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Discrete element numerical simulation of mechanical properties of methane hydrate 20 
sediment considering deposit angles 21 

Abstract: 22 

Methane hydrate sediment (MHS) distributes under the seabed in different deposit angles 23 

according to the bottom simulating reflector (BSR) exhibitions. The mechanical properties of the 24 

combined sediment composed soil and MHS dominate the stability of the slope. In this work, the 25 

simulation model was generated considering the deposit angles, the confining pressures, the 26 

loading velocities and the hydrate saturation (Sh) by using discrete element method, and the 27 

mechanical response was studied. With deposit angle increasing, the peak strength increased first 28 

and then decreased. The elastic modulus decreased first and then increased with the increment of 29 

deposit angles. The peak strength and stiffness of sediments increased with increasing Sh. The 30 

confining pressure enhanced the peak strength linearly, and the elastic modulus increased first and 31 

then decreased in a parabolic equation. Under different loading velocities conditions, the peak 32 

strength linearly increased and the elastic modulus logarithmically increased with increasing 33 

loading velocity. 34 

Keywords:  methane hydrate sediment, mechanical properties, deposit angle, compress test, 35 

discrete element method 36 

1 Introduction 37 

Methane hydrates are ice-like compound which methane gas melecules are trapped in a 38 

cage-like void of water melecules. The methane hydrate has many advantages compared with 39 

conventional fossil fuels such as high energy density, large reserves, and Green. Current research 40 

exhibited that more than half of the organic carbon mass in the world is stored in methan hydrates. 41 

The carbon mass storage trapped in methane hydrates is twice as much as all other fossil fuels 42 

combined. Methane hydrate is as a potential energy resource and the energy crisis can be solved if 43 

methane hydrate is exploited successfully. (Brugada et al., 2010; Kimoto et al., 2010; Kvenvolden 44 

and Lorenson, 2001; Sultan et al., 2004; Yu et al., 2012). Many countries like the United States, 45 

Japan, Canada, China, South Korea and India have performed extensive hydrate research (Collett 46 

et al., 2008; Dallimore and Collett, 1995; Dillon et al., 1994; Fujii et al., 2009; Koh et al., 2015; 47 

Wu et al., 2005). Methane hydrate is in existence under high-pressure and low-temperature 48 



conditions typically found in permafrost and deep seabed. The geological formations may be 49 

disrupted during the methane hydrate commercial production. For example, the dissociation of 50 

methane hydrate can trigger large-scale seafloor instabilities (Jin et al., 2016; Kleinberg et al., 51 

2003; Nixon and Grozic, 2007; Pauli et al., 2003; Vedachalam et al., 2015; Xu and Germanovich, 52 

2006). The greenhouse effect will be exacerbated if methane hydrate is disscociated and 53 

uncontrolled releases into the atmosphere (Brand et al., 2016; Paull et al., 2002; Zachos et al., 54 

2008). Therefore, the mechanical properties of methane hydrate sediment (MHS) should be 55 

studied clearly before methane hydrate is exploited commercially and safely. 56 

In order to commercially mine methane hydrate early, many tests of the mechanical properties of 57 

MHS have been conducted in the field and the laboratory by using various test methods. It is one of the 58 

best way to acquire the mechanical properties data of MHS using field samples or testing in-situ. In 59 

past decades, several in-situ tests of the mechanical properties of MHS were conducted. Winters et al. 60 

(2007) tested the acoustic properties and the shear properties of MHS drilled from the Mackenzie Delta. 61 

In their tests, the effect of the pore content, the sediment grain size and the pore pressure were 62 

considered. The shear strength was increased because of the existence of methane hydrate. The pore 63 

pressure decreased during shear tests in coarse-grained sediment, whereas the pore pressure increased 64 

in fine-graind sediment during shear test. Priest (2014) studied the impact of methane hydrate on the 65 

strength of host sediment drilled from the Krishna-Godavari Basin under the undrained conditions. The 66 

sediment containing methane hydate exhibited low shear strength. The shear strength increased with 67 

hydrate saturation (Sh) increasing. Yoneda (2015) carried out triaxial compression tests of sandy and 68 

clayey-silty MHS which were covered pressure coring in the Eastern Nankai Trough of Japan. In their 69 

tests, the excess pore pressure was always positive during compression tests for clayey-silty sediments 70 

under undrained conditions. The shear strength and stiffness of sandy sediments increased with Sh 71 

during drained compression tests. Jiang et al. (2017) investigated the mechanical properties of MHS in 72 

the Shenhu area of South China Sea using laboratoty geotechnical experiments. The results show that 73 

the moisture content and permeability decreased with shear strength increasing. The peak strength and 74 

elastic modulus of MHS increased with the increasing effective confining pressure. 75 

Due to the limitations on the types of equipment and techniques in field tests, the mechanical 76 

properties of MHS were mainly studied using synthetic specimens in a laboratory. Previous 77 

experimental tests showed that the mechanical properties of sediment could change depending on 78 



the presence of hydrate by using a triaxial shear test, a direct shear test and a bending test 79 

(Ebinuma et al., 2005; Hyodo et al., 2008; Lee et al., 2010; Masui et al., 2005; Ohmura et al., 80 

2002). Comparing the experimental results of field tests versus laboratory tests, it indicated that 81 

synthetic MHS had similar mechanical behaviors to those of the in-situ samples, to a certain extent. 82 

Masui et al. (2005) conducted a series of triaxial tests using the synthetic MHS generated with 83 

ice-sand and/or the water-sand mixture in their laboratory. In that study, the increment of Sh 84 

enhanced the shear strength, the secant elastic modulus, and cohesive force, and strain softening 85 

became more obvious with increasing Sh. Miyazaki (2010a, 2010b) examined the strain-rate 86 

dependence of the shear strength using artificial sediment in laboratory. In their research, it was 87 

found that the strain rate dependence of MHS is as strong as that of frozen sand. Hyodo (2013a, 88 

2013b, 2014) reported the mechanical and dissociation response of cementation type MHS in 89 

undrained triaxial testing. Li et al. (2016) conducted a series of trial axial compressive tests of 90 

permafrost-associated methane hydrate-bearing sediments to study the mechanical properties 91 

under different exploiting methods. The results exhibited that both depressurization and heating 92 

will decrease the stability of methane hydrate-bearing sediments. Kajiyama et al. (2017) carried 93 

out a series of plane compression tests to study the effect of grain characteristics and fines 94 

contents on the mechanical properties of MHS. The test results indicated that the shear strength 95 

increased with fines content. The cohesion and friction angle of MHS increased with increasing Sh. 96 

