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Abstract. 1 

The stability of methane hydrate depends on not only temperature and pressure but 2 

also the salinity of the environment where the methane hydrate exists. The variation in 3 

the stability of methane hydrate due to the change in salinity induces mechanical 4 

response in micro scale of the methane hydrate-bearing sediments (MHBS). However, 5 

it is really heard to quantitatively analyze this effect by controlling salinity of the MHBS 6 

in micro scale experiment. Therefore, our study applies Distinct Element Method to 7 

investigate the micro-scale mechanical response subject to the salinity variation. An 8 

existing contact model for cemented soils is extended to explicitly include the effects 9 

of salinity on bond strength and modulus, which are verified by experimental data. 10 

Using the proposed thermo-hydro-mechanical-chemical contact model, we conducted 11 

a series of case studies to investigate macroscopic and microscopic mechanical 12 

responses during three different stress paths, i.e. isotropic, triaxial and constant stress 13 

ratio tests. The results show that as the salinity increases, the shear strength and stiffness 14 

decrease while the deformation and bond breakage ratio accelerate. The results are 15 

valuable to develop constitutive models for MHBS and have safe exploitation of MH 16 

resources in the future. 17 

Keywords: Distinct Element Method, Methane hydrate bearing sediments, Thermo-18 

hydro-mechanical-chemical contact model, Salinity, Stress path. 19 
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1. Introduction 20 

 21 

 Methane hydrate (MH) is an ice-like crystalline consisting of methane molecules 22 

enclosed in a lattice of hydrogen-bonded water molecules (Soga et al., 2006; Sloan, 23 

1998; Sloan, 2003; Waite et al., 2009). MHs have attracted major worldwide interest in 24 

recent years (Kvenvolden, 1988; Chong et al., 2016) as a future energy resource with 25 

potential to facilitate the transition of the global economy from conventional fossil fuels 26 

to renewable resources of energy. 27 

 In addition to its energy prospects, MH is considered as a geohazard trigger and 28 

has been linked with several historic submarine landslides (Uchida et al., 2012; Sultan 29 

et al., 2004; Huhn et al., 2019). This is because the dissociation of MH can lead to 30 

sediment weakening and instability (Hyodo et al., 2013; Wu et al., 2020a). This 31 

underlying feature also poses risks for energy production since most methods proposed 32 

for the recovery of methane from hydrate reservoir, via depressurization, thermal 33 

stimulation, chemical injection, etc. (Chong et al., 2016), face wellbore-instability 34 

problems. It is therefore imperative to characterize and understand the mechanical 35 

response of methane hydrate bearing sediments (MHBS) or energy soils (Jiang, 2019) 36 

under different conditions.  37 

The mechanical behaviors of MHBS are largely influenced by the presence of MH. 38 

For instance, it is well established that the presence of hydrates leads to an increase in 39 

the strength and stiffness of the host sediment (Winters et al., 2004; Priest et al., 2005; 40 

Miyazaki et al., 2010; Ghiassian and Grozic, 2013; Hyodo et al., 2013; Hyodo et al., 41 
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2013; Li et al., 2016; Sun et al., 2019; Wu et al., 2020b), which partly explains the 42 

engineering problems arising in practice from dissociation. To date, many laboratory 43 

tests have been performed on artificial or natural MHBS samples to quantify and 44 

correlate the influence on mechanical behaviour with several factors such as host 45 

sediment characteristics (Waite et al., 2009; Waite et al., 2004; Dai et al., 2012; Winters 46 

et al., 2014), hydrate formation morphology (Waite et al., 2004; Dai et al., 2012; Booth 47 

et al., 1996; Moridis et al., 2011; Malinverno and Goldberg, 2015; Masui et al., 2005); 48 

hydrate saturation (Hyodo et al., 2013; Masui et al., 2005; Yun et al., 2007; Miyazaki 49 

et al., 2011). These numerous influencing factors constitute a challenge to the design 50 

and interpretation of experimental studies. Such a challenge is magnified by the key 51 

role of environmental variables such as pressure and temperature conditions (Hyodo et 52 

al., 2013; Miyazaki et al., 2011; Hyodo et al., 2002; Hyodo et al., 2005; Li et al., 2012) 53 

as basic controls on dissociation onset. Ensuring the stability of methane hydrate as a 54 

solid requires a range of high pressure and low temperature conditions that raise 55 

significantly the cost and complexity of equipment in laboratory.  56 

Pressure and temperature are not the sole environmental factors of significance. The 57 

temperature and pressure conditions ensuring hydrate stability depend also on 58 

environmental chemistry (Sloan and Koh, 2008). This feature was first noted in deep-59 

water drilling, where hydrate formation is an impediment for drills and was fought 60 

against by using drilling fluids of high salt content (Halliday et al., 1998). The 61 

possibility of exploiting this phenomenon is now taken into serious consideration for 62 

methane recovery (Chong et al., 2016). The chemical injection method, i.e. to inject 63 
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chemicals, such as NaCl, methanol or ethylene glycol, to shift the hydrate pressure–64 

temperature equilibrium conditions, is considered to be an effective gas hydrate 65 

dissociation method. However, although the effect of NaCl concentration on the phase-66 

equilibrium and dissociation conditions of MH has been studied (Mimachi et al., 2016; 67 

Stern and Lorenson, 2014; Piramoon et al., 2019; Cha et al., 2016), the implications for 68 

the mechanical behaviour of MHBS of variable ambient salinities have not yet been 69 

explored. This salinity control will further increase the difficulty and cost in the 70 

experiments in laboratory. It seems therefore appropriate to start research on the topic 71 

with numerical analyses done by the Distinct Element Method (DEM) (Cundall and 72 

Strack, 1979).   73 

The Distinct Element Method (DEM) (Cundall and Strack, 1979), which takes 74 

particles as the basic elements and allows multiscale study on granular materials, has 75 

been recently employed in the research on MHBS (Brugada et al., 2010; Jung, 2010; 76 

Jung et al., 2012; Vinod et al., 2014; He et al., 2016; Jiang et al., 2014). DEM has 77 

reproduced well-established experimental observations, e.g. the shear strength, small-78 

strain stiffness and shear dilation of MHBS increase with the level of backpressure 79 

(Jiang et al., 2015), and decrease with the increasing of the temperature (Jiang et al., 80 

2016; Jiang et al., 2017). In addition, DEM studies of MHBS may go beyond current 81 

capabilities in laboratory on many aspects. For instance, examination on the mechanical 82 

behaviour of MHBS has been almost always limited to conventional triaxial 83 

compression tests or direct shear tests in laboratory (Santamarina et al., 2015; Liu et al., 84 

2017; Kato et al., 2016). However, the stress paths anticipated during engineering 85 
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activities such as sampling MH from sediment layers, well construction, and multi-86 

phase flow during MH dissociation are very complicated and different from those in 87 

conventional tests. The unsatisfactory situation constrains not only the understanding 88 

of MHBS mechanical behaviour but also its constitutive model development, since the 89 

mechanical behaviour of soils under a wide range of stress paths is crucial to develop 90 

their constitutive models (Xiao et al., 2015).  91 

Previous studies have shown that the effects are large on mechanical properties of 92 

MHBS when MH is cemented with soil particles (Masui et al., 2005; Hyodo et al., 93 

2009), therefore, this paper will focus on this cementation-type MHBS. A well-94 

established three-dimensional (3D) bond contact model for MHBS (Shen et al., 2016; 95 

