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Abstract: A novel shear damage model based on homogenization theory and a modified Mohr-Coulomb criterion is proposed to 

predict the full deformation process of gas hydrate-bearing sediments (GHBS) during shearing by analyzing micro-mechanisms of 

shear deformation and failure characteristics. Then, the physical significance of the model’s parameters is explored. Finally, the 

damage evolution and shear stress partition inside GHBS during the shearing process are analyzed in detail. The results show that 

model parameters have clear physical meaning, and the shear damage model is capable of reflecting the nonlinear deformation and 

strain softening characteristics of GHBS due to its ability to better describe the damage evolution and shear stress partition 

mechanisms inside GHBS during the shearing process. Comparisons of experimental and theoretical results show that the global 

performance of the novel shear damage model is satisfactory. The model is expected to be widely adopted to analyze submarine 

landslide instability due to hydrate dissociation.  
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1  Introduction 

 

Gas hydrate (GH) is commonly found in 

permafrost layers and deep sea beds (Stern et al., 1997; 

Kvenvolden, 1999; Sloan, 2003; Brugada et al., 2010). 

As the most promising clean energy source for the 

future, the safe extraction of gas hydrate has drawn 

increasing interest from all over the world (Yang et al., 

2014). However, excessive dissociation of gas 

hydrate in the pore spaces of the sediment matrix due 

to the use of immature exploitation technology may 

lead to submarine landslide and wellbore collapse (Jia 

et al., 2016; Zhu et al., 2017). Furthermore, the escape 

of methane gas that is 20-30 times more potent as a 

greenhouse gas than CO2 from hydrate reservoirs may 

contribute to global warming, which could lead to an 

increase in sea water temperatures. Further 

temperature increases will further promote ice 

melting and methane hydrate dissociation, with a 

significant influence on the global carbon cycle and 

climate change (Farahani et al., 2021a and 2021b). 

In the past decade, most research has focused on 

the effect of the degree of saturation of GH (Masui et 

al., 2005; Miyazaki et al., 2010), effective confining 

pressure (Yu et al., 2011), strain rate (Deusner et al., 

2019), GH morphology (Hyodo et al., 2013), 

temperature (Song et al., 2016; Liu et al., 2017), pore 

pressure (Hyodo et al., 2013), fine-grained content (Li 

et al., 2019; Hyodo et al., 2017), sediment types 

(Kajiyama et al., 2017; Yun et al., 2007) and hydrate 

dissociation (Luo et al., 2020; Hyodo et al., 2014) on 

the peak strength and deformation characteristics of 

GH-bearing sediments. These studies have involved 

carrying out a series of triaxial compression tests, 

direct shear tests, and plane strain tests. With the 

continuous development of laboratory visualization 

technology, the microstructural evolution under 

loading and environmental conditions has been more 

comprehensively studied using X-ray CT (Wu et al., 

2020; Yoneda et al., 2016), MRI (Song et al., 2015; Ji 

et al., 2019) and Cryo scanning electron microscopy 

(Hou et al., 2018). Meanwhile, the discrete element 
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method (DEM) was introduced to explore mesoscopic 

deformation and particle-scale motion from a 

microscopic perspective (Xu et al., 2016; Jiang et al., 

2014, 2019). 

Based on a large number of experimental and 

DEM simulation findings, several constitutive models 

were proposed to describe the nonlinear and 

strain-softening characteristics of GHBS. Many 

attempts have been made to capture the unique 

mechanical characteristics of GHBS, which are 

regarded as homogeneous and isotropic geotechnical 

materials. The models used include the 

Duncan-Chang model (Miyazaki et al., 2012; Yan et 

al., 2017), Mohr-Coulomb plastic model (Pinkert et 

al., 2015, 2017), critical state model (Uchida et al., 

2016; Zhou et al., 2018), state-dependent constitutive 

model (Ng et al., 2020 and 2023; Shen et al., 2016; 

Fang et al., 2022), granular thermodynamic model 

(Bai et al., 2023) and hypoplastic model (Zhang et al., 

2017). Note that these constitutive models were 

proposed from a phenomenological perspective, 

which cannot explain the microscopic mechanisms of 

the failure and deformation of GHBS. In contrast, 

some researchers considered GHBS as a composite 

geomaterial consisting of sediment matrix, GH 

particles, pore fluid, and methane gas. Hence, by 

hypothesizing that the external loading of 

hydrate-bearing sediments is jointly carried by two 

components, namely the sediment matrix and 

methane hydrate, a stress partition constitutive 

framework for methane hydrate-bearing sediments 

(SPF-MHBS) was established based on the concept of 

stress partition (Wang et al., 2023; Xu et al., 2023). 

