shows the effect of the deposit angel on the peak stress and the elastic modulus
considering loading velocities and hydrate saturations. The peak stress increased with increasing
hydrate saturation. The peak stress increased slightly when the deposit angle is less than 45° under
the condition that the loading velocity is less than 3x10°m/s, and then the peak stress decreased
when the deposit angle was more than 45°. When the loading velocity was more than 5x10°my/s,
the peak stress decreased after the deposit angle was more than 60°. The decreasing tendency of
the peak stress turns more and more evident with increased hydrate saturation. The elastic
modulus tended to decrease first and then increased before and after the deposit angle 45°.

Fig. 8 shows the effect of deposit angel on the peak stress and elastic modulus considering
confining pressure and hydrate saturations. In all cases, the peak stress increased first and then
decreased before and after the deposit angle 45°. When the confining pressure was 1 MPa, the
elastic modulus exhibited fluctuation with increased deposit angle. Then elastic modulus increased
with deposit angel increasing when the confining pressure was from 2 MPa to 5 MPa. When the
confining pressure reached 10 MPa, the elastic modulus turns stable with deposit angle increasing.

Fig. 9 shows the displacement distribution of particles and the final deposit angle distribution
of numerical samples after the shear test. The particles evenly moved in the horizontal direction
when 0=0° and the final deposit angle o’ =0° . With deposit angle increasing, the movement of
particles in soil part of the sample became more and more evident. The particles of soil part tended
to move alongside the boundary line (the red dot line in the figure) more and more evident with
the deposit angle increasing when the initial deposit angle was less than 45° ~60° . When the

initial deposit angle was more than 75° , the displacement distribution of soil particles was more
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evident than that of MHS particles. Because of the movement regular of soil particles, the elastic
modulus tended to decrease first and then increased before and after the deposit angle 45°. The
difference between o and a” was defined Aa=a—o’ here. The Ao were 0° ,-4° ,-7° ,-8° ,
1° and -4° respectively in the figure. Because the soil particles were easier to move alongside
the boundary line when o>45° , the peak stress decreased after a>45° when the loading
velocity was less than 3x10°m/s. Due to the loading velocity increasing, the soil particles moved
alongside the boundary line easiest when o>60° . The peak stress decreased after a>60° .

Fig. 10 presents the contact force chains of numerical models with different deposit angels
from 0° to75° when shear test completing. The width of the force chains represents the value of
contact forces, while the direction represents the direction of the contact force. With deposit angle
increasing, the contact force chains increased generally before a<45° . The contact force chains
decreased when the deposit angle was more than 60° . Due to the different distribution of the
contact force chains with the deposit angle increasing, the peak stress and elastic modulus
decreased after a>60° .

3.2 Effect of the methane hydrate saturation

The influence of hydrate saturation on methane hydrate-bearing sediments has been well
studied. The larger the methane hydrate saturation, the larger the strength and the stiffness. The
existence of hydrate will also affect the stress-strain curve of the specimen. In this section, the
effect of methane hydrate saturation on the samples considering the deposit angle is discussed.

In Fig. 11, the peak stress and elastic modulus increased with the methane hydrate saturation
increasing. The trend is consistent with the results of previous studies (Masui et al., 2008; Nagaeki
et al., 2004; Sultan and Garziglia, 2011) because the methane hydrate concretes the soil particles
and it needed bigger force to damage the cementation. With the methane hydrate saturation
increasing, the magnitudes of peak stress and elastic moduli were 2.5 MPa ~ 5 MPa and 0.2
GPa~0.4 GPa when the loading velocity v=1x10°m/s and confining pressure c3=1MPa. The
magnitudes of peak stress and elastic moduli were 12 MPa ~ 15 MPa and 0.5 GPa~1.0 GPa when
the loading velocity v=10x10m/s and confining pressure 63=1MPa.

Fig. 12 shows the effect of methane hydrate saturation on the peak stress and elastic modulus
under different confining pressure conditions. With the methane hydrate saturation increasing, the

magnitudes of peak stress and elastic moduli were 2.5 MPa ~ 5 MPa and 0.2 GPa~0.4 GPa when
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the loading velocity v=1x10"°m/s and confining pressure c3=1MPa. The magnitudes of peak stress
and elastic moduli were 9 MPa ~ 13 MPa and 0.3 GPa~0.8 GPa when the loading velocity
v=1x10"°m/s and confining pressure ;=10 MPa.