Shen and Jiang, 2016; Jiang et al., 2014; Jiang et al., 2015; Jiang et al., 2015; Shen et 96 

al., 2016; Jiang et al., 2019) is here generalized to take into account the effect of salinity 97 

on MH behaviour, which gives rise to a novel thermo-hydro-mechanical-chemical 98 

(THMC) bond contact model accounting for the influences of ambient temperature, 99 

pore water pressure, and salinity on the mechanical behaviour of MHBS. In what 100 

follows, the model characteristics are first introduced in detail with emphasis on the 101 

incorporation of salinity effects. The model was implemented in a DEM commercial 102 

code and the necessary calibration and validation to represent MHBS are then explained. 103 

Finally, we present and discuss DEM simulation results in which the new model is 104 

employed to explore the effect of salinity on MHBS response along different stress 105 

paths. 106 

 107 
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  108 

2. A THMC contact model for MHBS 109 

Shen and Jiang (2016) established and validated a bond contact model for MHBS 110 

built upon the complete unbonded contact model proposed by Jiang et al. (2015) and a 111 

bond contact element proposed by Shen et al. (2016). The DEM incorporating this 112 

model is able to describe the mechanical behaviour of MHBS with its dependency on 113 

MH habits, i. e. coating or cementing, density, saturation, temperature, and water 114 

pressure without taking into account the complex effect of salinity on hydrate bonds. 115 

Thus, this paper will extend this existing model to the THMC problem. In this section, 116 

we first describe briefly the fundamental characteristics of the mechanical model (i.e. 117 

force–displacement law, bond failure criterion, bond geometry and hydrate saturation), 118 

and then how temperature, pressure and salinity effects are considered in the model. 119 

 120 

2.1 Force-displacement law  121 

The bond contact model (Shen et al., 2016) regards the transmission of forces at 122 

contact as a combination of two parts: the particle contact part and the MH bond contact 123 

part, which can be expressed as follows:: 124 

n , ,n p n b= +F F F                                 （1） 125 

s , ,s p s b= +F F F                                 （2） 126 

, ,r r p r b= +M M M                                （3） 127 

t , ,t p t b= +M M M                                 （4） 128 
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where Fn, Fs, Mr, and Mt are the total normal force due to compression/ tension, shear 129 

force due to relative tangential displacement, bending moment due to rolling angle, and 130 

torque due to twisting angle at each contact, respectively. Fn,p, Fs,p, Mr,p, and Mt,p 131 

denote the normal force, tangential force, rolling moment and torque sustained by 132 

particles, respectively with subscript p representing particle. Fn,b, Fs,b, Mr,b, and Mt, 133 

b are those by MH bond part respectively with subscript b representing bond. A grain 134 

in MHBS is simplified as a sphere in the work and the bond material is idealized in 135 

shape as a cylinder with concave ends complementary with the surfaces of the two 136 

bonded spheres. The effect of such bond geometry is considered in terms of bond 137 

strength and stiffness. Note that the bond contact behaviour after bond breakage is 138 

assumed to be controlled by the microscopic contact model for unbonded contact, 139 

which indicate that there is no bond residue to interact with sphere particles. Thus, any 140 

possible effect of fragmented or adhered bond material is neglected on the mechanical 141 

behaviour of the MHBS. Table 1 summarizes the mechanical responses assumed in the 142 

model in each direction, whereas Table 2 presents the key formulae. Further details are 143 

available in (Shen et al., 2016). 144 
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Table 1 Mechanical responses of bonded grains in the model 145 
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Table 2 Summary of the key formulae controlling the mechanical behaviour of bonded grains  147 

  Contact response Stiffness Peak resistance 

Particle part 

Normal , ,n p n p nK u=F n  , 2n p pK E R=  — 

Tangential , , , ss p s p s pK t← + ∆F F u  
, ,= /s p n pK K ξ  ,n pFµ  

Rolling , , ,r p r p r p rK t← + ∆M M ω  2
, ,0.25r p n p cK K R=  ,0.25 c n p cF Rζ  

Torsional , , ,t p t p t p tK t← + ∆M M ω  2
, ,0.5t p s p cK K R=  ,0.65 n p cF Rµ  

Bond part 

Normal , , ,n b n b n b nK t← + ∆F F u  ( )
2 2

,
,

1 1ln ln 1 1
2

n b b b
n b

F E D n n nK l l l l
n n

π
δ

  − −  = = − + − − −
    

 
bnt tR Aσ=  

c bncR Aσ=  

Tangential , , , ss b s b s bK t← + ∆F F u  ( ), , 2 1s b n b bK K ν= +  

Eqs. (7-9) Rolling , , ,r b r b r b rK t← + ∆M M ω  

( )

( )

1.52 2 2

3 2 3
3 3

,
,

3 2 2 2

3

11 2 11 1
3 2

16
3 2 1ln 1 ln

r b b b
r b

r

n m mn n m n
nn n nM E D n

K
m m n mn nl l

nn

π
θ

    − + − +    − + − + +
       = =  

   + + −   − − −
      

 

Torsional , , ,t b t b t b tK t← + ∆M M ω  , , 1t b r b bK K v= +  

148 
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In Table 2, 𝑢𝑢𝑛𝑛  denotes inter-particle overlap, Ep the modulus of the particle 149 

material, R  the harmonic mean of the particle radii, ξ  the ratio of normal stiffness 150 

over tangential stiffness, µ   the inter-particle friction coefficient, Rc the radius of 151 

contact area, and cζ  the effect of local asperity crushing (hereafter this effect is not 152 

considered and cζ  = 4 ). t∆  denotes the time step used in the DEM computations. n 153 

is a unit vector in the contact normal direction, nu , su , rω , and tω  are the relative 154 

normal velocity, tangential velocity, rolling rate and torsional rate at a contact, 155 

respectively. Db, MHw , and hmin denote the particle diameter, bond cylinder diameter 156 

and the minimum thickness of the bond cylinder in height, respectively, which will be 157 

further illustrated in Fig. 3. Eb is the Yong's modulus of the bond material, and δ  the 158 

change of the bond cylinder in height. min / MHm h w=  namely bond slenderness ratio, 159 

and b MHn D /w=  two dimensionless quantities characterizing the geometry of a bond 160 

cylinder, and / 1l m n= + . bv  is the Poisson's ratio of the bond material, and rθ  the 161 

rolling rotation, 𝜎𝜎𝑡𝑡  and 𝜎𝜎𝑐𝑐  the tensile and compression strengths of bond material 162 

respectively. Rnt, Rnc, Rs,b, Rr,b, Rt,b represent tensile, compressive, shear, bending and 163 

torsional resistance, respectively. 164 

2.2 Bond failure criterion 165 

The 3D bond failure criterion used is able to describe the combining effect of normal 166 

force, shear force, rolling moment, and torque on bond failure, in association with bond 167 

geometry. Although good results have been obtained in DEM simulations (Jiang et al., 168 

2019) where a numerically developed bond failure criterion (Shen et al., 2016) was 169 

used, we shall use experimentally-validated criterion in this work. A 2D failure criterion 170 
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was first obtained experimentally from tests on pairs of rods bonded with cement or 171 

epoxy resin (Jiang et al., 2012), and then a 3D criterion obtained on spheres bonded 172 

with cement (Jiang et al., 2015; Jin, 2016), from which an ellipsoidal 3D bonded 173 

strength envelope can be proposed. Fig. 1 presents the bond strength envelope obtained 174 

from 3D experiments (Jiang et al., 2015; Jin, 2016) and used in this study.. 175 
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Fig. 1 Bond strength envelope obtained from 3D experiments (data adapted from 177 
[61]) 178 