Liu et al. (2017) proposed an easy and effective method to test the shear properties of MHS using 97 

a direct shear apparatus. The shear strength was strengthened due to the cementation effect of 98 

hydrates (Liu et al., 2019). Gong (2019) tested the mechanical properties of MHS in the laboratory 99 

using a multiple failure test method. The mechanical properties of MHS have been studied from 100 

different aspects in the above tests using various test apparatuses and methods. The test results 101 

indicated the mechanical properties of MHS depended on hydrate saturation significantly. 102 

However, the saturation of methane hydrate is difficult to maintain the same in every two 103 

experiments because of the limit of the experimental technology.  104 

Due to the current monitoring technique limitation, the micromorphology of MHS during the test 105 

processes may not be capable of distinguishing. The Discrete Element Method (DEM, is a numerical 106 

method for computing the motion and effect of a large number of small particles) (Cundall and Strack, 107 



1979) has been applicated widely in civil engineering, and this method can quantitatively describe the 108 

mechanical properties of MHS. The DEM supplied a new way to study the geotechnical problems of 109 

MHS. Many significant features of MHS, such as hydrate dissociation (Holtzman et al., 2009) or the 110 

hydrate distribution of pore-filling patterns (Brugada et al., 2010; Jung et al., 2012, 2010) or of 111 

cementation patterns (Jiang et al., 2014, 2013), can be investigated separately. It can be more intuitive to 112 

explain the destructive mechanism of the hydrate-sediment by using DEM. In recent years, several 113 

researchers have conducted studies on the mechanical properties of hydrate-sediment by using DEM. 114 

Brugada et al. (2010) investigated the micro-scale response of the mechanical behavior of pore-filling 115 

type MHS during triaxial compression test by using Particle Flow Code in 3 Dimensions (PFC3D). The 116 

simulation results exhibited that the existence of hydrate enhanced the frictional characteristic of MHS, 117 

rather than the cohesion characteristic. Jung et al. (2012) simulated two different kinds of methane 118 

hydrate distribution, which are patchy hydrate distribution and random pore-filling hydrate distribution, 119 

and investigated the mechanical properties of the two kinds of MHS. Sediments with patchy hydrate 120 

distribution exhibited lower shear strength than sediments with random pore-filling distributed hydrate.. 121 

Jiang et al. (2013) proposed a micro-bond model to study the mechanical response of bonding type 122 

methane hydrate and conducted biaxial tests using Particle Flow Code in 2 Dimensions (PFC2D). Jiang 123 

et al. (2015) studied the backpressure effect on the macroscopic mechanical properties of MHS using 124 

PFC2D. The simulation results showed that shear strength, small strain stiffness and shear dilation of 125 

MHS increased with the backpressure increasing. Yu et al. (2016) studied the effect of soil shape and the 126 

hydrate growth pattern on the mechanical properties during triaxial compression tests by using PFC3D. 127 

Wang et al. (2018) proposed a simulation method to generate pore-filling type hydrate by using PFC3D, 128 

and tested the mechanical properties under different confining pressure and Sh conditions. The peak 129 

strength and stiffness increased with increasing Sh and agreed with the experimental test results. 130 

In nature, the methane hydrate-sediment generally deposits under loose soil or weakly bonded 131 

rock in a certain deposit angle. Methane hydrate in continental margins is commonly indicated by a 132 

prominent bottom-simulating reflector (BSR) that occurs a few hundred meters below the seabed. As 133 

shown in Fig. 1, the BSR can reflect the deposit condition of methane hydrate-sediment. In the figure, 134 

the methane hydrate-sediment deposits with a certain angle (Riedel et al., 2011). Due to the occurrence 135 

of environment change of methane hydrate, methane hydrate maybe decomposes. Methane maybe is 136 

emitted from the boundary above or/and below methane hydrate-sediment, as shown in Fig. 2 (Skarke 137 



et al., 2014). However, most of the previous mechanical properties research of MHS did not consider 138 

the effect of deposit angle of MHS. In this work, the mechanical response of the combined sediment 139 

composed soil and MHS is researched by using PFC2D considering hydrate saturation, deposit angle, 140 

confining pressure and loading velocity. 141 

2 Simulation model generation and parameters determine  142 

2.1 Simulation model generation 143 

Due to the computational limitation, the initial size of the specimens was set to 5 mm in 144 

height and 2.5 mm in width. The soil specimen was initially prepared by generating 3498 balls 145 

with diameters ranging from 0.1 mm to 0.4 mm according to the particle size distribution curve of 146 

soil in a laboratory experiment (see Figure 3) (Masui et al., 2005) in a rectangle region with rigid 147 

frictionless walls. During this assembly generation stage, the initial value of porosity and 148 

inter-particle friction were set to 0.1 and 0.5, respectively. Once the DEM assembly has been 149 

generated, walls were moved to compress the specimen until the desired isotropic stress state (0.5 150 

MPa) was achieved by the numerical servo-control mechanism. 151 

Considering the generation process of MHS in the deep sea, it is assumed that hydrates were 152 

formed after the initial geostatic stress were carried by the soil skeleton. In this work, in order to 153 

simulate the generation of hydrates, the walls and soil particles were fixed first and then the radius 154 

of soil particles was shrunk to one-tenth of its original radius for generating hydrates particles 155 

more easily. Hydrate particles were randomly generated in the void space of MHS part of the 156 

rectangle area, followed soil particles were freed in all directions and expanded ten times to its 157 

original radius. Figure 4 shows an example of the specimen with the saturation of hydrate of 70% 158 

and the number of soil and hydrate grains was 12,000. In the figure, yellow circles and grey circles 159 

represent soil particles, and red circles represent hydrate particles. The volume of the upper half of 160 

soil particles equal to the volume of the lower half of soil particles. The angle between the 161 

boundary line, which is between the upper half of soil particles and the lower half of soil particles, 162 

and the horizontal line is defined as the deposit angle of methane hydrate. In the figure, the deposit 163 

angle of methane hydrate is expressed by ‘α’. Considering the cementation of hydrates, parallel 164 

bond contact model was set in hydrate-hydrate contacts and soil-hydrate contacts. Considering the 165 

rolling of particles, the rolling resistance model was set in soil-soil contacts. Completing the 166 



specimen generation, the generated specimen was compressed to the desired isotropic stress state 167 

(e.g. 1 MPa, 2 MPa, 3 MPa, 5 MPa, and 10 MPa).  168 

2.2 Parameters selection and verification 169 

According to the physical properties of drilled methane hydrate sediment from Nankai 170 

