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ABSTRACT 

 
It has been found that there are obvious differences in stress-strain relationship and dilatancy behavior between 

methane hydrate and carbon dioxide hydrate-bearing soils, even if total amount of hydrate content is the same for 

both. In order to express the mechanical behavior of gas hydrate-bearing soils, several constitutive models for 

GH-bearing soils have been proposed so far. There are, however, no models that have taken the difference of hydrate 

morphology into account. In the present study, we propose a new elastoplastic constitutive equation with 

consideration of the difference of the hydrate morphology, and the proposed model is then applied to the past 

experimental results. The proposed model well matches the experimental data. It indicates that the difference in the 

mechanical behavior between methane hydrate and carbon dioxide hydrate can be explained from the viewpoint of 

the hydrate morphology. 
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1 INTRODUCTION 

Gas hydrates (GHs) have been recognized as an 

important material for new energy resources and for 

environmental issues. For example, Methane hydrates 

(MHs) are expected as a natural gas resource, since a 

large amount of methane gas trapped inside a cage-like 

solid structures of MHs. Another example is 

CO2-hydrates (CDHs: carbon dioxide hydrate), which 

has been recognized as a key material for both 

enhancement of MH-recovery rate and new technology 

for carbon capture and storage (CCS). In the past 

decades, many researchers have revealed mechanical 

properties of MH-bearing and CDH-bearing sediments 

through both experiments and constitutive modeling. 

They have indicated that the mechanical properties such 

as strength, stiffness, and dilatancy behavior of the 

GH-bearing sediments, in general, increase with 

increase in hydrate saturation. On the other hand, they 

have also found that there are obvious differences in the 

peak strength and the dilatancy behavior between MH 

and CDH-bearing samples even though they have the 

same hydrate saturation. (e.g., Hyodo et al., 2014; 

Miyazaki et al., 2016). Some researchers have pointed 

that those differences in MH and CDH may come from 

difference in hydrate morphology, that is, pore-filling 

(PF) type, load-bearing (LB) type, and cementing (CM) 

type as shown in Fig. 1(i.e., Waite et al., 2009).  

In order to express the mechanical behavior of gas 

hydrate-bearing soils, several constitutive models for 

GH-bearing soils have been proposed so far. There are, 

however, no models that have taken the difference of 

the hydrate morphology into account. In the present 

study, we propose a new elastoplastic constitutive 

equation with consideration of the difference of the 

hydrate morphology, and the proposed model is then 

applied to the past experimental results. The proposed 

model well matches the experimental data. 
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Fig. 1. Schematic view of hydrate morphology and interactions 

with soil particles. 

2 ELASTOPLASTIC CONSTITUIVE MODEL 

The proposed model in the present study is based on 

the methane hydrate critical state (MHCS) model 

proposed by Uchida et al. (2012). The outline of the 

proposed model is introduced in the following. 

2.1 Basic settings 

At first, the total hydrate saturation 
H

rS is defined as 

follows: 

 H H v

rS V V  (1) 

in which 
HV is the volume of the hydrate, and 

vV is 

the volume of void. 
In the proposed constitutive model, we assume that 

there are three different types of hydrate morphology: 



 

 

pore-filling (PF) type, load-bearing (LB) type, and 

cementing (CM) type, and the total hydrate saturation 
H

rS is expressed by the sum of the saturation of each 

hydrate morphology:  

 
H H H H

r CM LB PFS S S S    (2) 

 , ,H H H H H H

CM r LB r PF rS S S S S S      (3) 

in which , ,   are the ratio of each hydrate 

morphology with respect to the total hydrate saturation., 

and the total should be equal to 1. 

 0 , , 1 , 1           (4) 

2.2 Yield function 

The yield function is given as follows: 

  2 2

c CM LBf q M p p R p p p             (5) 

where q is the deviator stress, M is the stress ratio at the 

critical state of host geomaterial, p is the mean 

effective stress, cp , CMp , LBp are the hardening 

parameters that expand the original yield function: 

modified Cam-clay model, and the details of those 

parameters are explained in the next section. The 

parameter R is the sub-loading surface ratio proposed 

by Hashiguchi (1989) and its evolution law is given by: 

   ln p

R c CM LB cdR m p p p p R d       ε  (6) 

where Rm  is a fitting parameter and 
pdε is the plastic 

strain increment vector. The schematic drawing of the 

yield function is shown in Fig. 2. 
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Fig. 2. Schematic drawing of yield function 

 

2.3 Hardening parameters 

The hardening parameter cp is the conventional 

consolidation yield stress depending on the plastic 

volumetric strain 
p

vd , and the its evolution law is 

given by: 

    1 p

c c vdp p e d        (7) 

(e: void ratio, : compression index, : swelling index) 
In order to express the increase in the strength and 

the positive dilatancy, we newly introduce two different 

hardening parameters related to GHs, that is, CMp and 

LBp , because the different hydrate morphology will 

involve the different hardening behavior. Hence, the 

CMp  and LBp  are the function of each of the hydrate 

morphology. 