Zhang et al. (2022) proposed a mesoelastic-plastic 

damage mechanical model for MHBS by introducing 

statistical damage theory and Gurson plastic damage 

theory and considering various hydrate growth 

patterns. Although the above meso-mechanical 

constitutive models of GHBS can better model the 

mesoscopic structural evolution under loading, there 

is an accompanying increase in the number of model 

parameters, some of which lack a physical meaning. 

Submarine landslides are a progressive failure 

process, which is accompanied by strain hardening 

after yielding and post-peak softening characteristics 

(Skempton, 1985). Hence, to rapidly evaluate the 

instability of submarine slopes due to gas hydrate 

dissociation, it is more important to establish a shear 

model that can describe the shear stress-shear 

displacement curves, including the full shear 

deformation and failure process. There was no 

relevant theory of the shear model for GHBS, and so 

this was an essential motivation for this study. 

In this paper, the characteristics and mi-

cro-mechanism of shear deformation of GHBS in 

direct shear tests are summarized first. A shear 

damage model based on homogenization theory and a 

modified Mohr-Coulomb criterion is proposed to 

predict the shear stress-shear displacement curves of 

GHBS in the direct shear tests. Then, the physical 

significance of the shear damage model parameters is 

investigated. Finally, the novel shear damage model 

is used to describe the evolution of damage and shear 

stress partition mechanisms inside GHBS.  

 

2  Characteristics and micro-mechanism of 

shear deformation 

GH-bearing sediments (Fig. 1), are composed of 

GH particles, sand particles, methane gas, and water. 

Therefore, the mechanical characteristics of the mi-

croscopic components and the interaction between 

them predominantly determine the macroscopic me-

chanical behavior of the sediments. Fig. 2 depicts a 

typical diagram of shear stress-shear displacement of 

GHBS, which may be divided into five stages: 

(1)  Elastic deformation stage (stage OA): in the early 

stages of OA, shear stress increases linearly with 

increasing displacements. As a result, the deformation 

at this stage is categorized as elastic deformation. The 

macroscopic phenomena are explained by the absence 

of hydrate bond breakage at the particle scale. 

(2) Yield hardening stage (Stage AB): after passing 

over point A, the shear stress curve becomes convex 

rather than straight. Point A, the initial yield point, 

represents the transition from the elastic stage to the 

plastic hardening stage. This occurs because hydrate 

bonds break occur at random in GHBS under external 

stress, resulting in slipping and rotation of sand par-

ticles. 

(3) Strain softening stage (stage BC): after the peak 

strength point (corresponding to point B), with an 

increase in displacement, shear stress decreases rap-

idly from peak strength to residual strength. The loss 

of cohesion strength inside sediments, which results 

from breakage of hydrate bonding, is the primary 

cause of a decrease in shear strength (strain soften-

ing). 
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(4) Residual strength stage (stage CD): when shear 

stress reaches this point, which is independent of 

displacement, it remains constant. The constant shear 

stress during the stage is defined as the residual 

strength. From a microscopic perspective, friction at 

the interface between hydrate particles and sand par-

ticles contributes to the residual strength of 

GH-bearing sediments. 

 

Sand particles

Methane gas

water

Methane 

hydrate

 
Fig. 1 CT results of gas hydrate-bearing sediments (modi-

fied from Lei et al., 2019). 
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Fig. 2 Representative shear constitutive relationship of 

GHBS (Liu et al., 2017 and 2018). 

 

Table 1 depicts particle-scale mechanisms of 

GHBS with different saturations under shearing. As 

hydrate saturation increases, hydrates have various 

effects on the sliding and rotation of sand particles, 

resulting in an increase in the macroscopic residual 

strength of GH-bearing sediments. Also, the hydrate 

pore morphology plays a different role in hydrate 

deformation and failure. When the hydrate saturation 

is less than 25%, the hydrate mostly fills the pores in a 

pore-filling type, which increases the shear strength 

of GHBS by increasing the frictional resistance of 

sand particle surfaces. When the hydrate saturation is 

greater than 40%, the hydrate in the pore spaces is 

mostly in the form of cementation and grain coating, 

which mainly increases the shear strength and re-

sistance to deformation by cementing the neighboring 

sand particles and increasing the friction on the sur-

face of sand particles. In a permafrost region, the 

presence of ice can cement two adjacent sand parti-

cles together to form stronger cemented clusters, 

thereby giving the hydrate reservoir a higher strength. 

At the same time, although gas hydrates are more 

stable at high pressures, ice will be melted at high 

pressures, which also leads to more settlement de-

formation of hydrate reservoirs in permafrost regions.  
 

Table 1 Particle-scale mechanisms of GHBS under shear-

ing (modified from Yun et al., 2007; Liu et al., 2017).  