This envelope can be practically described as follows:  179 

, ,

2 2 2

, , ,

,

<1         Intact
=1         Critical
>1         Brokens b t b

s b r b t b

r bR R R

           + +             

F M M
                   (5) 180 

The criterion includes five basic modes, i.e. tension, compression, shear, bending 181 

and torsion, which can be calculated respectively according to the following formulas: 182 

bnt tR Aσ= , c bncR Aσ=                                  (6a,b) 183 

( ) ( )
,

2 2

,0.145 2
s b nt nc n b nc ntR R R R R= × + − − +F                 (7) 184 

( ) ( )2 2

, b ,0.175 2r b nt nc n b nc ntR R R R R R= × × + − − +F                 (8) 185 

( ) ( )
,

2 2

b ,0.189 2
t b nt nc n b nc ntR R R R R R= × × + − − +F                  (9) 186 
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where 𝜎𝜎𝑡𝑡  and 𝜎𝜎𝑐𝑐  are the tensile and compression strengths of bond material 187 

respectively. 2
b bA Rπ=  is the section area of bond cylinder.  188 

2.3 Bond geometry and hydrate saturation 189 

Although the model proposed by Shen & Jiang (Shen and Jiang, 2016; Jiang et al., 190 

2019) can also address hydrate coating, this work will only deal with cementation-type 191 

MHBS, in which hydrate exists in the form of cementation between soil particles. An 192 

image illustrating the formation of cementation-type hydrate is reproduced in Fig. 2. 193 

Fig. 2 shows that the water added previously was mainly distributed between the grains 194 

(in red color) as a meniscus at the contacts. The methane hydrate formed was roughly 195 

in that shape after a span of time under certain temperature and pressure conditions 196 

maintained, and cemented the neighbouring grains firmly.  197 

       
土颗粒

 198 

Fig. 2 Formation of methane hydrate between grain contacts under Electron 199 
Scanning Microscope[62] 200 
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Fig. 3 Geometry of cementation-type MH morphology 203 

In the model, the width of the cementation-type hydrate bond or bond cylinder 204 

diameter MHw  is assumed proportional to the radius of the contacting particles, r1 and 205 

r2, as b2 2MHw R Rλ= = , where Rb is the bond cylinder radius and 1 2min[ ]R r ,r= . 206 

The proportionality constant λ is termed as the hydrate radius multiplier in this paper. 207 

As shown in Fig. 3, there are three types of bond according to the quantity of the 208 

minimum cementation thickness hmin, i.e. hmin >0, =0, <0. If all bonds have hmin≥0, as 209 

illustrated in Fig. 3 (a) and (b), the total volume of hydrate cementation VMH can be 210 

calculated as follows: 211 

2 2 2
MH b min 1 2 1 1 1 2 2 2[π ( ) ( / 3) ( / 3)]

cN
V R h h h h r h h r hπ π= + + − − − −∑

        
(10)

 
212 

where,                2 2
1 1 1 bh r r R= − − , 2 2

2 2 2 bh r r R= − −               (11a,b) 213 

When hmin < 0 as shown in Fig. 3 (c), VMH can be calculated by summing up the 214 

volume at all the relevant contacts as follows: 215 

2 2 2 2 231 2 4
MH b min 1 2 1 1 2 2 3 2 4 1[ ( ) ( ) ( ) ( ) ( )]

3 3 3 3
cN

hh h hV R h h h h r h r h r h rπ π π π π= + + − − − − + − + −∑
   

(12)
 

216 

where 
2 2 2

2 1
3 2 2

r r dh r
d

− +
= − ,

2 2 2
1 2

4 1 2
r r dh r

d
− +

= − ,
1 2 3 4d h h h h= + − −

       
(13a,b,c) 217 
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In a general case, in which the specimen is characterized with the three-types contacts, 218 

VMH is computed by summing up the volume of bonds in each type. In all cases, MH 219 

saturation SMH is defined as follows:  220 

MH
MH

V

VS
V

=
                        

(14) 221 

where Vv is the total volume of void in MHBS. In general, VMH is controlled by particle 222 

size distribution, fabric at the moment of bonding, and the value of the hydrate radius 223 

multiplier λ. For a given collection of particles in a DEM specimen, VMH is uniquely 224 

linked to SMH through λ in the work.  225 

2.4 Thermo-hydro-chemical effects on bond properties 226 

2.4.1 Effects of temperature and pressure 227 

For given chemical conditions, pressure and temperature control the stability of 228 

methane hydrates. The stability boundary line, i.e. phase-equilibrium line, is the locus 229 

of conditions out of which dissociation takes place. Hyodo et al. (2005) proposed a 230 

parameter L, defined as the minimum distance between a test condition point and the 231 

stability boundary line of MH, to describe the effects of the temperature and pressure 232 

on MH mechanical behaviour.  233 

Fig. 4 illustrates the stability boundary of MH on a normalized temperature-pressure 234 

plane. To facilitate the link to salinity effects later, the normalized quantities are 235 

hereafter defined as *
0= /T T T  and *

0= /P P P , where  [K]T is temperature in Kelvin 236 

scale, P0 = 2.23 MPa and T0 = 273 K represent the intersection point at which two 237 

boundary lines meet for MH phase equilibrium in pure water. On this T*-P* plane, the 238 

stability boundary is given by 239 
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 241 

Fig. 4. Test conditions and phase equilibrium line of methane hydrate. 242 

Fig. 4 also contains the data on test conditions in which the MH strength qmax can be 243 

obtained from the literature (Hyodo et al., 2002; Hyodo et al., 2005; Nabeshima and 244 

Matsui, 2003; Nabeshima et al., 2005; Song et al., 2010; Yu et al., 2010), where 245 

1 3q σ σ= −  in triaxial compression test. For each of them, parameter L is computed and 246 

plotted against the measured strength in Fig. 5. Despite some scatter, an increasing trend 247 

of qmax is observed against L. A linear relationship can be used to describe the trend 248 

with a slope of 69.38MPa as follows:  249 

( )max 69.38 ,q L T P= ×                     (16) 250 
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Fig. 5 Relationship between methane hydrate peak strength and parameter L 252 
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Because it is difficult to obtain the initial elastic modulus of MH EMH accurately in 253 

laboratory, the secant modulus E50 is used to represent its elasticity, which is defined 254 

as the ratio of stress over strain where one half of the peak stress is mobilized. Fig. 6 255 

presents the relationship between E50 and L, whose data comes from (Hyodo et al., 256 

2002; Hyodo et al., 2005; Nabeshima and Matsui, 2003; Nabeshima et al., 2005; Song 257 

et al., 2010). Generally, the secant modulus increases with L, and a linear relationship 258 

can be approximated with a slope of 888.78 MPa as follows: 259 

50 888.78 150.49E L= × +                          (17) 260 
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 261 

Fig. 6 Relationship between MH modulus and parameter L 262 

2.4.2 Effect of salinity 263 

NaCl is one of the main components in seawater, with which the MH in natural 264 

seabed coexists (Priest et al., 2005). Previous research has shown that NaCl can shift 265 

the position of MH phase equilibrium line. Fig. 7 summarizes the experimental data on 266 

MH phase equilibrium on temperature–pressure scale where NaCl solution has different 267 

value of concentrations (Cha et al., 2016; Maekawa, 2001; Dholabhai et al., 1991; Jager 268 

and Sloan, 2001; Kharrat and Dalmazzone, 2003; Lu and Matsumoto, 2005; Lafond et 269 

al., 2012; Sylva et al., 2016; Sun et al., 2011).   270 
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Fig. 7 Experimental data on MH phase equilibrium on temperature-pressure scale 272 
where NaCl solution has different concentration value  273 

These data can be normalized and categorized into six series with different values 274 

of concentration: 3 wt%, 6 wt%, 11 wt%, 17 wt%, 22 wt % and 24 wt%, as shown in 275 