3.3 Effect of the confining pressure

The influence of confining pressure on methane hydrate-bearing sediments has been studied
(Miyazaki et al., 2011). The strength and stiffness of the specimens were enhanced by effective
confining pressure. The larger the effective confining pressure, the larger the strength and the
stiffness. The confining pressure restrained specimen from deforming laterally. In this section, the
effect of confining pressure on the samples considering the deposit angle is studied.

Fig. 13 presents the relationship between peak stress and elastic modulus versus confining
pressure under the condition that methane hydrate saturation S;=30% and loading velocity
v=1x10°m/s~10x10°m/s. Fig. 14 presents the relationship between peak stress and elastic
modulus versus confining pressure under the condition that the methane hydrate saturation
Si=30%~70% and loading velocity v=1x10°m/s. The peak stress increased with the confining
pressure increasing. In Fig. 13, the magnitudes of peak stress were 3 MPa ~ 9 MPa when the
loading velocity v=1x10"%m/s and peak stress were 12 MPa ~ 25 MPa when the loading velocity
v=10x10"°my/s. In Fig. 14, the magnitudes of peak stress were 3 MPa ~ 9 MPa when t the methane
hydrate saturation S;=30% and peak stress were 12 MPa ~ 25 MPa when t the methane hydrate
saturation Sy=70%. There was a linear relationship between the peak stress and confining pressure.

The peak stress increased in accordance with the following linear equation:

O-pcak

=b+a*c )
where gpeqr 1s the peak stress, a and b is the coefficient, ¢ represents the confining pressure. The
coefficient b reflects the increasing rate of peak stress. In Fig. 13(a), when the loading velocity
v=1x10°m/s and the methane hydrate saturation S,=30%, the coefficient »=0.713. With the
increment of loading velocity, the coefficient b increased gradually. When the loading velocity
reached 10x10°m/s, the coefficient 5=1.286 in Fig. 13(e). When the methane hydrate saturation
S»=70%, the coefficient 5#=0.813 in Fig. 14(e). It is attributed to the particles presenting a

predominant vertical movement rather than horizontal movement. There was a parabolic

relationship between elastic modulus and confining pressure as shown in Fig. 13(f)~(j) and Fig.
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14(f)~(j). The elastic modulus increased first and then decreased with the confining pressure
increasing.

According to the Mohr-Coulomb criterion, the shear strength can be expressed as follows:

T=0xtan@+c (2)

where 7 is the peak stress of the shear test, ¢ is the axial pressure of the shear test, ¢ is the
internal friction angle and c is the cohesion.

The cohesion and internal friction angles of tested numerical specimens considering the
methane hydrate saturation, deposit angle and loading velocity are listed in Appendix (Table 5). It
is well accepted that the shear strength of the soil is jointly governed by the cohesion and internal
friction angle. For MHS, the cohesion of MHS is the bonding force at the inter-particle level by
cementing agents. The internal friction angle refers to the inter-particle friction for movement,
rolling and rearrangement of sand grains bonded by hydrate. A rise in internal friction angle from
15.1° to 21.5°and cohesion from 0.8 MPa to 1.25 MPa when a=0°and S,=30%~70% can be seen
in Fig. 15(a) and (c). Internal friction angle increased from 15.1° to 23.25°and cohesion increased
from 0.8 MPa to 4.14 MPa when o=0°and v=1x10"%m/s~10x10"°m/s. The internal friction angle
and cohesion increased with the increase of methane hydrate saturation and loading velocity. The
relative relationship between the deposit angle versus the internal friction angle and the
relationship between the cohesion and the deposit angle are not evident.

3.4 Effect of the loading velocity

For soil specimens, the high loading velocity will enhance the strength and the stiffness of the
specimens. In this section, the effect of loading velocity on the strength and the stiffness of MHS
was studied considering five loading velocity cases.

Fig. 16 presents the relationship between peak stress and elastic modulus versus loading
velocity under the condition that methane hydrate saturation S;=30% and confining pressure c=1
MPa~10 MPa. Fig. 17 presents the relationship between peak stress and elastic modulus versus
confining pressure under the condition that the methane hydrate saturation S;=30%~70% and
loading velocity ¢c=1 MPa. The peak stress increased with the loading velocity increasing. In Fig.