SMH  Initial states Mechanism in movement 

0%  
   

Initial Slip  Rotation 

< 25% Pore filling 
   

Initial  Slip Rotation 

>40% 

Grain 

coating 
   

Cementing 

 

 

 

 Initial  Slip Rotation 

 

3. Shear damage model for GHBS 

3.1 Basic concepts 

GH-bearing sediments are composite geotech-

nical materials composed of sediment matrix particles 

(sand or clay particles), hydrate particles, water, and 

free methane gas, resulting in complex physical and 

mechanical characteristics (Lei et al., 2019; Wu et al., 

2023). Previous findings have demonstrated that GH 

particles are mainly bonded and bridged between the 

sand particles (Chaouachi et al., 2015; Li et al., 2019). 

The presence of natural GH particles results in 

stronger structural characteristics of sediments. When 

GHBS are subjected to external loadings, bond 

breakage between the GH particles and sand particles 

gradually occurs. Therefore, GH-bearing sediments 

are divided into two parts: intact parts, called bonded 

elements, and damaged parts, called frictional ele-

ments (Fig. 3) (Zou et al., 2020). The essence of the 
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evolution of the macroscopic mechanical response of 

GHBS is the result of a decrease in the number of 

bonded elements and an increase in the number of 

frictional elements inside the sediments. In this study, 

bonded elements were considered as elastic brittle 

materials, whereas frictional elements were seen as 

ideal elastic-plastic materials (Fig. 4) (Xie et al., 

2020a and 2020b). 

RVE

HBS Sample
Bonded element

Frictional element
 

Fig. 3 Structure model of gas hydrate-bearing sediments. 
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Fig. 4 Mechanical response of RVE: (a) Bonded elements; 

(b) Frictional elements. 

 

Total shear force T on the shear surface may be 

expressed using binary medium theory (Zou et al., 

2020): 

 
b f

b f

1 1

tan
N N

ni i

i i

k k A
 

 
    

 
 T u P    (1) 

where A is the area of the shear surface; kb and kf are 

the shear stiffnesses of the bonded elements and fric-

tional elements, respectively; i is the friction angle of 

the frictional elements; and Pni is the normal stress of 

frictional elements. Nb and Nf denote the number of 

bonded elements and frictional elements, respective-

ly. Then, the average shear stress  on the shear sur-

face can be obtained by dividing both sides by A, as 

shown in Eq. (2): 

 
b f

b f

1 1

tan
N N

ni i

i i

k k 
 

 
   

 
 u P         (2) 

D, a damage variable to characterize the degree of 

structural deterioration, is defined as the ratio of the 

number of frictional elements to the total number of 

microelements: 

f

total

N
D

N
                               (3) 

where Nf denotes the number of frictional elements 

and Ntotal the total number of microelements. When 

Eq. (3) is substituted into Eq. (2), we obtain:  

 b f1 D D                          (4) 

where b  and f  are the shear stress of bonded ele-

ments and frictional elements respectively. Substi-

tuting b HBSk u   into Eq. (4) yields the shear con-

stitutive relationship  

 HBS f1k u D D                    (5) 

where kHBS is the initial shear stiffness of GH-bearing 

sediments. 

 

3.2 Damage evolution equation 

Research has shown that the strain-softening 

characteristics of GHBS are directly related to bond 

breakage between GH particles and sand particles 

(Wu et al., 2020; Wang et al., 2021). Therefore, the 

determination of the damage evolution law inside 

sediments was critical for predicting the accuracy of 

the constitutive model proposed in the present study. 

The application of probabilistic methods to describe 

the damage evolution of geomaterials is now widely 

accepted. Lai et al. (2008) discovered that the Weibull 

distribution could more accurately describe the 

strength distribution of frozen soil than other proba-

bilistic methods. As a result, the Weibull function was 

used to quantify the progression of damage inside 

GHBS. The Weibull distribution’s probability density 

function P(Fa) is expressed as follows (Hallinan, 

1993):  

 
m-1 m

a a

a

0 0 0

exp
F Fm

P F
F F F

    
     
     

          (6) 

where Fa denotes the micro-element strength distri-

bution variable and F0 and m represent the model 

parameters of the Weibull function. When the stress 

level F is reached, the number of damaged mi-

cro-elements Nf may be stated as: 
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m

a

f total a total

0

( ) 1 exp
F

N N P F dF N
F

    
      
     

  

(7) 

The expression of the statistical damage variable D 

can be obtained by solving the simultaneous equa-

tions Eq. (6) and Eq. (7): 
m

af

total 0

1 exp
FN

D
N F

  
     
   

           (8) 

Eq. (8) is the damage evolution equation of GHBS. 

 

3.3 Determining the strength criterion of mi-

cro-elements 

The failure criterion of GHBS can be expressed 

by the general formula: 

 a 0 0F f K                         (9) 

where  is shear stress and K0 is a constant related to 

material properties. As the external loading increases, 

the stress state inside the GHBS changes continuously. 