Fig. 8. Fig. 8 shows that, the hydrate phase equilibrium lines in different NaCl 276 

concentration are all substantially parallel to the phase equilibrium line in pure water 277 

(i.e. the line shown in Fig. 4). As the NaCl concentration increases, the MH phase 278 

equilibrium line shifts gradually to the right side on the normalized temperature–279 

pressure scale, which reduces the temperature and increases the pressure required for 280 

the stability. This will lead to the fact that in any given condition on pressure and 281 

temperature, different value of NaCl concentration makes the MH have different value 282 

of L. Therefore, if we describe the shift of the phase equilibrium line as a function of 283 

salinity w, the chemical factor can be naturally introduced to control the mechanical 284 

behaviour of MH and then a THMC contact model for MHBS will be established. 285 
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 286 
Fig. 8 Normalized MH phase equilibrium line in different NaCl concentration with 287 

data from (Cha et al., 2016; Maekawa, 2001; Dholabhai et al., 1991; Jager and Sloan, 288 
2001; Kharrat and Dalmazzone, 2003; Lu and Matsumoto, 2005; Lafond et al., 2012; 289 

Sylva et al., 2016; Sun et al., 2011). 290 

In the previous sub-section, a bilinear approximation was proposed for the phase 291 

equilibrium line on the T*-P* plane in Fig. 4, with the intersection point of the two lines 292 

denoted as (T0, P0). Although more data is certainly needed on the phase equilibrium in 293 

Fig. 8 to describe complete bi-linear equilibrium lines at different value of NaCl 294 

concentration, it is here assumed that they have the identical P0 value but different T0 295 

value, as shown in Fig. 9. 296 
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Fig. 9 Phase equilibrium lines suggested for MH in different concentration of salt 298 
solution 299 

Consequently, the phase equilibrium line of MH at different NaCl solution is 300 

described by Eq. (18): 301 

( )
( )

0 0
0

0 0

-35 /        
ln( / )=

-7 5 /      

T T a T T
P P

. T T b T T

× + ≤


× + >
                              (18) 302 

where the influence of salinity w on the phase equilibrium line of MH is controlled by 303 

parameters a and b. This influence is described quantitatively in Fig. 10 and can be 304 

expressed by the following equations: 305 

( ) ( )2
0 0 0/ 0.00059 / 0.00253 / 1a a w w w w= × + × +                         (19) 306 

( ) ( )2
0 0 0/ 0.00059 / 0.00253 / 1b b w w w w= × + × +                         (20) 307 

where a0 = 35 and b0 = 7.5 are the values corresponding to the MH equilibrium line in 308 

pure water, and w0 is the average salinity of seawater in the world, i.e. w0 = 3 wt%. 309 
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Fig. 10 The relationship between parameters a, b and salinity solution w 312 

In order to increase computation efficiency, the whole normalized temperature -313 

pressure plane can be divided into three zones as shown in Fig. 11. In the figure, BD is 314 

the angle bisector separating Zones I and II. Line AB is used to calculate L in Zone I 315 

while line BC for L in Zone II. In contrast, MH would dissociate in Zone III. Thus, 316 

parameter L, which is hereafter temperature, pressure and salinity dependent, can be 317 

calculated by Eq. (21). 318 

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

2 2 2
0 0 0 0

2 2 2
0 0 0 0

35 / ln 35 0 00059 0 00253 1  3 5 1     Zone  I  

= 7 5 / ln 7 5 0 00059 0 00253 1  7 5 1   Zone  II

                                                         

T T P / P . w / w . w / w .

L . T T P / P . . w / w . w / w .

 × + − × × + × + + 

 × + − × × + × + + 
 0                                                                                    Zone  III









319 

(21) 320 

which can be further simplified as  321 

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

23 2
0 0 0 0

24 3
0 0 0 0

9 615 / 1 +0.27 ln -5.673 10 2 4 10        Zone  I  

= 0.991 / 1 +0.132 ln -5.848 10 2 508 10   Zone  II
                                              0            

. T T P / P w / w . w / w

L T T P / P w / w . w / w

− −

− −

× − × × × − × ×

× − × × × − × ×

                                                                           Zone  III







 322 

(22) 323 
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Fig. 11 Equilibrium lines of hydrate phase and temperature and pressure conditions in 325 
the test 326 

The link between bond strengths and ambient TH conditions was established in 327 

previous work (Jiang et al., 2014; Shen and Jiang, 2016) since the ambient pore water 328 

pressure (or back pressure) in a MHBS specimen plays a role on the MH bond similar 329 

to the confining pressure (P) acting on a pure MH specimen in triaxial test. Thus, in 330 

this study, compression strength cσ  and tension strength tσ  of the MH bond can be 331 

formulated as folloωs:  332 

( )
( )

c , max

t , ,

 69.38 , ,

 69.38 , ,

σ σ α

σ σ α σ

→ − = = ×

→ − = ×

c f s

t f s t f

P q L T P w

P L T w
              (23) 333 

where σc,f  is the peak major principal stress and σt,f is the peak minor principal stress, 334 

αs is a size-effect correction coefficient which will be introduced later.     335 

3. Model calibration and validation  336 

The THMC bond contact model presented above was implemented into a 337 

commercial DEM software, PFC3D (Itasca, 2015) by using a C++ subroutine, which 338 

was then used to simulate triaxial compression tests on MHBS for validation. The 339 
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parameters and their values used in the simulations are listed in Table 3. The values for 340 

particle part were those in previous DEM studies (Shen and Jiang, 2016; Jiang et al., 341 

2015; Jiang et al., 2019), which were determined by trial and error to match the 342 

mechanical behaviour of sands in triaxial compression tests. For the parameters of MH 343 

bond part, the MH strength and stiffness can be calculated by Equations (23) and (17) 344 

at a given THC condition. The values for bond parameters mcri (i.e. critical slenderness 345 

ratio of hydrate) and νb come from (Shen and Jiang, 2016; Jiang et al., 2019), where a 346 

detailed discussion was given on their physical meaning. In this work the numerical 347 

MHBS specimens were always generated in a loose state at a void ratio e0 = 1.0 with a 348 

MH saturation of SMH = 40%, which leads to a hydrate radius multiplier λ = 0.9. 349 

350 

351 

352 

353 

Table 3 Parameters of MHBS contact model used in DEM analyses 354 

Parameter of model Numerical 
value 

Particle part Particle modulus Ep (N/m2) 7×108 
Particle normal tangential stiffness 

ratio ξ 5.0 

Particle anti-rotation coefficient β 0.25 
Particle local crushing coefficient ζc 4.0 

Coefficient of particle friction μ 0.5 
MH bond part Elastic modulus of hydrate Eb (N/m2) 

Estimated 
from T-H-C 
conditions 

Tensile strength of hydrate σt (N/m2) 
Compressive strength of hydrate σc 

(N/m2) 
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Hydrate radius multiplier λ Estimated 
from MH 
saturation 

Critical slenderness ratio of hydrate 
mcri 

0.05 

 Hydrate poisson ratio νb 0.32 

3.1 Calibration of MH bond strength accounting for size effect 355 

The size of hydrate bonds in MHBS is much smaller than the size of pure hydrate 356 

specimens employed in the laboratory tests that led to Equation (16). Many 357 

experimental results show that the quasi-brittle materials, like ice (Jones and Chew, 358 

1983), concrete (Carpinteri et al1999), as well as soils (Garga, 1988) exhibit a 359 

dependence of the nominal stress at the ultimate load on the specimen size. In general, 360 

the strength of large soil or ice specimen is less than that of small samples that are free 361 

from major discontinuities. In addition, Wang et al. (Wang et al., 2020) have found that 362 

tensile and compressive failures of MH exhibit an obvious size effect under a certain 363 

condition, and the maximum stress decreased with an increase in the size of MH. 364 