16, the magnitudes of peak stress were 2.5 MPa ~ 12.5 MPa when the loading velocity c=1 MPa
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and peak stress were 7.5 MPa ~ 25 MPa when the loading velocity ¢=10 MPa. In Fig. 17, the
magnitudes of peak stress were 2.5 MPa ~ 12.5 MPa when t the methane hydrate saturation
S»=30% and peak stress were 2.5 MPa ~ 22.5 MPa when t the methane hydrate saturation S;=70%.
There was a linear relationship between the peak stress and confining pressure. The peak stress

increased in accordance with the following linear equation:

O-peak

=b+a*v 3)
where opeq 1s the peak stress, a and b is the coefficient, v represents the loading velocity. The
coefficient b reflects the increasing rate of peak stress. In Fig. 16(a), when the confining pressure
¢=1 MPa and the methane hydrate saturation S=30%, the coefficient 5=1.11. With the increment
of loading velocity, the coefficient b increased gradually. When the loading velocity reached 10
MPa, the coefficient b=1.71 in Fig. 16(e). When the methane hydrate saturation S;=70%, the
coefficient b=1.77 in Fig. 17(e). It is attributed to the particles presenting a predominant vertical
movement rather than a horizontal movement with the loading velocity increasing in the vertical
direction. There was an exponential relationship between elastic modulus and confining pressure

as shown in Fig. 16(f)~(j) and Fig. 17(f)~(). The elastic modulus increased first and then

decreased with the confining pressure increasing.

4 Conclusions and prospects

Methane hydrate distributes under the seabed in different deposit angle according to the BSR
exhibitions. The non-bonded soil deposits above and/or below the MHS, and the mechanical
properties of the combined sediment composed soil and MHS dominate the stability of the slope
under the deep sea. In this work, the combined sediment model was generated considering the
deposit angles (0°, 15°, 30°, 45°, 60°and 75°), the confining pressures (1MPa, 2MPa,3MPa, SMPa
and 10MPa), the loading velocities (1x10°m/s, 2x10°m/s, 3x10°m/s, 5%10°m/s and 10x10°m/s)
and the hydrate saturation (30%, 40%, 50%, 60% and 70%) by using discrete element method.

The peak stress increased slightly when the deposit angle is less than 45° under the condition
that the loading velocity is less than 3x10°m/s, and then the peak stress decreased when the
deposit angle was more than 45°. When the loading velocity was more than 5x10°m/s, the peak

stress decreased after the deposit angle was more than 60°. The decreasing tendency of the peak
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stress turns more and more evident with increased hydrate saturation. The elastic modulus tended
to decrease first and then increased before and after the deposit angle 45°. The elastic modulus
decreases first and then increases with the increment of the deposit angle. The peak strength and
stiffness of the combined sediment increased with increasing Sy,

There was a linear relationship between the peak stress and confining pressure. There was a
parabolic relationship between elastic modulus and confining pressure and the elastic modulus
increased first and then decreased with the confining pressure increasing before and after 6 MPa.
The internal friction angle and cohesion increased with the increase of methane hydrate saturation
and loading velocity. The relative relationship between the deposit angle versus the internal
friction angle and the relationship between the cohesion and the deposit angle are not evident.
There was a linear relationship between the peak stress and loading velocity. There was an
exponential relationship between elastic modulus and loading velocity.

The mechanical response of MHS is discussed without considering water pressure and
hydrate dissociation in this work. The undrained shear behavior of MHS is important to assess the
slope stability in which the permeability is low for water and gas. In future studies, the
deformation mechanism of MHS under undrained condition will be tested. And more detailed
deformation responses at the particle scale before and after dissociation of hydrate will be

discussed.
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Table 1. Mechanical parameters of particles in simulation

Property Soil Methane hydrate
Density(Kg/m?) 2650 320
Particle sizes, D(mm) 0.01-0.4 0.006
Normal stiffness &, (N/m) 1e8 les
Shear stiffness ks (N/m) le8 le5

Inter-particle friction u 0.7 0.75




Table 2. Mechanical parameters of contacts in simulation

Property Soil-Hydrate Soil-Seil Hydrate-Hydrate
Friction p 0.15 0.5 0.15
Normal stiffness &, (N/m) le5 3e8 le5
Shear stiffness ks (N/m) led 3e7 led
Tension strength (N) 3e6 3e6
Cohesion (N) Se6 S5e6
Friction angle 10 10

Rolling resistance
0.6
coefficient  (u,)