If f() > K0, it implies that the micro-elements of 

GHBS have been damaged. The strength criterion, 

which is used to determine the micro-element 

strength F of GHBS, is the key to determining the 

damage variable D. Due to its simple parameters, and 

extensive application in engineering, the 

Mohr-Coulomb (MC) criterion has been adopted to 

predict the strength of GHBS with different hydrate 

saturation levels (Dong et al., 2020). Its expression is 

as follows:  

 y y

a n HBS HBStanyF c               (10) 

where n denotes the normal stress and y

HBS  and 

y

HBSc  represent the frictional angle and cohesion in the 

yield state for GHBS, respectively. Substituting Eq. 

(10) into Eq. (8), the specific form of the damage 

evolution equation can be obtained as: 

y

f

total m
y y

yn HBS HBS

0

0             ,  

1

tan
exp ,  

u u
N

D
N

ku c
u u

F

 



 


  


   
   
    

(11) 

where u
y
 denotes the shear displacement corre-

sponding to the initial yield point. By substituting Eq. 

(11) into Eq. (5), the shear constitutive model of 

GHBS can be expressed as follows:  

m
y y

HBS n HBS HBS

HBS

0

m yy y
f HBS n HBS HBS

0

y

HBS

tan
exp

1

,  tan
exp

,                               

k u c
k u

F

u uk u c

F

k u u u

 

   

    
    
    

  
          

    
      







(12) 

 

3.4 Derivation of model parameters 
3.4.1 Determination of distribution parameters  

Weibull model parameters F0 and m cannot be 

obtained from experimental data. Hence, their de-

termination plays a key role in developing a reason-

able shear damage model for characterizing the full 

shear failure process of GHBS. In this study, the ex-

tremum approach was used to calculate the Weibull 

parameters F0 and m (Zou et al., 2020). 

Eq. (12) should satisfy the following conditions: 

p
p p

p

,

,  0u u

u u

d

du  


 

 

            (13) 

where p and up denote peak stress and corresponding 

peak displacement, respectively. Substituting Eq. (12) 

into Eq. (13), we obtain Eqs. (14) and (15): 

 p pHBS f p1 u u u uk u D D            (14) 

 

 

p
p

p p

HBS

f HBS

1

       0

u u

u u

u u u u

d
k D

du

D
k u

u









 

  


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

     (15) 

where  

p

y y

HBS p n HBS HBS

0

tan
1 exp

m

u u

k u c
D

F

 


   
    

    

 

(16) 
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 
p
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0

1
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0
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m

u u m

m

mk k u cD

u F

k u c

F
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(17) 

Eq. (14) can be simplified as follows:  

p
pf

HBS f
p y y

HBS n HBS HBS

0

tan
exp

m
k u

k u c

F

 


 


 

   
  
   

           

(18) 

Meanwhile, Eq. (15) can also be expressed as: 

p

HBS f1
p y y

HBS n HBS HBS

0 0

1

tan
m

k u
k u cm

F F


 


 

  
 
 

         

(19) 

Note that the same term p

HBS fk u  can be observed 

in Eqs. (18) and (19). Hence, Eq. (20) can be derived 

by combining Eqs. (17) and (18):  

 
1

p y y

p HBS n HBS HBS

f

0 0

p y y

HBS n HBS HBS

0

tan

tan
exp

m

m

k u cm

F F

k u c

F

 
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 



  
  

 

   
   
   

 

                               (20) 

Eq. (18) can also be expressed as: 

p y yp

HBS n HBS HBSf

p

HBS f 0

tan
exp

m

k u c

k u F

  



   
   

    

 

(21) 

Combining with Eqs. (20) and (21), Eq. (22) can be 

written as follows: 

 

1
p y y

HBS n HBS HBS 0

p
0 HBS f

tan
=

m

k u c F

F m k u

 





  
 

 
 

(22) 

Eq. (21) is taken the logarithm and the following Eq. 

(23) can be obtained. 

p y y p

HBS n HBS HBS HBS f

p

0 f

tan
=ln

m

k u c k u

F

  

 

     
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  
 

(23) 

Multiplying both sides of Eq. (22) by the term 
p y y

HBS n HBS HBS

0

tank u c

F

  
 gives: :  

 

p y y

HBS n HBS HBS

0

p y y

HBS n HBS HBS

p

HBS f

tan
=
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m

k u c

F

k u c
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 

 


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 
 

 



             (24) 

Noting that the same term is on the left side of Eqs. 