Consequently, as a brittle material, the size effects of MH are expected to make the 365 

bond strength in MHBS higher than that of the conventional MH specimens in 366 

laboratory.   367 

Volume size effects on the strength of brittle materials are usually described by a 368 

Weibull approach (Weibull, 1939). In the Weibull theory, the volume dependence of 369 

the strength of brittle materials is given by Petrovic (1987): 370 

(𝜎𝜎2/𝜎𝜎1) = (𝑣𝑣1/𝑣𝑣2)1/𝑚𝑚                       (24) 371 

where 𝜎𝜎 is the applied tensile stress which is assumed to be uniform over the stressed 372 

volume of material, 𝑣𝑣 is the stressed volume, and m the Weibull modulus. Weibull 373 
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volumetric scaling is often applied in DEM simulations dealing with particle 374 

fragmentation (e.g. (Ciantia et al., 2015). To evaluate the magnitude of likely size 375 

effects, in this case a cylinder of 50 mm in diameter and 75 mm in height, such as those 376 

employed in (Li et al., 2012), was used as reference volume v1 to evaluate strength ratio 377 

for the bond volume that was later used in the simulations. Ice is generally recognized 378 

as a good analogue for MH and has a Weibull modulus of approximately 5, according 379 

to (Petrovic, 2003). The ratio of bond strength to specimen strength is represented in 380 

Fig. 12 for a range of Weibull modulus close to that of ice. The results indicate a 381 

potentially large size effect.  382 
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Fig. 12 Normalised MH strength as a function of methane hydrate volume 384 

To calibrate the size-effect correction coefficient αs more precisely, a series of 385 

conventional triaxial compression tests were simulated on MH bonded glass beads 386 

(Kajiyama et al., 2017) with different αs (i.e. αs = 10, 20, 30, 40, 50) to adjust the value 387 

of αs. The simulations were performed on a prismatic specimen with a size of 3.4 mm 388 

× 3.4 mm × 6.8 mm, containing about 10,000 particles. Fig. 13 presents the numerical 389 

results for a value of αs = 30, which demonstrates that the DEM results agree well with 390 
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the experimental data in (Kajiyama et al., 2017). Such agreement proves that αs = 30 is 391 

a reasonable value that further leads Fig. 12 to suggest that the Weibull modulus mw 392 

for MH is about 6, which seems reasonably close to the value quoted for ice. To our 393 

knowledge, this is the first time a Weibull modulus for methane hydrate has ever been 394 

put forward. In Fig. 13, the deviatoric stress is defined as 395 

q=�1/2[(𝜎𝜎1′ − 𝜎𝜎2′)2 + (𝜎𝜎2′ − 𝜎𝜎3′)2 + (𝜎𝜎1′ − 𝜎𝜎3′)2], where 𝜎𝜎1′, 𝜎𝜎2′ and 𝜎𝜎3′ are the major, 396 

intermediate, and minor effective principal stress, respectively. The slight difference in 397 

Fig. 13 was attributed to the fact that a part of the hydrate may be available in pore 398 

space of the sample in experiment to connect the rounded grains, which made the 399 

movement of grains a difficult task. In addition, a small amount of MH may be  400 

available on the surface of beads, forming irregular shape, even after MH cementation 401 

breaks. These in return resulted in the rapid increment of bulk modulus for methane 402 

hydrate-bearing glass beads. However, in our DEM simulations, as described in Section 403 

2 and our previous studies, MH is assumed to exist solely at contacts between particle 404 

to cement particles and the contact model incorporating rolling and twisting resistances 405 

was used, in which a shape parameter β was introduced, to capture the effect of real 406 

particle shape.   407 
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Fig. 13 Shear stress against axial strain: (a) DEM results, (b) experimental results [62] 409 

3.2 Validation of THMC contact model of MHBS 410 

We shall now validate the THMC contact model. Fig. 14 presents the stress–strain 411 

-volumetric responses of MHBS sample obtained from the conventional triaxial 412 

compression DEM simulations and experiments (Hyodo et al., 2013). It can be observed 413 

that increase of temperature or decrease of initial back pressure leads to low shear 414 

strength and less dilatancy in both the DEM simulations and experiments. In addition, 415 

samples with different temperature or different pressure have different initial void ratio 416 

before shearing. These phenomena are reasonable. According to the work in Section 2, 417 

high (low) temperature or low (high) pressure condition will lead the temperature–418 

pressure dependent parameter L to a small (large) value, resulting in a weak (strong) 419 

cementation strength at contacts between pairs of MHBS particles, which will further 420 

give rise to a small (large) strength, dilatancy as well as structural yield stress (to be 421 

explained in Section 4.1.1) of MHBS. Given a confining pressure, the sample with a 422 

small structural yield stress will have large deformation and obvious reduction of void 423 

ratio, while the sample of large yield stress will experience small deformation and slight 424 

decrease of void ratio. Consequently, after consolidation, samples with different 425 

temperature or different pressure have different void ratio before shearing as shown in 426 

Fig. 14.  427 

Fig. 15 illustrates the effect of ambient temperature and pressure on the peak 428 

strength qmax and secant modulus E50 of MHBS in the DEM simulations and 429 

experiments (Hyodo et al., 2013). The data in the figure are normalized by those of the 430 
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host sand for clarity. Fig. 15 shows that despite the slight differences between the 431 

numerical and experimental results caused by the simplifications in particle shape and 432 

contact model, the high temperature or low initial back pressure leads to low normalized 433 

peak strength qmax and secant modulus E50 in both the DEM simulations and 434 

experiments. Overall, the MHBS behavior obtained numerically is in qualitative 435 

agreement with that observed experimentally. Figs 14 and 15 demonstrate that the DEM 436 

incorporating the proposed THMC model is able to capture the main behaviour of 437 

MHBS under different temperature, initial back pressure (pore water pressure) 438 

conditions. Note that in the current study, the void ratio refers to the granular void ratio 439 

which treats the hydrate volume as part of the pore volume. The role of cement is 440 

assumed to be identical before and after bond breakage in affecting the volumetric 441 

behaviour with regard to bond fragments. When there is no cement/bond failure, the 442 

MHBS can be regarded as anelasticity. According to the theoretical formula in Table 2 443 

and in Jiang and Zhu (2007), the cementation content will change the values of normal 444 

stiffness kn and tangential stiffness ks between a pair of spherical particles, as well as 445 

the macroscopic modulus E and Poisson ratio vp of the bonded assembly. When there 446 

is cement failure, the dilatancy as well as Eb 50 of the bond assembly will be reduced 447 

slightly in the DEM analyses due to the assumption that there is no fragmented cement 448 

filling in the pores, but this effect is quite limited. This is due to the fact that under a 449 

given load, a considerable amount of bonds are not damaged even within the shear band 450 

of the sample at large strain. bonds form cemented clusters, which greatly increases the 451 

dilatancy of the assembly (Jiang et al., 2011). Compared to this effect, the effect of the 452 
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bond fragments can be neglected on its dilatancy/Eb50. We shall examine if the DEM 453 

can capture the effect of salinity in the next section. 454 
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(b) 460 
Fig. 14 Stress strain and volumetric responses of MHBS from DEM simulations and 461 

experiments:(a) different temperature, (b) different initial back pressure 462 
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(b) 468 
Fig. 15 Peak strength qmax and secant modulus E50 responses of MHBS from DEM 469 

simulations and experiments:(a) different temperature, (b) different initial back 470 
pressure 471 

4. Salinity effects on MHBS response along various 472 

stress paths  473 

In this section, isotropic compression (IC), conventional triaxial compression 474 