Trough (Santamarina et al., 2015), the density of soil particles was set at 2650 Kg/m3 and the 171 

density of methane hydrate particles was set at 320 Kg/m3. Based on the trial axial compressive 172 

test results conducted by Masui et, al. (2005), the parameters of particles and contacts were 173 

calibrated using the try out method. The relationship between stress versus strain in the 174 

simulations were compared with that in experiments under different Sh conditions, as shown in Fig. 175 

5. The simulation results of stress-strain response present similar deformation characteristics in 176 

comparison with the experimental results obtained by Masui et al in the following aspects: （1）the 177 

strain softening become more and more evident with the increase of Sh; (2) both the elastic 178 

modulus and the maximum deviatoric stress increase gradually with Sh increasing, and the axial 179 

strain at the maximum deviatoric stress is around 2-4%, in good agreement with the experimental 180 

results; (3) the value of peak strength and elastic modulus in experimental test are almost 181 

coincident with those in simulation test, respectively. According to the above comparison, the 182 

simulation model can reflect the main characteristics of the mechanical properties of MHS, and 183 

the particle parameters used in simulation models are reasonable. The particle parameters used in 184 

simulations are listed in Table 1 and the contact parameters are listed in Table 2. The smooth 185 

lateral wall was given a normal stiffness of one-tenth of the mean particle stiffness in order to 186 

simulate soft confinement. 187 

3 Test results and discussion 188 

After the verification of the simulating model and the particle parameters, a series of bi-axial 189 

tests were conducted considering the hydrate saturation, the deposit angel, the confining pressure 190 

and the loading velocity. The simulation conditions of each group are shown in Table 3. All the 191 

test results of peak stress and elastic modulus are listed in the Appendix (Table 4). 192 

3.1 Effect of the deposit angle 193 

Methane hydrate generally generated in the void of soils and deposited under the deep seabed 194 

in a certain occurrence angle. The mechanical properties of MHS have been studied in previous 195 



research. In this section, the effect of the deposit angle on mechanical properties of MHS is 196 

introduced. 197 

Fig. 6 shows the relationship between the deviatoric stress and axial the strain ratio during the 198 

shear test under the same loading velocity (1×10-6m/s) and the same confining pressure (1 MPa) 199 

condition. In the figure, the strain softening tendency is similar in all cases under the same Sh 200 

condition. The peak stress shows fluctuations with increasing deposit angle. The fluctuation 201 

amplitude tends to become large with the increment of Sh. The initial elastic modulus and the 202 

secant elastic modulus (i.e., E50) tend to be stable with Sh increasing. The peak stress and E50 are 203 

discussed in the following. 204 

Fig. 7 shows the effect of the deposit angel on the peak stress and the elastic modulus 205 

considering loading velocities and hydrate saturations. The peak stress increased with increasing 206 

hydrate saturation. The peak stress increased slightly when the deposit angle is less than 45° under 207 

the condition that the loading velocity is less than 3×10-6m/s， and then the peak stress decreased 208 

when the deposit angle was more than 45°. When the loading velocity was more than 5×10-6m/s, 209 

the peak stress decreased after the deposit angle was more than 60°. The decreasing tendency of 210 

the peak stress turns more and more evident with increased hydrate saturation. The elastic 211 

modulus tended to decrease first and then increased before and after the deposit angle 45°.  212 

Fig. 8 shows the effect of deposit angel on the peak stress and elastic modulus considering 213 

confining pressure and hydrate saturations. In all cases, the peak stress increased first and then 214 

decreased before and after the deposit angle 45°. When the confining pressure was 1 MPa, the 215 

elastic modulus exhibited fluctuation with increased deposit angle. Then elastic modulus increased 216 

with deposit angel increasing when the confining pressure was from 2 MPa to 5 MPa. When the 217 

confining pressure reached 10 MPa, the elastic modulus turns stable with deposit angle increasing.  218 

Fig. 9 shows the displacement distribution of particles and the final deposit angle distribution 219 

of numerical samples after the shear test. The particles evenly moved in the horizontal direction 220 

when α=0° and the final deposit angle α´=0°. With deposit angle increasing, the movement of 221 

particles in soil part of the sample became more and more evident. The particles of soil part tended 222 

to move alongside the boundary line (the red dot line in the figure) more and more evident with 223 

the deposit angle increasing when the initial deposit angle was less than 45°~60°. When the 224 

initial deposit angle was more than 75°, the displacement distribution of soil particles was more 225 



evident than that of MHS particles. Because of the movement regular of soil particles, the elastic 226 

modulus tended to decrease first and then increased before and after the deposit angle 45°. The 227 

difference between α and α´ was defined =α α α′Δ −  here. The αΔ  were 0°, -4°, -7°, -8°, 228 

1° and -4° respectively in the figure. Because the soil particles were easier to move alongside 229 

the boundary line when α>45°, the peak stress decreased after α>45° when the loading 230 

velocity was less than 3×10-6m/s. Due to the loading velocity increasing, the soil particles moved 231 

alongside the boundary line easiest when α>60°. The peak stress decreased after α>60°. 232 

Fig. 10 presents the contact force chains of numerical models with different deposit angels 233 

from 0° to 75° when shear test completing. The width of the force chains represents the value of 234 

contact forces, while the direction represents the direction of the contact force. With deposit angle 235 

increasing, the contact force chains increased generally before α<45°. The contact force chains 236 

decreased when the deposit angle was more than 60°. Due to the different distribution of the 237 

contact force chains with the deposit angle increasing, the peak stress and elastic modulus 238 

decreased after α>60°. 239 

3.2 Effect of the methane hydrate saturation 240 

The influence of hydrate saturation on methane hydrate-bearing sediments has been well 241 

studied. The larger the methane hydrate saturation, the larger the strength and the stiffness. The 242 

existence of hydrate will also affect the stress-strain curve of the specimen. In this section, the 243 

effect of methane hydrate saturation on the samples considering the deposit angle is discussed. 244 

In Fig. 11, the peak stress and elastic modulus increased with the methane hydrate saturation 245 

increasing. The trend is consistent with the results of previous studies (Masui et al., 2008; Nagaeki 246 

et al., 2004; Sultan and Garziglia, 2011) because the methane hydrate concretes the soil particles 247 

and it needed bigger force to damage the cementation. With the methane hydrate saturation 248 

increasing, the magnitudes of peak stress and elastic moduli were 2.5 MPa ~ 5 MPa and 0.2 249 