(23) and (24), Eq. (25) should be obtained by com-

bining Eqs. (23) and Eq. (24):  

 

p p y y

HBS f HBS n HBS HBS

p p
f HBS f

tan
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k u k u c

m k u

  

  
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 

  
 (25) 

By solving Eq. (25), the model parameter m is ex-

pressed as follows:  

 

 

p y y

HBS n HBS HBS

p
p f

f HBS p

HBS f

tan

- ln

k u c
m

k u
k u

 

 




 


 
 

 

       (26) 

Finally, the model parameter F0 can be resolved by 

substituting Eq. (26) into Eq. (23), as given below:  

 p y y

HBS n HBS HBS

0 1

p

f

p

HBS f

tan

ln
m

k u c
F

k u

 

 



 


  
  

  

        (27) 

3.4.2 Determination of strength parameters 

Data from several studies suggest that GH satu-

ration levels and stress conditions are the dominant 

factors that control the macroscopic mechanical be-

havior of GHBS (Miyazaki et al., 2010; Yu et al., 

2011; Liu et al., 2018). Peak strength in this study was 

predicted by the modified Mohr-Coulomb strength 

criterion, as written in Eq. (28).  
p p p

n HBS HBStan c                      (28) 

where p  denotes the peak shear stress, and p

HBSc  and 

p

HBS  denote the peak cohesion and peak internal 

frictional angle, respectively, of GHBS. In this study, 

the representative direct shear test data offered by Liu 

et al. (2018) were adopted. The relationship between 
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peak cohesion p

HBSc , peak frictional angle p

HBS , and 

GH saturation is presented in Figs. 5 and 6. The peak 

cohesion p

HBSc  increases non-linearly with increasing 

hydrate saturation, whereas the peak friction angle 
p

HBS  increases and then decreases as GH saturation 

increases, reaching a peak at a GH saturation level of 

25%. Hence, through fitting the above experimental 

data, polynomials (29) and (30) were adopted in this 

study to express the cohesion and internal frictional 

angle as a function of GH saturation SGH:  
p 2

HBS GH GH=3.5 1.2 0.066c S S               (29) 

p 2

HBS GH GH= -115.5 64.2 34.7S S           (30) 

where SGH denotes GH saturation. 
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Fig. 5 Peak cohesion .. as a function of GH saturation SGH 

(Liu et al., 2018). 
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Fig. 6 Peak frictional angle HBS as a function of GH sat-

uration SGH (Liu et al., 2018). 

The initial yield strength was used to discern 

whether the bonded micro-elements of GH-bearing 

sediments are damaged or not (section 2.3). Therefore, 

determining the initial yield shear strength is funda-

mental for the damage evolution inside GHBS. The 

relationship between peak strength and initial yield 

shear strength of GHBS is summarized in Fig. 7. 

There is a clear linear relationship between initial 

yield strength and peak strength, which may be ex-

pressed simply as follows:  
y p0.84 0.1036                    (31) 
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Fig. 7 The relationship between peak strength and initial 

yield strength of GHBS (Liu et al., 2018). 

Fig. 8 presents the intercorrelations between the 

residual strength and normal pressure. Increasing 

normal pressure at the same GH saturation leads to an 

increase in the residual shear strength. The slope of 

the linear relationship between residual strength and 

normal stress gradually increases while the intercept 

is close to zero for sediments both with and without  

GH-bearing sediments. By increasing interparticle 

friction and rolling resistance, GH enhances the 

sediment's shear resistance since soil fabric and in-

ternal connectivity should have been destroyed at 

100% shear strain. The residual shear strength f can 

be calculated through Eqs. (32) and (33): 

 f GH nM S                       (32) 

 GH 0 4 GHM S M a S                 (33) 

where M0 and a4 are fitting parameters; M0 
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g. 8 The residual shear strength versus normal pressure 

(Liu et al., 2018). 

4. Comparison of the proposed model and 

experimental results 

In this section, the quality of the novel shear 

statistical damage model will be evaluated against 

representative direct shear test results. Liu et al. (2018) 

prepared synthetic GHBS samples with variable GH 

content. The influence of GH saturation level (13%, 

24%, 34%, and 43%) and normal stress (0.31, 0.62, 

0.94, and 1.25 MPa) on the mechanical characteristics 

and strength indices of GHBS was then investigated 

using a series of direct shear tests. A detailed exper-

imental description can be found in the previous study 

(Liu et al., 2018).  

In this study, we chose the experimental data 

obtained by Liu et al. (2018). The model parameters 

kHBS and up were determined based on experimental 

data at various degrees of GH saturation and normal 

stress, while p and f were derived using Eqs. (27) 

and (31), respectively. The distribution parameters m 

and F0 were calculated by solving Eqs. (25) and (26). 

Table 2 shows the model parameters and methods 

used in this model. Tables 3-6 show the model pa-

rameters based on the direct shear testing that were 

used in the novel damage model of GHBS to obtain 

the predicted results. The validity and accuracy of the 

novel shear constitutive model for GHBS are vali-

dated by comparison of the predicted results with the 

experimental data. Fig. 9 presents the comparisons 

between predicted results and experimental data for 

GHBS under different degrees of GH saturation and 

normal stress. The novel shear constitutive model was 

able to predict the full shear deformation characteris-

tics, especially the strain softening characteristics due 

to bond breakage of GH by introducing the damage 

mechanics. Comparison of the experimental and the-

oretical results in Table 7 shows that the global per-

formance of the novel shear damage model proposed 

in this paper was satisfactory. 