(CTC) and constant stress ratio (CSR) tests are numerically simulated by the DEM. The 475 

results are presented using the mean stress p′= (𝜎𝜎1′ + 𝜎𝜎2′ + 𝜎𝜎3′)/3 and the deviatoric stress 476 

q. 477 

Fig. 16 illustrates the configuration of the DEM sample and the stress paths in the 478 

IC, CTC and CSR tests. Prismatic samples with a size of 5.5mm×5.5mm×11mm are 479 

used in CTC tests, while a cubic specimen with a side length of 6.8mm is employed in 480 

IC and CSR tests. Each sample has about 40000 particles, and is confined by six 481 

frictionless boundary walls. First, the sample is one-dimensionally compressed under a 482 

vertical stress of 200kPa until it arrives at the equilibrium state, after which different 483 

loading path is employed for performing different test as shown in Fig. 16(c). In the IC 484 

test, the sample is gradually and isotropically compressed to 40MPa in the way of 485 

𝜎𝜎1′=𝜎𝜎2′=𝜎𝜎3′. In the CTC test, the sample is first isotropically compressed to a confining 486 

pressure, e.g., 1MPa, 3MPa, 5MPa respectively, and then sheared by moving the top 487 

and bottom walls with a constant velocity until the axial strain reaches 50% while the 488 

confining pressure remains constant. In the CSR test, the vertical stress 𝜎𝜎1′ is gradually 489 

increased by moving the top and bottom walls, and the horizontal pressure (𝜎𝜎2′=𝜎𝜎3′) is 490 

controlled by a servo-mechanism to keep stress ratio ηCSR = 𝜎𝜎3′/𝜎𝜎1′ a constant, until the 491 



32 
 

mean stress reaches 40MPa or the axial strain arrives at 30%. 492 

All the DEM tests were performed at four different value of salinity, i.e., 0 wt%, 3 493 

wt%, 6 wt%, and 10 wt% respectively, while the temperature and water pressure 494 

condition remains 278K and 10MPa. 495 
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Fig. 16 Configuration of the DEM samples and the stress paths used in the 500 
simulations 501 

4.1 Effect of salinity on MHBS in the isotropic compression tests 502 

4.1.1 Relationship between yield and bond breakage 503 

Fig. 17 presents the void ratio and bond breakage ratios of specimens with different 504 

value of salinity. The bond breakage ratio is defined as the total number of failed bonds 505 

𝜎𝜎1′ 

𝜎𝜎2′  
𝜎𝜎3′  

𝜎𝜎1′ 

𝜎𝜎3′  
𝜎𝜎2′  
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to the initial bond number. In addition, the bond breakage ratio due to different failure 506 

type, e.g., tensile failure or compression failure, is also provided for further analyses. 507 

Note that there are two kinds of yield stresses in geomechanics. The first one is 508 

called starting-yield stress which can be defined as the stress condition starting to lead 509 

to the bond breakage on microscopical scale (Jiang et al., 2006); and is illustrated by 510 

dot in the amplified window in Fig. 17(b). This microscopically-defined starting-yield 511 

stress is similar to the starting-yield stress widely used in the geotechnical engineering, 512 

e.g. (Rotta et al., 2003), which is defined as the initiation of plastic (irrecoverable)513 

deformation on macroscopical scale. And according to our previous investigation (Jiang 514 

et al., 2006), our microscopically-defined starting-yield has the same value as the 515 

macroscopically-defined one, which will not be discussed here. The second one is 516 

named as structural-yield stress, which can be defined as the stress corresponding to the 517 

largest gradient point of the bond breakage ratio curve on microscopical scale (Jiang et 518 

al., 2006), and is illustrated by arrow in Fig. 17(b). Also, this microscopically-defined 519 

structural-yield stress is quantitatively closed to that used in geotechnical community 520 

(Jiang et al., 2006), which is defined as the largest gradient point on the e-p curve as 521 

indicated by arrow mark in Fig. 17(a). In this paper, we shall focus on the structural-522 

yield stress. By comparing Fig. 17(a) with Fig. 17(b), it is found that the macroscopic 523 

(microscopic) structural-yield stress at 0 wt %, 3 wt%, 6 wt%, and 10 wt% is 8.39 (8.30) 524 

MPa, 7.30 (7.20) MPa, 4.46 (4.37) MPa and 2.30 (2.30) MPa, respectively, which 525 

demonstrates that the microscopically-defined structural-stress is nearly identical to the 526 

macroscopically-defined one on the compression curve in value. In addition, the higher 527 
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the environmental salinity is, the more obvious the structural-yield point, the higher the 528 

bond breakage ratio and the smaller the corresponding yield stress become.  529 

Salinity effects are particularly visible in the rate of bond destruction, which is 530 

quite fast in the relatively high saline cases. This is because the mechanical properties 531 

of MH are closely related to the salinity condition as well as others. MH is a kind of 532 

temperature–pressure-salinity-sensitive material. As shown in Fig. 9, as the NaCl 533 

concentration increases, the MH phase equilibrium line shifts gradually to the right side 534 

on the normalized temperature–pressure scale, which will lead to the fact that in any 535 

given condition on pressure and temperature, different value of NaCl concentration 536 

makes the MH have different value of L, as mentioned previously. In the process of the 537 

transition of the temperature–pressure-chemical point from low salinity concentration 538 

to high salinity concentration, MH bond deteriorates and becomes damaged under a 539 

given load, which in turn results in the reduction of the yield stress, strength and 540 

stiffness of MHBS. This phenomenon can be linked with the basic equations proposed 541 

in the micro constitutive model. Equations (21) and (22) show that parameter L 542 

decreases with the increase of salinity w, while Equations (17) and (23) demonstrate 543 

the secant modulus E50, compression strength σc and tension strength σt of the MH 544 

bond decrease with decreasing of L. Consequently, E50, σc and σt of the MH bond 545 

decrease with the increase of w. Therefore, if the salinity level is high, the MH bond 546 

will break fast, resulting in a quick increase in bond breakage ratio. Although there is 547 

no direct experimental data on MHBS to verify the above conclusions, there are many 548 

other experimental data on the influence of chemical condition/cement content on 549 
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cemented sand (Qabany and Soga, 2013; Liu et al., 2019; Wang and Leung, 2008), 550 

which demonstrates that the bonding effect varies at different chemical 551 

condition/cement content. This is because different chemical condition/cement content 552 

leads to different strength and stiffness of cementation between particles, which further 553 

affects the mechanical behaviour of cemented sands. In addition, Fig. 17 shows that 554 

hydrate bond breakage is mainly caused by compression failure, while there are a few 555 

tensile failure. At the high pressure, all the compression curves converge, as mechanical 556 

debonding is almost complete and the MHBS behaves mostly like the pure sand.  557 
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Fig. 17 Effect of salinity on the isotropic compression responses of the MHBS: 560 
(a) compression curves, (b) bond breakage ratios 561 

4.1.2 Mechanical coordination numbers and stress components 562 

Fig. 18 (a) presents the variation of mechanical coordination numbers obtained 563 

from the DEM isotropic compression test on MHBS under different salinity. The 564 

mechanical coordination number is defined as Zm=(2Nc-Np1)/(Np- Np1- Np0) [86], where 565 

Nc is the number of contacts, Np the total number of particles. Np1 and Np0 are the number 566 
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of particles with only one or no contacts respectively. It is recognized that in DEM 567 

simulations the mechanical coordination number has a closer relation with macroscopic 568 

quantities such as stress and porosity than the conventional coordination number 569 