Table 3. Simulation conditions of each group

parameters
Deposit angle
5 0 15 30 45 60 75
)
Hydrate
. 30 40 50 60 70
Saturation (%)
Confining
1 2 3 5 10
pressure (MPa)
Loadin
g 1x10°¢ 2x10°° 3x10%  5x10°  10x10°¢

velocity (m/s)
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Appendix:
Table 4 The peak strength and elastic modulus of specimens under different simulation conditions
S$i=30% Si=40% Si=50% S$i=60% Si=70%
No. ((:) (M(;a) (le—(‘:m/s) P Eso P Es P Es P Eso P Es
(MPa) (GPa) (MPa) (GPa) (MPa) (GPa) (MPa) (GPa) (MPa) (GPa)
1 0 1 1 2.57 0.20 3.16 0.25 3.67 0.30 4.26 0.32 4.80 0.34
2 0 1 2 3.97 0.26 5.03 0.32 5.89 0.38 6.65 0.41 7.60 0.43
3 0 1 3 5.26 0.30 6.51 0.38 7.58 0.44 8.82 0.48 9.68 0.51
4 0 1 5 7.60 0.37 9.15 0.46 10.66 0.52 12.19 0.57 14.03 0.62
5 0 1 10 12.94 0.49 14.97 0.64 17.53 0.71 19.19 0.82 22.56 0.93
6 0 2 1 3.61 0.25 432 0.30 4.94 0.36 5.54 0.41 6.16 0.45
7 0 2 2 520 0.32 6.33 0.39 7.46 0.44 8.56 0.51 9.50 0.54
8 0 2 3 6.64 0.36 8.14 0.45 9.54 0.52 10.94 0.59 12.26 0.63
9 0 2 5 9.29 0.43 11.33 0.43 13.34 0.59 15.01 0.68 16.74 0.74
10 0 2 10 15.02 0.55 18.24 0.55 20.64 0.84 22.87 0.92 25.52 1.04
11 0 3 1 4.60 0.29 5.39 0.34 5.91 0.42 6.81 0.46 7.38 0.53
12 0 3 2 6.39 0.35 7.65 0.43 8.73 0.51 10.05 0.57 11.06 0.65
13 0 3 3 8.05 0.42 9.61 0.51 11.22 0.58 12.88 0.64 14.16 0.73
14 0 3 5 10.98 0.48 13.07 0.60 14.92 0.68 17.03 0.77 19.13 0.84
15 0 3 10 17.11 0.63 20.41 0.81 2331 0.93 25.46 1.08 28.56 1.11
16 0 5 1 6.14 0.34 7.09 0.39 7.84 0.49 8.66 0.54 9.26 0.63
17 0 5 2 8.23 0.42 9.65 0.50 11.18 0.61 12.43 0.67 13.56 0.75
18 0 5 3 10.04 0.48 12.10 0.57 13.86 0.68 15.69 0.75 17.39 0.81
19 0 5 5 13.26 0.56 15.82 0.67 18.50 0.77 20.82 0.88 23.25 0.94
20 0 5 10 20.43 0.69 24.26 0.87 2723 1.05 31.26 1.14 33.68 1.30
21 0 10 1 8.91 0.30 10.07 0.33 10.76 0.40 11.89 0.42 12.65 0.48
22 0 10 2 11.23 0.37 12.96 0.43 14.35 0.52 16.21 0.54 17.51 0.64
23 0 10 3 13.19 0.44 15.62 0.50 17.78 0.61 20.20 0.63 21.79 0.74
24 0 10 5 16.86 0.54 20.06 0.62 23.13 0.72 26.02 0.78 28.73 0.87
25 0 10 10 24.79 0.67 30.06 0.83 33.98 0.94 37.93 1.04 41.67 1.21
26 15 1 1 2.71 0.22 3.19 0.24 3.63 0.29 432 0.33 493 0.33
27 15 1 2 4.22 0.28 5.18 0.30 5.71 0.39 6.93 0.41 7.65 0.44
28 15 1 3 5.55 0.32 6.717 0.35 7.56 0.45 8.81 0.48 10.03 0.51
29 15 1 5 8.02 0.39 9.39 0.45 10.72 0.54 11.93 0.61 13.67 0.61
30 15 1 10 13.10 0.55 15.36 0.62 18.26 0.74 19.81 0.83 21.23 0.88
31 15 2 1 3.76 0.26 4.26 0.29 4.85 0.37 5.57 0.40 6.29 0.44
32 15 2 2 5.43 0.33 6.31 0.39 7.33 0.46 8.57 0.50 9.55 0.54
33 15 2 3 7.03 0.37 8.08 0.44 9.48 0.53 10.82 0.59 12.33 0.61
34 15 2 5 9.79 0.46 11.37 0.46 13.34 0.64 14.58 0.67 16.41 0.75
35 15 2 10 15.64 0.60 17.94 0.60 21.12 0.88 22.53 0.92 24.99 0.99
36 15 3 1 4.67 0.30 5.24 0.34 5.92 0.42 6.75 0.45 7.47 0.52
37 15 3 2 6.53 0.37 7.46 0.43 8.76 0.52 9.94 0.57 11.29 0.61
38 15 3 3 8.22 0.43 9.55 0.49 11.20 0.58 12.44 0.64 14.28 0.70
39 15 3 5 11.11 0.51 13.04 0.59 15.34 0.69 16.66 0.75 18.71 0.82
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10 Table 5 The cohesion and inter-frictional angle of specimens under different simulation conditions