 
Table 2 Model parameters and methods used in this model 

Model parameters  Method 

kHBS Obtained from experimental data 

p p p p

n HBS HBStan c     

up Obtained from experimental data 

y y p0.84 0.1036    

f  f GH nM S   

 GH 0 4 GHM S M a S   

F0  

 

p y y

HBS n HBS HBS

p
p f

f HBS p

HBS f

tan

- ln

k u c
m

k u
k u

 

 




 


 
 

 

 

m  p y y

HBS n HBS HBS

0 1

p

f

p

HBS f

tan

ln
m

k u c
F

k u

 

 



 


  
  

  

 

 
Table 3 Model parameters for the novel shear constitutive 

model under normal stress of 0.31 MPa. 

SMH 

/% 

kHBS 

(MPa/mm) 

up 

(mm) 

p 

(mm) 

f 

(kPa) 
F0 m 

13 0.5675 1.6145 0.5824 0.385 1.0589 0.5622 

24 1.0511 1.11 0.8763 0.4226 1.5155 0.8877 

34 2.2756 1.0843 1.2053 0.4958 1.5474 0.7894 

43 4.0699 0.7470 1.4438 0.5196 1.8804 0.7468 

Table 4 Model parameters for the novel shear constitutive 

model under normal stress of 0.62 MPa. 

SMH 

/% 

kHBS 

(kPa/mm) 

up 

(mm) 

p 

(mm) 

f 

(kPa) 
F0 m 

13 1.1720 2.8706 0.9245 0.72 0.2814 0.4104 

24 1.2474 1.09 1.1887 0.6590 0.8273 2.5725 

34 2.6730 0.84 1.6604 0.7203 1.8106 1.5239 

43 3.2075 0.77 2.0566 0.7893 1.8919 2.3036 

Table 5 Model parameters for the novel shear constitutive 

model under normal stress of 0.94 MPa. 

SMH 

/% 

kHBS 

(kPa/mm) 

up 

(mm) 

p 

(mm) 

f 

(kPa) 
F0 m 
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13 0.9851 1.5765 1.1291 0.8003 0.8595 1.1743 

24 1.4075 1.2400 1.3566 1.0088 0.8155 1.1494 

34 2.1097 1.1059 1.9036 1.0398 1.5722 1.8389 

43 4.0075 0.8053 2.3007 1.1522 2.4084 1.3170 

Table 6 Model parameters for the novel shear constitutive 

model under normal stress of 1.25 MPa. 

SMH 

/% 

kHBS 

(kPa/mm) 

up 

(mm) 

p 

(mm) 

f 

(kPa) 
F0 m 

13 1.1541 2.2951 1.4189 1.1541 0.6597 0.6188 

24 2.6719 1.1944 1.8649 1.1554 1.7247 0.8548 

34 3.2698 0.8360 1.9865 1.1751 1.6465 1.0972 

43 3.4622 0.8025 2.3311 1.4189 1.5988 1.7361 
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(a) Normal stress v   Pa 
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(b) Normal stress v   Pa 
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          (c) Normal stress v   Pa 
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        (d) Normal stress v   Pa 

Fig. 9 Comparisons between experimental and predicted 

results for GHBS under the different degrees of GH satu-

ration.  

5. Parametric analysis 

5.1 The influence of F0 

Fig. 10 depicts how the distribution parameter F0 

affects the damage evolution and shear stress-shear 

displacement curves of GH-bearing sediments. Fig. 

10a demonstrates that as the distribution parameter F0 

increases, the peak shear stress steadily rises, but the 

initial stiffness and residual shear stress remain un-

changed. Furthermore, the same softening rate of 

shear stress-shear displacement curves with different 

distribution parameters F0 is observed, and the value 
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of the distribution parameter F0 does not have any 

influence on the shape of the shear constitutive rela-

tion curves after the peak. The degree of bonding 

failure of GH, which is the microscopic origin of 

macroscopic strain softening, may be reflected in the 

distribution of damage within GHBS. Fig. 10b depicts 

the damage evolution inside GHBS with various dis-

tribution parameters F0. The growth rate related to 

damage gradually decreases as the distribution pa-

rameter F0 increases, indicating that bonding failure is 

less likely to occur in GH-bearing sediments with a 

larger model parameter F0 than in those with a smaller 

model parameter F0. 
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(a) Shear stress-displacement curves 
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(b) Damage variable curves 

Fig. 10 Influence of model parameter F0 on the shear re-

sponse curves and damage evolution of GHBS. 