Z=2Nc/Np. 570 

Fig. 18 (a) shows that the mechanical coordination number Zm for the MHBS 571 

remains nearly constant before the initial yielding. After the initial yielding where a 572 

large number of bonds break, the total coordination number begins to increase, while 573 

the mechanical coordination number restricted to bonded contacts 𝑍𝑍m
b  decreases. With 574 

the increase of salinity, the reduction rate of bond mechanical coordination number 575 

increases. 576 
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Fig. 18 Effect of salinity on the isotropic compression responses of MHBS: (a) 578 
mechanical coordination numbers, (b) stress components 579 

In the MHBS specimen the force between the soil particles is shared by the hydrate 580 

cement part and the non-cement part. Nominal stresses in discrete element analyses 581 

may be computed by (Christoffersen et al., 1981): 582 

c

(c) (c)1
N

F L
V

σ = − ⊗∑                     (25) 583 

where σ  is the stress in the element, F(c) is the contact force, L(c)is the contact direction 584 
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vector, V is the total volume of the element. A bond stress component is obtained if the 585 

formula is applied by using only forces due to the bond contact part. Similarly, if only 586 

forces due to uncemented particle contact are used, grain stress component is obtained.  587 

Fig. 18 (b) provides the stress component evolution measured in the DEM 588 

isotropic compression tests on MHBS under different salinity. Fig. 18 (b) shows that 589 

the general evolution trend is similar in all the cases. At the beginning, total force is 590 

transmitted by the hydrate cementation and the grain stress component is almost null. 591 

As the mean stress increases, the bond stress component gradually increases until the 592 

bond breakage appears, after which the bond stress component decreases and the grain 593 

stress one increases. Increased salinity accelerates this process, reducing the peak bond 594 

stress component achieved at lower mean stress. 595 

4.2 Effect of salinity on MHBS in the triaxial compression tests 596 

4.2.1 Macroscopic behaviour  597 

Fig. 19 (a) shows the stress-strain relationships obtained from the DEM triaxial 598 

compression test at 3MPa confining stress on pure sand and cemented MHBS with 599 

different salinity. It can be observed that the cemented MHBS exhibits obvious strain-600 

softening characteristics which is stronger at a lower environmental salinity w. Peak 601 

shear strength measured from MHBS is smaller at high salinity than at low salinity. 602 

Note that when the sample reaches its residual strength, the bond breakage ratio is 603 

relatively high, resulting in a small difference on residual strengths in Fig. 19(a). 604 

Moreover, as the NaCl salinity increases, the relationship obtained from MHBS appears 605 

close to that of the pure sand. 606 
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Fig. 19 (b) presents the peak and residual stresses for the DEM MHBS specimens 607 

with different salinity and confining stress. It shows that the peak (residual) stress of 608 

MHBS decreases by 0.3 (0.06) MPa with an increase of 1wt% in salinity. In addition, 609 

the higher the confining stress is, the higher the peak and residual stresses are. 610 
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Fig. 19 Stress-strain relationships and stresses from the DEM conventional 612 
triaxial tests on MHBS and pure sand with different salinity and confining stress: (a) 613 

stress-strain relationships, (b) peak and residual stresses  614 

Fig. 20 provides the void ratio measured in the DEM triaxial test on MHBS and 615 

pure sand with different salinity and confining stress. Fig. 20 (a) shows that the MHBS 616 

specimens demonstrate a predominantly contractive response at σ′3 = 3MPa, and the 617 

contraction increases with the increase of salinity, while Fig. 20 (b) demonstrates that 618 

such contraction increases with the increase of confining stress. Again, it should be 619 

noted that when confining pressure or salinity is higher, the MHBS sample will be 620 

compressed more obviously during the process of isotropic consolidation, resulting in 621 

that the void ratio of sample is smaller than others at the beginning of shearing. In 622 

contrast, Fig. 20 (c) shows that, in general, the higher the confining pressure, the smaller 623 

the final void ratio of MHBS sample. In addition, the salinity effect is more obvious 624 

under lower confining stress. This is because when confining stress is smaller than the 625 
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yield stress of MHBS sample, the sample retains its intact structure with large void ratio. 626 

As a result, the final void ratio of MHBS after shearing in Fig. 20 (c) decreases more 627 

quickly with the increase of salinity under lower confining stress.  628 

Fig. 21 illustrates the effect of ambient salinity on the peak strength qmax and secant 629 

modulus E50 of MHBS measured in the DEM triaxial tests. Note that the data are 630 

normalized by those of the host sand in the figure. Fig. 21 shows that the increase in 631 

salinity will reduce the normalized peak strength and secant modulus, particularly at 632 

low confining stress. 633 
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Fig. 20 Void ratio and volumetric strain measured in the DEM triaxial test on 636 

cemented MHBS with different salinity and confining stress: (a) variation of void 637 

ratio, (b) variation of volumetric strain, and (c) final void ratio 638 
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Fig. 21 Peak strength qmax and secant modulus E50 responses of MHBS from the 640 
DEM simulations at different salinity: (a) normalized peak strength, (b) normalized 641 

secant modulus 642 

4.2.2 Microscopic behaviour  643 

Fig. 22 presents the evolution of bond breakage ratios, mechanical coordination 644 

numbers and stress components measured in the DEM triaxial compression tests on 645 

MHBS under different salinity and confining pressure. Fig. 22 (a) shows that the bond 646 

breakage ratios increase with the increasing of axial strain and salinity. Bond breaks 647 

mainly in a compression failure mode, and there is also a fraction of bonds that fail in 648 

a tensile mode. The reason why the effect of salinity is weak under large confining 649 

stress appears clear in Fig. 22 (b): the shear under large confining stress is able to break 650 

the majority of the bonds which therefore diminishes the impact of salinity.  651 

Fig. 22 (c, e) show that the total mechanical coordination number and grain stress 652 

component increase quickly at first and then gradually to a constant with the increasing 653 

of axial strain, while the bonded mechanical coordination number decreases fast at first 654 

and then slowly toward its residual one. In contrast, the bond stress component firstly 655 

increases to a peak value and then decreases towards a constant. Fig. 22 (d, f) show that 656 
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at the end of the tests, where most of the debonding has already occured, the salinity 657 

demonstrates obvious (slight) effect on bonded (total) coordination number and bond 658 

(grain) stress component. However, with the increase of confining stress, the total 659 

(bonded) mechanical coordination number and grain (bond) stress component increase 660 

(decrease). 661 
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(a) Bond breakage ratios  (b) Total bond breakage ratio at the end 
of test against salinity  
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(c) Mechanical coordination numbers  (d) Mechanical coordination numbers at 
the end of test against salinity  
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(e) Stress components (f) Grain stress and bond stress at the 
end of test against salinity  

Fig. 22 Mechanical responses of MHBS specimens obtained from the DEM triaxial 665 
compression tests 666 

4.3 Effect of salinity on MHBS in the constant stress ratio tests 667 

In the CSR tests, as illustrated in Fig. 16(c), the DEM specimens are initially 668 

compressed isotropically to the target mean effective stress of 𝑝𝑝0′  and then loaded at a 669 

desired stress ratio ηCSR =𝜎𝜎3′/𝜎𝜎1′, ηCSR = 0.3, 0.6 and 0.9 respectively, in the study.  670 

4.3.1 Macroscopic behaviour 671 

Fig. 23 (a, b) presents the compression curves obtained from the DEM CSR tests 672 

on MHBS samples under different constant stress ratio at w = 3 wt% and w = 10 wt%, 673 

respectively. The compression curve for the pure sand is provided for comparison in 674 

the figure as well. Here the yield point represents the structural-yield again, 675 

corresponding to the largest gradient point on the e-p curve on macroscopical scale as 676 

we mentioned before, and is illustrated in Fig. 23(a) and (b) by the arrow marks. Fig. 677 