GPa~0.4 GPa when the loading velocity v=1×10-6m/s and confining pressure σ3=1MPa. The 250 

magnitudes of peak stress and elastic moduli were 12 MPa ~ 15 MPa and 0.5 GPa~1.0 GPa when 251 

the loading velocity v=10×10-6m/s and confining pressure σ3=1MPa. 252 

Fig. 12 shows the effect of methane hydrate saturation on the peak stress and elastic modulus 253 

under different confining pressure conditions. With the methane hydrate saturation increasing, the 254 

magnitudes of peak stress and elastic moduli were 2.5 MPa ~ 5 MPa and 0.2 GPa~0.4 GPa when 255 



the loading velocity v=1×10-6m/s and confining pressure σ3=1MPa. The magnitudes of peak stress 256 

and elastic moduli were 9 MPa ~ 13 MPa and 0.3 GPa~0.8 GPa when the loading velocity 257 

v=1×10-6m/s and confining pressure σ3=10 MPa.  258 

3.3 Effect of the confining pressure 259 

The influence of confining pressure on methane hydrate-bearing sediments has been studied 260 

(Miyazaki et al., 2011). The strength and stiffness of the specimens were enhanced by effective 261 

confining pressure. The larger the effective confining pressure, the larger the strength and the 262 

stiffness. The confining pressure restrained specimen from deforming laterally. In this section, the 263 

effect of confining pressure on the samples considering the deposit angle is studied. 264 

Fig. 13 presents the relationship between peak stress and elastic modulus versus confining 265 

pressure under the condition that methane hydrate saturation Sh=30% and loading velocity 266 

v=1×10-6m/s~10×10-6m/s. Fig. 14 presents the relationship between peak stress and elastic 267 

modulus versus confining pressure under the condition that the methane hydrate saturation 268 

Sh=30%~70% and loading velocity v=1×10-6m/s. The peak stress increased with the confining 269 

pressure increasing. In Fig. 13, the magnitudes of peak stress were 3 MPa ~ 9 MPa when the 270 

loading velocity v=1×10-6m/s and peak stress were 12 MPa ~ 25 MPa when the loading velocity 271 

v=10×10-6m/s. In Fig. 14, the magnitudes of peak stress were 3 MPa ~ 9 MPa when t the methane 272 

hydrate saturation Sh=30% and peak stress were 12 MPa ~ 25 MPa when t the methane hydrate 273 

saturation Sh=70%. There was a linear relationship between the peak stress and confining pressure. 274 

The peak stress increased in accordance with the following linear equation: 275 

peak *b a cσ = +          (1) 276 

where σpeak is the peak stress, a and b is the coefficient, c represents the confining pressure. The 277 

coefficient b reflects the increasing rate of peak stress. In Fig. 13(a), when the loading velocity 278 

v=1×10-6m/s and the methane hydrate saturation Sh=30%, the coefficient b=0.713. With the 279 

increment of loading velocity, the coefficient b increased gradually. When the loading velocity 280 

reached 10×10-6m/s, the coefficient b=1.286 in Fig. 13(e). When the methane hydrate saturation 281 

Sh=70%, the coefficient b=0.813 in Fig. 14(e). It is attributed to the particles presenting a 282 

predominant vertical movement rather than horizontal movement. There was a parabolic 283 

relationship between elastic modulus and confining pressure as shown in Fig. 13(f)~(j) and Fig. 284 



14(f)~(j). The elastic modulus increased first and then decreased with the confining pressure 285 

increasing.  286 

According to the Mohr-Coulomb criterion, the shear strength can be expressed as follows: 287 

 = tan cτ σ ϕ× +  (2) 288 

where τ  is the peak stress of the shear test, σ  is the axial pressure of the shear test, ϕ  is the 289 

internal friction angle and c is the cohesion. 290 

The cohesion and internal friction angles of tested numerical specimens considering the 291 

methane hydrate saturation, deposit angle and loading velocity are listed in Appendix (Table 5). It 292 

is well accepted that the shear strength of the soil is jointly governed by the cohesion and internal 293 

friction angle. For MHS, the cohesion of MHS is the bonding force at the inter-particle level by 294 

cementing agents. The internal friction angle refers to the inter-particle friction for movement, 295 

rolling and rearrangement of sand grains bonded by hydrate. A rise in internal friction angle from 296 

15.1° to 21.5°and cohesion from 0.8 MPa to 1.25 MPa when α=0°and Sh=30%~70% can be seen 297 

in Fig. 15(a) and (c). Internal friction angle increased from 15.1° to 23.25°and cohesion increased 298 

from 0.8 MPa to 4.14 MPa when α=0°and v=1×10-6m/s~10×10-6m/s. The internal friction angle 299 

and cohesion increased with the increase of methane hydrate saturation and loading velocity. The 300 

relative relationship between the deposit angle versus the internal friction angle and the 301 

relationship between the cohesion and the deposit angle are not evident. 302 

3.4 Effect of the loading velocity  303 

For soil specimens, the high loading velocity will enhance the strength and the stiffness of the 304 

specimens. In this section, the effect of loading velocity on the strength and the stiffness of MHS 305 

was studied considering five loading velocity cases. 306 

Fig. 16 presents the relationship between peak stress and elastic modulus versus loading 307 

velocity under the condition that methane hydrate saturation Sh=30% and confining pressure c=1 308 

MPa~10 MPa. Fig. 17 presents the relationship between peak stress and elastic modulus versus 309 

confining pressure under the condition that the methane hydrate saturation Sh=30%~70% and 310 

loading velocity c=1 MPa. The peak stress increased with the loading velocity increasing. In Fig. 311 

16, the magnitudes of peak stress were 2.5 MPa ~ 12.5 MPa when the loading velocity c=1 MPa 312 



and peak stress were 7.5 MPa ~ 25 MPa when the loading velocity c=10 MPa. In Fig. 17, the 313 

magnitudes of peak stress were 2.5 MPa ~ 12.5 MPa when t the methane hydrate saturation 314 

Sh=30% and peak stress were 2.5 MPa ~ 22.5 MPa when t the methane hydrate saturation Sh=70%. 315 

There was a linear relationship between the peak stress and confining pressure. The peak stress 316 

increased in accordance with the following linear equation: 317 

peak *b a vσ = +          (3) 318 

where σpeak is the peak stress, a and b is the coefficient, v represents the loading velocity. The 319 

coefficient b reflects the increasing rate of peak stress. In Fig. 16(a), when the confining pressure 320 

c=1 MPa and the methane hydrate saturation Sh=30%, the coefficient b=1.11. With the increment 321 

of loading velocity, the coefficient b increased gradually. When the loading velocity reached 10 322 