 

5.2 The influence of m 

The influence of the distribution parameter m on 

shear stress-shear displacement curves and damage 

evolution inside GHBS is depicted in Fig. 11. Fig. 11a 

shows the distribution parameter m does not have any 

effect on the linear elastic deformation stage of 

GHBS. Note that the larger the distribution parameter 

m, the smaller the shear stress when entering the strain 

softening stage. At the same time, the shear 

stress-shear displacement curves show a tendency for 

a transition from ductile to brittle failure as the dis-

tribution parameter m increases. Microscopic per-

spectives, such as the damage evolution of GHBS in 

terms of deformation, can be used to understand the 

above findings. Fig. 11b shows there is a transition 

point T. GH-bearing sediments with a larger distri-

bution parameter m are less likely to suffer bonding 

failure prior to the transition point T than those with a 

smaller distribution parameter m after passing over 

the transition point T. 
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(b) Damage evolution curves 

Fig. 11 Effect of distribution parameter m on the shear 

response curves and damage evolution of GHBS. 

 

6  Discussion 

GH-bearing sediments are inhomogeneous ge-

otechnical materials consisting of GH particles and 
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soil particles. Published studies have demonstrated 

that the cementation failure between soil particles and 

GH particles inside GHBS is the microscopic origin 

of the macroscopic deformation and failure processes 

(Wu et al., 2020). Therefore, investigating damage 

evolution will contribute to revealing the microscopic 

deformation mechanisms of GHBS during the 

shearing process. The evolution equation of damage 

variable D may be obtained from Eq. (8), and the 

evolution equation of the damage rate RD can be de-

rived as follows: 

 
1

y y

HBS HBS n HBS HBS

0

y y

HBS n HBS HBS

0

tand

d

tan
    exp .

m

D m

m

mk k u cD
R

u F

k u c

F

 

 



 
 

   
  
   

(34) 

 

Fig. 12 depicts the total shear stress, shear stress 

of the bonded elements, shear stress of the frictional 

elements, damage variables, and damage rate plotted 

against the shear displacements for GHBS. According 

to the development of shear stress, as described in the 

first section, the total shear stress-shear displacement 

curves can be divided into four stages. In stage AB, 

the shear stress of bonded elements is equal to the 

total shear stress, while the shear stress of frictional 

elements is near zero, indicating that the total shear 

stress is supported completely by bonded elements. 

When entering the yield hardening stage, the shear 

stress borne by the frictional elements increases rap-

idly, while the shear stress growth rate of bonded 

elements decreases. This indicates that irreversible 

plastic deformation occurs inside GHBS and bonded 

elements and frictional elements bear the total shear 

stress jointly. After passing the peak point C, the 

shear stress of the bonded elements rapidly decreases 

while the shear stress of the frictional elements con-

tinues to increase. When the shear displacement ex-

ceeds a certain threshold, the shear stress of the fric-

tional elements begins to exceed the shear stress of 

the bonded elements. Before this threshold, the 

bonded elements dominate the macroscopic strength 

and deformation of GHBS, while after this point the 

frictional elements play a dominant role in the me-

chanical behavior of GHBS. Finally, the shear stress 

of the bonded elements decreases to zero whereas the 

shear stress of the frictional elements increases until it 

is equal to the total shear stress. It then remains con-

stant when entering stage DE, indicating that the 

shear resistance of frictional elements provides the 

residual strength of GH-bearing sediments after de-

struction.  

Fig. 12 shows the damage evolution and damage 

rate evolution process inside GH-bearing sediments. 

The damage rate evolution pattern is a convex para-

bolic curve, as shown in the graph, whereas the total 

damage evolution curve within GH-bearing sedi-

ments has an S-shape. The damage evolution curve 

inside GHBS may be separated into four stages based 

on damage rate evolution:  

(1)  Undamaged stage: damage variable D, and dam-

age rate RD are all equal to zero and remain un-

changed, indicating that there is no hydrate bond 

breakage between GH particles and sand particles, 

corresponding to the elastic deformation stage of 

the shearing process.  

(2)  Acceleration damage stage: the increase in dam-

age rate leads to a rapid accumulation of damage 

inside GHBS, which means that a lot of hydrate 

bond breakage occurs during the shearing process. 

In addition, when compared to the second stage 

of the shear deformation process, the rapid in-

crease in damage rate is strongly related to the 

shear yielding of GHBS. 

(3)  Damage accumulation stage: the damage rate 

reaches the peak point and gradually begins to 

decrease with increasing shear displacements, 

while the accumulation of damage inside GHBS 

continues to increase in this stage. Note that the 

peak point of the damage rate curve occurs earlier 

than that of the shear stress curve. These findings 

agree with those from previous discrete element 

investigations and might be related to the devel-

opment of shear bands. 

(4)  Stabilization stage: the damage rate inside 

GH-bearing sediments decreases to zero, while 

the damage variable approaches 1, after which it 

stops changing. This shows that the hydrate ce-

mentation in the shear bands has suffered com-

plete breakage, enabling gas hydrate particles to 

enter the pore spaces, and the shear resistance 

between sand particles and GH particles provides 

residual strength. 
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Fig. 12 Shear stress partition and damage evolution of 

GHBS under shearing process. 