85=30% Si=40% 85i=50% 85/=60% Si=70%

No. ¢ Y

A R RN 2 B O BN o

(MPa) (MPa) (MPa) (MPa) (MPa)

1 0 1 0.8 15.11 0.95 17.74 0.98 19.8 1.1 20.81 1.25 21.55
2 0 2 1.18 19.29 1.48 20.81 1.8 21.8 2.05 22.78 2.2 24.23
3 0 3 1.83 17.56 22 19.42 2.53 20.88 2.85 22.46 3.14 23.33
4 0 5 2.6 19.56 3.02 21.79 34 23.8 3.76 2543 42 26.53
5 0 10 4.14 23.25 4.55 26.67 5.1 28.14 5.32 30.56 6.1 30.9
6 15 1 0.82 16.7 0.95 17.75 1.2 17.7 1.45 18.26 1.56 19.8
7 15 2 1.1 20.81 1.35 21.8 1.6 22.78 2.02 22.78 2.3 24.23
8 15 3 1.87 18.4 2.23 19.35 2.53 20.8 2.87 21.71 3.25 22.81
9 15 5 2.69 20.03 3.01 22.27 3.46 23.8 3.61 25.6 4.04 25.92
10 15 10 4.1 24.18 4.6 26.33 5.34 27.69 545 30.24 5.79 313
11 30 1 0.85 16.44 1.02 16.96 1.05 19.29 1.4 18.78 1.4 20.46
12 30 2 1.25 19.29 1.62 19.33 1.7 22.78 2.05 23.03 2.2 24.23
13 30 3 1.87 17.65 2.25 19.16 2.6 20.91 2.9 21.77 3.29 2291
14 30 5 2.64 19.99 3.15 21.57 3.54 23.65 3.58 25.88 422 26.56
15 30 10 4.17 23.9 4.72 24.39 5.26 28.6 5.56 30.47 5.77 31.69
16 45 1 0.8 17.25 0.92 18.26 1.08 18.78 1.35 18.78 1.45 20.81
17 45 2 1.13 19.94 1.42 20.91 1.68 22.41 1.91 23.04 2.22 24.81
18 45 3 1.92 17.65 2.34 18.52 2.75 19.83 2.97 21 3.61 21.36
19 45 5 2.8 19.1 3.13 21.29 3.66 22.78 3.93 24.48 4.51 25.28
20 45 10 4.29 23.43 4.7 25.91 5.3 27.7 5.85 29.18 6.35 30.24
21 60 1 0.62 17.75 0.93 17.22 1.1 18.26 1.25 18.26 1.5 18.78
22 60 2 1.34 15.77 1.74 16.15 2.03 17.36 221 18.48 2.49 19.35
23 60 3 1.79 16.81 2.27 17.63 2.65 19.07 2.88 20.37 3.22 21.24
24 60 5 2.58 18.67 3.098 20.57 3.53 21.99 3.81 22.99 4.33 24.04
25 60 10 3.94 22.9 4.8 24.29 5.27 26.59 5.67 28.1 6.17 28.94
26 75 1 0.65 16.7 0.82 17.22 0.95 17.22 1.18 17.48 1.18 19.29
27 75 2 1.23 15.96 1.58 15.82 1.76 16.98 2.01 17.58 2.18 17.55
28 75 3 1.64 17.07 2.07 17.36 2.4 17.81 2.59 19.19 2.8 18.99
29 75 5 2.45 18.15 2.9 19.12 3.35 20.24 3.52 21.27 3.6 22.32
30 75 10 3.83 21.8 4.54 22.78 5.03 24.37 5.53 25.11 5.25 28.07

11
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saturation and deposit angle conditions
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