MPa, the coefficient b=1.71 in Fig. 16(e). When the methane hydrate saturation Sh=70%, the 323 

coefficient b=1.77 in Fig. 17(e). It is attributed to the particles presenting a predominant vertical 324 

movement rather than a horizontal movement with the loading velocity increasing in the vertical 325 

direction. There was an exponential relationship between elastic modulus and confining pressure 326 

as shown in Fig. 16(f)~(j) and Fig. 17(f)~(j). The elastic modulus increased first and then 327 

decreased with the confining pressure increasing.  328 

4 Conclusions and prospects 329 

Methane hydrate distributes under the seabed in different deposit angle according to the BSR 330 

exhibitions. The non-bonded soil deposits above and/or below the MHS, and the mechanical 331 

properties of the combined sediment composed soil and MHS dominate the stability of the slope 332 

under the deep sea. In this work, the combined sediment model was generated considering the 333 

deposit angles (0°, 15°, 30°, 45°, 60°and 75°), the confining pressures (1MPa, 2MPa,3MPa, 5MPa 334 

and 10MPa), the loading velocities (1×10-6m/s, 2×10-6m/s, 3×10-6m/s, 5×10-6m/s and 10×10-6m/s) 335 

and the hydrate saturation (30%, 40%, 50%, 60% and 70%) by using discrete element method.  336 

The peak stress increased slightly when the deposit angle is less than 45° under the condition 337 

that the loading velocity is less than 3×10-6m/s， and then the peak stress decreased when the 338 

deposit angle was more than 45°. When the loading velocity was more than 5×10-6m/s, the peak 339 

stress decreased after the deposit angle was more than 60°. The decreasing tendency of the peak 340 



stress turns more and more evident with increased hydrate saturation. The elastic modulus tended 341 

to decrease first and then increased before and after the deposit angle 45°. The elastic modulus 342 

decreases first and then increases with the increment of the deposit angle. The peak strength and 343 

stiffness of the combined sediment increased with increasing Sh.  344 

There was a linear relationship between the peak stress and confining pressure. There was a 345 

parabolic relationship between elastic modulus and confining pressure and the elastic modulus 346 

increased first and then decreased with the confining pressure increasing before and after 6 MPa. 347 

The internal friction angle and cohesion increased with the increase of methane hydrate saturation 348 

and loading velocity. The relative relationship between the deposit angle versus the internal 349 

friction angle and the relationship between the cohesion and the deposit angle are not evident. 350 

There was a linear relationship between the peak stress and loading velocity. There was an 351 

exponential relationship between elastic modulus and loading velocity. 352 

The mechanical response of MHS is discussed without considering water pressure and 353 

hydrate dissociation in this work. The undrained shear behavior of MHS is important to assess the 354 

slope stability in which the permeability is low for water and gas. In future studies, the 355 

deformation mechanism of MHS under undrained condition will be tested. And more detailed 356 

deformation responses at the particle scale before and after dissociation of hydrate will be 357 

discussed. 358 
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Table 1. Mechanical parameters of particles in simulation 1 

Property Soil Methane hydrate 

Density(Kg/m3) 2650 320 

Particle sizes, D(mm) 0.01-0.4 0.006 

Normal stiffness kn (N/m) 1e8 1e5 

Shear stiffness ks (N/m) 1e8 1e5 

Inter-particle friction μ 0.7 0.75 

2 



Table 2. Mechanical parameters of contacts in simulation 3 

Property Soil-Hydrate Soil-Soil Hydrate-Hydrate 

Friction μ 0.15 0.5 0.15 

Normal stiffness kn (N/m) 1e5 3e8 1e5 

Shear stiffness ks (N/m) 1e4 3e7 1e4 

Tension strength (N) 3e6  3e6 

Cohesion (N) 5e6  5e6 

Friction angle 10  10 

Rolling resistance 

coefficient （μr） 
0.6 

 4 



Table 3. Simulation conditions of each group 5 

parameters       
Deposit angle 

(°) 
0 15 30 45 60 75 

Hydrate 
Saturation (%)

30 40 50 60 70  

Confining 
pressure (MPa)

1 2 3 5 10  

Loading 
velocity (m/s) 

1×10-6 2×10-6 3×10-6 5×10-6 10×10-6  

 6 



Appendix: 7 
Table 4 The peak strength and elastic modulus of specimens under different simulation conditions 8 

No. α 
(°) 

σ 
(MPa) 

v 
(1e-6m/s) 

Sh=30% Sh=40% Sh=50% Sh=60% Sh=70% 

P 
(MPa) 

E50 
(GPa) 

P 
(MPa) 

E50 
(GPa) 

P 
(MPa) 

E50 
(GPa) 

P 
(MPa) 

E50 
(GPa) 

P 
(MPa) 

E50 
(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  4.32  0.30  4.94  0.36  5.54  0.41  6.16  0.45  

7 0 2 2 5.20  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  23.31 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  27.23 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  4.32  0.33  4.93  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  6.77  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  