 

5  Conclusions 

 

In this paper, to predict the deformation and 

failure process of GHBS in direct shear tests, a novel 

shear damage model based on homogenization theory 

and modified M-C criterion is suggested. The quality 

and validity of the shear damage model was evaluated 

against representative direct shear test results. The 

following conclusions can be drawn from the analy-

sis: 

1.  The novel shear damage model can predict the 

deformation and failure characteristics, especially 

strain softening characteristics due to bond 

breakage of GH, by introducing the damage me-

chanics. By comparing the experimental and the-

oretical results, the global performance of the 

novel shear damage model was shown to be sat-

isfactory. 

2. The distribution parameter F0 reflects mainly the 

statistical average macroscopic strength, while the 

distribution parameter m affects mainly the 

post-peak morphology of GHBS. The shape of the 

whole shear stress-shear displacements curves of 

GHBS is determined by the GH saturation and 

normal pressure, which is reflected by the con-

jugacy of F0 and m. 

3.  The shear damage model proposed in this study 

can better describe the damage evolution and 

shear stress partition mechanisms inside GHBS 

during the shearing process. Additionally, it re-

veals the cross-scale relationship between mi-

croscopic damage evolution, mesoscopic stress 

partition, and macroscopic mechanical behavior. 

Consequently, it can more accurately reflect the 

nonlinear deformation and strain-softening char-

acteristics of GH-bearing sediments.  

The shear damage model proposed in this paper 

has been verified by experimental data of GH-bearing 

sediments with less than 50% saturation. In the future, 

other direct shear test data of GHBS with more than 

50% saturation need to be adopted to evaluate the 

performance of the shear damage model. Additionally, 

it is well-known that heterogeneity is a key feature of 

clayey-silty GHBS found in the South China Sea. Ren 

et al. (2022a and 2022b) reported that GH is first 

generated in small pores and then grows in large voids, 

resulting in heterogeneity in the spatial distribution of 

GH. At the same time, several studies using 

experiments and numerical simulation have 

demonstrated the important effect of the 

heterogeneity of particle distribution on the 

mechanical characteristics of GHBS (Zhang et al., 

2022; Masui et al., 2005; Hyodo et al., 2017). In the 

present shear damage model, only GH hydrate 

saturation was considered, not hydrate morphology 

and structural heterogeneity. In our ongoing work, we 

will attempt to capture the effect of hydrate 

morphology, fine content and structural heterogeneity 

on the elastic properties and plastic deformation 

based on the meso-mechanics theory of the composite 

material. 
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中文概要 

 
题 目：一种描述水合物沉积物剪切变形破坏过程的新型

剪切损伤模型 

 

作 者：王辉 1,2，周博 1 

机 构：1中国石油大学(华东)，储运与建筑工程学院，中

国青岛，266580；2武汉大学，水工程科学研究

院中国武汉，430072； 

 

目 的：水合物开采造成的水合物饱和度降低严重影响了

水合物储层的宏观力学响应，造成储层失稳，海

底滑坡等灾害。本文旨在基于水合物沉积物的微

观变形机制提出可以考虑水合物含量影响的水

合物沉积物的剪切损伤本构模型。 

创新点：1.基于均匀化理论和修正摩尔-库伦准则，提出了

水合物沉积物的剪切损伤本构模型；2. 采用该模

型研究了模型参数的物理意义和水合物沉积物

剪切变形破坏的细观机制。 

方 法：1.通过分析水合物沉积物剪切变形的微观机制，

基于均匀化理论建立了水合物沉积物的剪应力

分配方程；2. 基于统计损伤力学和考虑水合物饱

和度的修正摩尔-库仑强度准则，建立了水合物沉

积物的剪切损伤本构模型；3. 通过将理论预测结

果与试验结果对比，验证所提出模型的可行性和

有效性。 

结 论：1. 该剪切损伤模型通过引入损伤力学，可以预测

水合物沉积物的变形破坏特征，特别是水合物胶

结破坏引起的应变软化特征。实验结果与理论结

果比较表明，该剪切损伤模型能够较好地模拟水

合物沉积物的剪切应力-剪切位移曲线全过程；

2. 分布参数 F0 主要反映水合物沉积物的统计平

均宏观强度，而分布参数 m 主要影响水合物沉积

物剪切应力曲线的峰后形态；3. 本研究提出的剪

切损伤模型能够更好地描述剪切过程中水合物

沉积物内部的损伤演化和剪应力分配机制。揭示

了细观损伤演化、细观应力分配与宏观力学行为

之间的跨尺度关系。因此，该方法能更准确地反

映含天然气水合物沉积物的非线性变形和应变

软化特征。 

关键词：水合物沉积物；剪切损伤模型；均匀化理论；修

正摩尔-库伦模型；损伤演化 
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