23 (c) presents the stress–strain relationships of the DEM MHBS samples with different 678 

salinity but at a stress ratio of 0.3. It shows that both the peak and residual deviatoric 679 

stresses decrease obviously with the increase of salinity, like Fig. 19 observed in CTC 680 
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tests. Fig. 23 (d) provides the evolution of final void ratio and macroscopical structural-681 

yield stress with different salinity at the mean stress of 40 MPa. Hence, only the final 682 

void ratios measured at the stress ratio of 0.6 and 0.9 are provided in the figure. Fig. 683 

23(d) shows that the higher the environmental salinity is, the smaller the final void ratio 684 

in all the cases and the lower the macroscopical structural-yield stress becomes.  685 
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Fig. 23 Effect of salinity on the responses measured in DEM constant stress ratio 688 
tests on MHBS: (a-b) compression curves, (c) stress-strain relationships, (d) final void 689 

ratio and yield stress 690 

4.3.2 Microscopic behaviour  691 

Fig. 24 presents the evolutions of bond breakage ratios, mechanical coordination 692 

numbers and stress components obtained from the DEM CSR tests on MHBS under 693 

different salinity and constant stress ratio. Fig. 24(a) shows that the bond breakage 694 

ratios of MHBS gradually increase with the increase of mean stress, and the bond 695 
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breakage is mainly due to bond compression failure, regardless of salinity. However, 696 

under a higher salinity environment, the increasing rate of the bond breakage increases 697 

faster to a higher peak value, e.g. the bond breakage ratio reaches almost 100% at a 698 

mean stress of 40MPa under a salinity of 10wt%, while it only reaches 80% under a 699 

salinity of 3wt%. Fig. 24(b) summarizes the bond breakage ratio and microscopic 700 

structural-yield stress against salinity at the end of test. Again, the microscopic 701 

structural-yield stress is the stress corresponding to the largest gradient point on the 702 

bond breakage ratio curve, and is illustrated by arrow in Fig. 24(a) and clarified in the 703 

amplified window. Fig. 24(b) shows that at the end of the tests, the bond breakage ratio 704 

increases while the microscopic structural-yield stress decreases with the increase of 705 

salinity. In addition, comparison between Fig. 23(d) and Fig. 24(b) shows that when 706 

ηCSR = 0.3/0.6/0.9, the macroscopic (microscopic) structural-yield stress at 0 wt%, 3 707 

wt%, 6 wt%, and 10 wt% is 3.31/5.39/ 6.72 (3.27/5.35/6.64) MPa, 2.88/4.59/5.7 708 

(2.8/4.53/5.59) MPa, 2.26/ 3.53/4.32 (2.18/3.48/4.27) MPa and 1.3/1.96/3.17 709 

(1.19/1.88/3.11) MPa, respectively, which demonstrates again that the microscopically-710 

defined structural-yield stress has a value close to the macroscopically-defined one. 711 

With regard to the mechanical coordination numbers shown in Fig. 24(c, d), it can be 712 

observed that with the increase of the mean stress, the bonded mechanical coordination 713 

number decreases quickly at first and then gradually to a constant in a way associate 714 

with salinity, while the total mechanical coordination number increases gradually 715 

regardless of salinity. In contrast, with the increase of salinity, the bonded (total) 716 

mechanical coordination number decreases (increases), as shown in Fig. 24(d). In terms 717 
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of the stress components shown in Fig. 24(e, f), it is shown that the stress shared by 718 

bond increases to a peak value at first and then decreases to a constant, while the stress 719 

shared by grain increases gradually, in a way associated with the salinity. The bond 720 

(grain) stress component decreases (increases) with the increasing of salinity. Such 721 

observations are similar to those in triaxial compression tests shown in Fig. 22(e, f). 722 

Moreover, Fig. 24(b, d, f) show that at the end of tests, with the increase of stress ratio, 723 

the bond breakage ratio (micro-structural-yield stress), total (bonded) mechanical 724 

coordination number and grain (bond) stress component decrease (increase). 725 
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(a) Bond breakage ratios  
(b) Total bond breakage ratio and 

microscopic yield stress at the end of 
test against salinity  
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(c) Mechanical coordination numbers  (d) Mechanical coordination numbers at 
the end of test against salinity  
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(e) Stress components (f) Grain stress and bond stress at the 
end of test against salinity  

Fig. 24 Mechanical responses of MHBS specimens obtained from the DEM constant 729 
stress ratio tests 730 

5. Conclusions 731 

This study presents a DEM study on the macroscopic and microscopic mechanical 732 

behaviour of methane hydrate bearing sediments (MHBS) at different salinity in 733 

isotropic compression, conventional triaxial compression and constant stress ratio tests 734 

to develop constitutive models for MHBS and have safe exploitation of MH resources 735 

in the future. A novel three-dimensional (3D) thermo-hydro-mechanical-chemical 736 

(THMC) contact model for MHBS was proposed, and implemented into a DEM 737 

software to simulate the three-type tests for this aim. Focus is on the stress–strain 738 

relationships, macro- and micro- structural-yield stresses, strengths, bond breakage 739 

ratios, mechanical coordination numbers and stress components of the samples under 740 

different salinity in these tests. The main conclusions are as follows:: 741 

(1) A simple formulation was proposed to take into account the salinity effect in the 742 

contact model for MHBS. Size effects on MH bond strength have been explicitly 743 

accounted for in calibration. The DEM simulations with the model captures well 744 
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the effect of temperature or initial back pressure (i.e. pore water pressure) on 745 

stiffness, shear strength and dilatancy of MHBS observed in experiments (Hyodo 746 

et al., 2013).  747 

(2)  The peak and residual stresses of MHBS increase with the increasing of confining 748 

stress in the DEM simulations. At the end of tests, with the increase of confining 749 

stress or decrease of stress ratio, the bond breakage ratio (structural-yield stress), 750 

total (bonded) mechanical coordination number and grain (bond) stress component 751 

increase (decrease). These observations are reasonable.  752 

(3) Further DEM results indicate that macro- and micro- yield stresses, the shear 753 

strength and stiffness of MHBS decrease with the increasing of salinity, which is 754 

related to the evolutions of bond breakage, stress components and mechanical 755 

coordination numbers. The increase of salinity drives the stress component transit 756 

from bond-dominant to grain-dominant leading to increased contraction. During 757 

plastic shearing, i.e. post –yield, the total (bonded) mechanical coordination number 758 

of MHBS increases (decreases). This transition is accelerated by the increasing of 759 

salinity. These are due to the fact that at large salinity, most bonds break quickly 760 

and force transmission occurs through uncemented contacts. 761 

It is worth mentioning that the model is proposed resting on the hypothesis that 762 

the shifts in stability conditions due to the presence of NaCl would directly affect the 763 

strength and modulus of the MH. Such shift law will be assumed to extend to MHBS 764 

without any change. Currently, the mechanical behaviour of MHBS under different 765 

salinity have not been examined in laboratory tests, which indicates that the model as 766 
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well as numerical results in this paper go ahead of and hence need verification from 767 

experimental work. Nevertheless, our work is meaningful because the experiments are 768 

so difficult and time-consuming to carry out that a well-calibrated model such as that 769 

presented in this paper is helpful to develop, not only the techniques, but also the 770 

investigation plans for the experiments in the future. In addition, it is also possible to 771 

develop the model based on the kinetics of MH dissolution. Because gas hydrate 772 

formation and dissociation is a kinetic process of multi-phase and multi-element 773 

interaction (Dholabhai et al., 1993; Li et al., 2016). However, such work is beyond the 774 

scope of this paper, but will be one of our future works.. 775 
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