40 15 3 10 17.15  0.65  20.28 0.80  23.27 0.91  25.96 0.97  27.98  1.12  

41 15 5 1 6.42  0.35  7.04  0.40  7.62  0.49  8.57  0.55  9.60  0.58  

42 15 5 2 8.60  0.43  9.81  0.49  10.92 0.60  12.35 0.66  13.80  0.73  

43 15 5 3 10.60  0.48  12.15 0.57  13.85 0.69  15.36 0.75  17.15  0.82  

44 15 5 5 13.93  0.58  16.19 0.67  18.97 0.78  20.05 0.88  20.05  0.88  

45 15 5 10 20.77  0.76  24.11 0.87  28.12 1.07  31.11 1.08  33.05  1.20  

46 15 10 1 9.66  0.29  10.07 0.33  10.96 0.38  11.71 0.44  12.76  0.46  

47 15 10 2 11.96  0.37  13.13 0.43  14.49 0.51  15.90 0.57  17.75  0.60  

48 15 10 3 13.97  0.44  15.69 0.51  17.68 0.60  19.58 0.66  21.73  0.69  

49 15 10 5 17.53  0.54  20.51 0.60  23.10 0.72  25.98 0.78  28.36  0.83  

50 15 10 10 25.85  0.73  29.92 0.82  33.96 1.00  37.98 1.11  41.06  1.12  

51 30 1 1 2.69  0.21  3.14  0.26  3.71  0.28  4.34  0.35  4.78  0.32  

52 30 1 2 4.22  0.28  5.00  0.33  5.96  0.37  6.81  0.43  7.58  0.42  

53 30 1 3 5.48  0.34  6.70  0.39  7.96  0.43  8.65  0.51  9.92  0.48  

54 30 1 5 7.88  0.41  9.55  0.47  11.29 0.51  11.98 0.60  13.68  0.58  

55 30 1 10 13.10  0.57  15.60 0.66  18.23 0.72  20.17 0.80  21.47  0.84  

56 30 2 1 3.76  0.25  4.18  0.32  4.91  0.38  5.58  0.43  6.02  0.44  

57 30 2 2 5.41  0.32  6.39  0.40  7.61  0.47  8.61  0.53  9.60  0.52  

58 30 2 3 6.91  0.36  8.36  0.45  9.78  0.54  11.09 0.60  12.66  0.58  

59 30 2 5 9.59  0.46  11.94 0.46  13.63 0.62  14.55 0.73  17.14  0.68  

60 30 2 10 15.64  0.59  18.57 0.59  21.51 0.85  23.47 0.94  25.40  0.97  

61 30 3 1 4.59  0.31  5.16  0.37  6.03  0.44  6.79  0.49  7.23  0.54  

62 30 3 2 6.40  0.37  7.60  0.45  8.95  0.54  10.02 0.59  11.40  0.61  

63 30 3 3 7.94  0.43  9.65  0.52  11.23 0.61  12.70 0.67  14.65  0.67  

64 30 3 5 11.12  0.50  13.09 0.62  15.23 0.72  16.63 0.81  19.57  0.79  

65 30 3 10 17.50  0.63  20.78 0.78  23.85 0.94  26.39 1.03  28.02  1.08  

66 30 5 1 6.27  0.35  6.85  0.44  7.82  0.53  8.61  0.56  9.35  0.63  

67 30 5 2 8.35  0.44  9.52  0.53  11.27 0.63  12.39 0.68  13.67  0.75  

68 30 5 3 10.10  0.50  11.70 0.60  13.98 0.71  15.51 0.77  17.30  0.82  

69 30 5 5 13.51  0.58  15.79 0.69  18.58 0.83  20.38 0.93  23.14  0.94  

70 30 5 10 20.82  0.71  24.38 0.86  28.54 1.05  31.42 1.14  33.15  1.22  

71 30 10 1 9.15  0.29  10.04 0.34  10.86 0.40  11.86 0.45  12.63  0.50  

72 30 10 2 11.35  0.38  12.99 0.45  14.48 0.54  15.97 0.61  17.56  0.65  

73 30 10 3 13.47  0.44  15.75 0.54  18.12 0.63  19.62 0.70  21.86  0.74  

74 30 10 5 17.43  0.53  20.42 0.66  23.60 0.76  26.17 0.84  28.75  0.88  

75 30 10 10 25.66  0.69  30.40 0.86  35.04 1.04  38.89 1.21  41.86  1.21  

76 45 1 1 2.67  0.22  3.24  0.24  3.77  0.29  4.23  0.33  5.07  0.31  

77 45 1 2 4.20  0.29  5.14  0.32  6.04  0.38  6.76  0.41  8.10  0.39  

78 45 1 3 5.59  0.33  6.80  0.37  7.95  0.44  8.78  0.48  10.50  0.46  

79 45 1 5 8.17  0.39  9.45  0.47  11.17 0.51  12.32 0.59  13.94  0.57  

80 45 1 10 13.46  0.49  15.43 0.66  17.89 0.71  19.98 0.78  21.68  0.78  

81 45 2 1 3.68  0.27  4.29  0.32  4.84  0.39  5.57  0.42  6.32  0.43  

82 45 2 2 5.34  0.35  6.46  0.41  7.63  0.47  8.60  0.52  10.09  0.52  

83 45 2 3 6.99  0.39  8.43  0.46  9.97  0.52  10.92 0.59  13.07  0.59  



84 45 2 5 9.73  0.45  11.51 0.45  13.55 0.63  15.00 0.69  17.52  0.70  

85 45 2 10 15.53  0.60  18.07 0.60  20.94 0.81  24.02 0.90  26.58  0.94  

86 45 3 1 4.58  0.30  5.20  0.38  5.90  0.46  6.58  0.52  7.50  0.52  

87 45 3 2 6.41  0.38  7.48  0.47  8.87  0.54  9.88  0.62  11.59  0.63  

88 45 3 3 8.19  0.44  9.60  0.52  11.51 0.61  12.67 0.69  14.82  0.70  

89 45 3 5 11.25  0.50  13.08 0.62  15.49 0.69  17.28 0.78  20.02  0.81  

90 45 3 10 17.64  0.66  20.20 0.79  23.50 0.91  26.69 0.98  30.34  1.04  

91 45 5 1 6.30  0.36  6.92  0.43  7.69  0.55  8.45  0.60  9.53  0.64  

92 45 5 2 8.35  0.45  9.63  0.54  11.03 0.66  11.99 0.73  13.96  0.77  

93 45 5 3 10.26  0.52  11.85 0.62  13.71 0.75  15.26 0.79  17.30  0.85  

94 45 5 5 13.47  0.61  15.60 0.72  18.54 0.83  20.90 0.87  23.25  0.94  

95 45 5 10 21.04  0.74  24.40 0.88  28.12 1.00  31.39 1.15  33.86  1.26  

96 45 10 1 9.20  0.29  9.99  0.33  10.56 0.41  11.78 0.44  12.39  0.51  

97 45 10 2 11.43  0.37  12.78 0.44  14.29 0.54  15.55 0.59  17.32  0.68  

98 45 10 3 13.58  0.43  15.38 0.53  17.53 0.63  19.13 0.70  21.26  0.79  

99 45 10 5 17.11  0.53  20.03 0.63  22.81 0.75  25.26 0.83  27.88  0.92  

100 45 10 10 25.42  0.69  29.52 0.85  33.66 1.02  37.53 1.19  40.73  1.23  

101 60 1 1 2.48  0.25  3.04  0.32  3.68  0.30  4.08  0.34  4.67  0.36  

102 60 1 2 3.91  0.31  4.90  0.37  5.94  0.37  6.40  0.42  7.44  0.44  

103 60 1 3 5.18  0.36  6.52  0.41  7.72  0.42  8.39  0.49  9.65  0.51  

104 60 1 5 7.50  0.41  9.29  0.50  10.85 0.51  11.46 0.59  13.62  0.63  

105 60 1 10 12.20  0.58  15.19 0.63  17.15 0.70  19.07 0.76  21.28  0.86  

106 60 2 1 3.45  0.30  4.10  0.34  4.69  0.39  5.13  0.44  5.89  0.49  

107 60 2 2 5.07  0.36  6.12  0.43  7.17  0.48  7.83  0.53  9.01  0.58  

108 60 2 3 6.43  0.41  7.87  0.50  9.43  0.54  10.30 0.59  11.65  0.66  

109 60 2 5 9.09  0.49  11.08 0.49  12.70 0.65  14.06 0.67  16.27  0.79  

110 60 2 10 14.50  0.65  17.73 0.65  20.35 0.80  22.49 0.88  24.67  1.04  

111 60 3 1 4.34  0.34  4.93  0.40  5.76  0.45  6.19  0.53  6.95  0.57  

112 60 3 2 5.94  0.42  7.14  0.49  8.39  0.54  9.41  0.60  10.31  0.68  

113 60 3 3 7.48  0.48  9.10  0.55  10.70 0.61  12.16 0.64  13.35  0.76  

114 60 3 5 10.31  0.56  12.70 0.63  14.40 0.70  16.44 0.75  17.99  0.92  

115 60 3 10 16.20  0.72  19.83 0.81  22.95 0.89  25.42 1.00  27.26  1.23  

116 60 5 1 5.98  0.37  6.59  0.45  7.42  0.54  8.00  0.62  8.75  0.66  

117 60 5 2 7.73  0.46  9.19  0.56  10.28 0.65  11.77 0.72  12.72  0.77  

118 60 5 3 9.48  0.53  11.46 0.63  13.06 0.71  14.81 0.78  16.19  0.86  

119 60 5 5 12.74  0.62  15.14 0.74  17.98 0.81  19.28 0.91  21.40  1.02  

120 60 5 10 19.43  0.78  23.51 0.96  26.93 1.00  29.63 1.16  32.63  1.34  

121 60 10 1 8.93  0.28  9.46  0.32  10.43 0.38  10.79 0.44  11.72  0.49  

122 60 10 2 10.75  0.36  11.93 0.44  13.72 0.51  14.84 0.60  16.51  0.64  

123 60 10 3 12.62  0.43  14.41 0.52  16.67 0.62  18.17 0.69  20.06  0.78  

124 60 10 5 16.12  0.54  19.27 0.65  21.58 0.76  23.32 0.83  26.32  0.93  

125 60 10 10 23.89  0.70  28.12 0.88  32.03 0.98  35.41 1.13  38.20  1.27  

126 75 1 1 2.46  0.24  2.85  0.27  3.20  0.31  3.67  0.35  3.93  0.37  

127 75 1 2 3.74  0.31  4.51  0.34  5.21  0.39  5.78  0.42  6.24  0.46  



128 75 1 3 4.98  0.36  6.02  0.39  6.98  0.45  7.56  0.50  8.27  0.53  

129 75 1 5 7.18  0.42  8.41  0.47  9.89  0.54  10.52 0.62  11.11  0.66  

130 75 1 10 11.75  0.60  13.84 0.65  15.81 0.73  17.76 0.85  18.13  0.89  

131 75 2 1 3.38  0.33  3.88  0.37  4.28  0.43  4.84  0.47  5.23  0.49  

132 75 2 2 4.77  0.42  5.64  0.46  6.35  0.52  7.35  0.58  7.73  0.61  

133 75 2 3 6.14  0.46  7.36  0.51  8.32  0.57  9.39  0.67  9.77  0.68  

134 75 2 5 8.67  0.55  10.06 0.55  11.71 0.68  12.63 0.79  13.33  0.80  

135 75 2 10 13.80  0.72  16.19 0.72  18.35 1.00  20.14 1.10  21.05  1.09  

136 75 3 1 4.22  0.37  4.67  0.45  5.16  0.51  5.75  0.58  6.14  0.60  

137 75 3 2 5.68  0.46  6.63  0.54  7.41  0.59  8.42  0.67  8.88  0.71  

138 75 3 3 6.98  0.54  8.35  0.59  9.51  0.65  10.52 0.78  11.12  0.79  

139 75 3 5 9.65  0.62  11.50 0.67  13.16 0.76  14.12 0.91  14.73  0.92  

140 75 3 10 15.09  0.83  18.13 0.96  20.71 1.02  22.55 1.28  23.43  1.21  

141 75 5 1 5.72  0.43  6.32  0.53  6.69  0.61  7.48  0.70  8.04  0.73  

142 75 5 2 7.45  0.54  8.58  0.62  9.48  0.72  10.23 0.87  10.71  0.89  

143 75 5 3 9.00  0.62  10.55 0.70  11.58 0.81  12.89 0.98  13.28  0.97  

144 75 5 5 11.82  0.74  13.82 0.80  15.91 0.92  17.18 1.14  17.86  1.08  

145 75 5 10 18.15  1.00  21.20 1.10  23.85 1.25  26.33 1.52  27.88  1.37  

146 75 10 1 8.92  0.28  9.27  0.32  9.94  0.38  10.45 0.44  11.02  0.48  

147 75 10 2 10.64  0.39  11.33 0.48  12.70 0.56  13.85 0.65  14.25  0.70  

148 75 10 3 12.54  0.48  13.78 0.58  15.05 0.70  16.63 0.81  17.13  0.85  

149 75 10 5 15.50  0.63  17.37 0.75  19.58 0.87  20.96 1.05  22.38  1.01  

150 75 10 10 22.59  0.88  25.47 1.07  28.75 1.26  31.12 1.58  34.34  1.45  
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Table 5 The cohesion and inter-frictional angle of specimens under different simulation conditions 10 

No. α 
(°) 

v 
(1e-6m/s) 

Sh=30% Sh=40% Sh=50% Sh=60% Sh=70% 

c 
(MPa) 

φ (°) 
c 

(MPa) 
φ (°) 

c 
(MPa) 

φ (°) 
c 

(MPa) 
φ (°) 

c 
(MPa) 

φ (°) 

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 2.2 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 3.4 23.8 3.76 25.43 4.2 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 5.45 30.24 5.79 31.3 

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 22.91 

14 30 5 2.64 19.99 3.15 21.57 3.54 23.65 3.58 25.88 4.22 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 2.21 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 
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 1 

Fig. 1 A seismic section from the 3D PSTM volume with stratigraphic interpretation at Krishna-Godavari 2 
Basin showing the BSR and hydrate mound (Riedel et al., 2011).3 



 4 

 5 
Fig. 2 Schematic showing the general setting of seeps on the US Atlantic margin and related processes 6 

(Skarke et al., 2014) 7 



 8 

 9 
Fig. 3 The particle size distribution of soil grains in simulation and experimental test.10 
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 12 
Fig. 4 DEM simulation model of methane hydrate considering deposit angle13 
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 16 
Fig. 5 Deviatoric stress versus axial strain ratio in simulating tests and experimental tests17 
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 21 
Fig. 6 Deviatoric stress versus axial strain ratio under different deposit angle conditions22 
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 28 
Fig. 7 Peak stress (a)~(e) and elastic modulus (f)~(j) versus deposit angle under different loading velocities 29 

and Sh conditions30 
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 36 
Fig. 8 Peak stress (a)~(e) and elastic modulus (f)~(j) versus deposit angle under different confining pressure 37 

and Sh conditions38 
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 39 
Fig. 9 Displacement (blue line with arrows) and final deposit angle (α´) distribution of samples after shear test 40 

under the condition that the confining pressure was 1 MPa, the hydrate saturation was 70% and the loading velocity 41 
was 1×10-6m/s. The initial deposit angle were (a) α=0°, (b) α=15°, (c) α=30°, (d) α=45°, (e) α=60°, (f) α=75°42 



 43 

 44 
Fig. 10 The contact force distribution of samples after shear test under the condition that the confining pressure was 45 
1 MPa, the hydrate saturation was 70% and the loading velocity was 1×10-6m/s. The initial deposit angle were (a) 46 
α=0°, (b) α=15°, (c) α=30°, (d) α=45°, (e) α=60°, (f) α=75°47 

(a) (b) (c) 
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 53 
Fig. 11 Peak stress (a)~(e) and elastic modulus (f)~(j) versus hydrate saturation under different loading 54 

velocities and deposit angle conditions55 
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 61 
Fig. 12 Peak stress (a)~(e) and elastic modulus (f)~(j) versus hydrate saturation under different confining 62 

pressure and deposit angle conditions 63 

30 40 50 60 70
0

2

4

6

8

10
v=1×10-6m/s
σ3=1MPa

(a)

（
）

Pe
ak

 sh
ea

r s
tre

ss
M

Pa
Hydrate saturation (%)

 α=0°
 α=15°
 α=30°
 α=45°
 α=60°
 α=75°

30 40 50 60 70
0

2

4

6

8

10

12
v=1×10-6m/s
σ3=2MPa

(b)

（
）

Pe
ak

 sh
ea

r s
tre

ss
M

Pa

Hydrate saturation (%)

 α=0°
 α=15°
 α=30°
 α=45°
 α=60°
 α=75°

30 40 50 60 70
0
2
4
6
8

10
12
14

v=1×10-6m/s
σ3=3MPa

(c)

（
）

Pe
ak

 sh
ea

r s
tre

ss
M

Pa

Hydrate saturation (%)

 α=0°
 α=15°
 α=30°
 α=45°
 α=60°
 α=75°

30 40 50 60 70
0

3

6

9

12

15

18
v=1×10-6m/s
σ3=5MPa

(d)

（
）

Pe
ak

 sh
ea

r s
tre

ss
M

Pa
Hydrate saturation (%)

 α=0°
 α=15°
 α=30°
 α=45°
 α=60°
 α=75°

30 40 50 60 70
0
3
6
9

12
15
18
21
24

v=1×10-6m/s
σ3=10MPa

(e)

（
）

Pe
ak

 sh
ea

r s
tre

ss
M

Pa

Hydrate saturation (%)

 α=0°
 α=15°
 α=30°
 α=45°
 α=60°
 α=75°

30 40 50 60 70 80
0.0

0.2

0.4

0.6

0.8
v=1×10-6m/s
σ3=1MPa

(f)

El
as

tic
 m

od
ul

us
 E

50
（

）
G

Pa

Hydrate saturation (%)

 α=0°
 α=15°
 α=30°
 α=45°
 α=60°
 α=75°

30 40 50 60 70 80
0.00
0.15
0.30
0.45
0.60
0.75
0.90

v=1×10-6m/s
σ3=2MPa

(g)

El
as

tic
 m

od
ul

us
 E

50
（

）
G

Pa

Hydrate saturation (%)

 α=0°
 α=15°
 α=30°
 α=45°
 α=60°
 α=75°

30 40 50 60 70 80
0.0

0.2

0.4

0.6

0.8

1.0

1.2
v=1×10-6m/s
σ3=3MPa

(h)

El
as

tic
 m

od
ul

us
 E

50
（

）
G

Pa

Hydrate saturation (%)

 α=0°
 α=15°
 α=30°
 α=45°
 α=60°
 α=75°

30 40 50 60 70 80
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

v=1×10-6m/s
σ3=5MPa

(i)

El
as

tic
 m

od
ul

us
 E

50
（

）
G

Pa

Hydrate saturation (%)

 α=0°
 α=15°
 α=30°
 α=45°
 α=60°
 α=75°

30 40 50 60 70 80
0.0

0.2

0.4

0.6

0.8

1.0
v=1×10-6m/s
σ3=10MPa

(j)

El
as

tic
 m

od
ul

us
 E

50
（

）
G

Pa

Hydrate saturation (%)

 α=0°
 α=15°
 α=30°
 α=45°
 α=60°
 α=75°



 64 

 65 

 66 

 67 

 68 
Fig. 13 Peak stress (a)~(e) and elastic modulus (f)~(j) versus confining pressure under different loading 69 

velocities and deposit angle conditions70 
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 75 
Fig. 14 Peak stress (a)~(e) and elastic modulus (f)~(j) versus confining pressure under different hydrate 76 

saturation and deposit angle conditions77 
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 79 

 80 

Fig. 15 Relationships between internal friction angle (a) versus deposit angle and hydrate saturation (b) versus 81 
deposit angle and loading velocity and relationships between cohesion (c) versus deposit angle and hydrate saturation 82 
(d) versus deposit angle and loading velocity. The red balls represent the initial data and the blue points and the green 83 
points represent the projection points.84 
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 90 
Fig. 16 Peak stress (a)~(e) and elastic modulus (f)~(j) versus loading velocity under different confining 91 

pressure and deposit angle conditions92 
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Fig. 17 Peak stress (a)~(e) and elastic modulus (f)~(j) versus loading velocity under different hydrate 99 

saturation and deposit angle conditions 100 
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