    CM CMb b
H H

CM CM CM CM rp a S a S    (8) 

    LB LBb b
H H

LB LB LB LB rp a S a S    (9) 

in which CMa , CMb , LBa , and LBb  are the fitting 

parameters. These parameters are determined so that 

the material hardening of the CM-type becomes much 

larger than that of the LB-type. 

The hardening parameters will change as the change 

in the morphology ratio and the total hydrate saturation. 

In particular, each hydrate morphology ratio will 

change due to shearing and deformation of void even 

when the total hydrate saturation is constant. The 

following two assumptions in regard to the morphology 

transition are adopted. 

First, the CM-type of hydrate morphology changes 

into the LB-type due to crush and breakage of the 

hydrates bonding with soils particles as shown in Fig. 3. 

Thus, the increment of the CM-type ratio  is given by 

the following equation as depending on the shear strain. 
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Fig. 3. Morphology transition from CM-type to LB-type 

 

 
p

dd m d     (10) 

where m is a material parameter which determines the 

transition rate from the CM-type to the LB-type. 

Second, the LB-type and the PF-type of the hydrate 

morphology mutually changes with increase and 

decrease in the volume of void. The LB-type changes 

into the PF-type in the case of the volume expansion: 

positive dilatancy. In contrast, the PF-type changes into 

the LB-type when it is compression: negative dilatancy. 

This transition between the LB-type and the PF-type is 

schematically illustrated in Fig. 4. 
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Fig. 4. Morphology transition between LB-type and PF-type 

The increment of the PF-type ratio  is given by the 

following equation as depending on the plastic 



 

 

volumetric strain (positive in compression). 

 
p

vd m d     (11) 

where m is a material parameter which determines the 

transition rate between the PF-type and the LB-type. 

The increment of the LB-type ratio can be described as 

the following equation by considering Equation (4), 

(10) and (11). 

 d d d      (12) 

Considering Equation (8)~(12), the evolution laws 

for the hardening parameters CMp  and LBp  can be 

given as the following equations. 

    
1CMb

H H p H

CM CM CM r r d rdp a b S dS m d S   


    (13) 

     
1LBb

H H H

LB LB LB r r rdp a b S dS d d S   


     (14) 

Finally, by adopting the associated flow rule in the 

present model, the plastic strain increment vector can 

be expressed as follows. 

    
T Tp p

v dd d f p f q         (15) 

3 MODEL APPLICATION 

In this section, the performance of the proposed 

model in the previous section is evaluated by 

comparing with the past experimental data. The model 

is applied to the results of drained triaxial compression 

tests for MH and CDH-bearing sand samples reported 

by Miyazaki et al.(2016).  

3.1 Material parameters 

The material parameters used in the analysis are 

listed in Table 1.  

 
Table 1. Material parameters 

Parameters   value 

Initial mean effective stress [MPa] p0 1.0 

Poisson’s ratio  0.2 

Stress ratio at the critical state M 1.17 

Compression index  0.16 

Swelling index  0.004 

Initial void ratio e0 0.613 

Initial yield stress pc0 11.0 

Material constant for sub-loading surface mR 15.0 

Morphology transition parameter (CM to LB) m 1.0 

Morphology transition parameter (PF and LB) m 7.0 

Hardening parameter for pCM  aCM 21.0 

Hardening parameter for pCM bCM 1.0 

Hardening parameter for pLB aLB 6.0 

Hardening parameter for pLB bLB 1.0 

 

3.1 Initial hydrate morphology ratio 

In applying the proposed model to the experimental 

data, the initial ratio of the hydrate morphology is 

required. It is preferable to determine true initial 

morphology ratio by visualizing microscopic structures 

of soil particles and hydrates, however, the initial 

morphology ratio in the present study is determined so 

that the constitutive model fits the experimental data. 

Yoneda et al. (2016) and Jin et al. (2016) are examples 

of the research on the visualization of GH soil.  

Table 2 shows the total hydrate saturation and the 

initial morphology ratio. In determining the initial 

morphology ratio, we used the following assumptions 

based on the past experimental investigations. 

(1) All the type of the hydrate morphology, that is, the 

CM-type, the LB-type and the PF-type, exist at the 

initial state. 

(2) In the MH-bearing soil, the CM-type is more 

dominant morphology than the LB-type and the 

PF-type, and the ratio of the CM-type increase 

with increase in the total hydrate saturation.  

(3) In the CDH-bearing soil, the dominant hydrate 

morphology is set to be the LB-type to express the 

differences in the strength and the dilatancy 

between MH and CDH.  

In general, the larger strength and the positive dilatancy 

is observed in the MH-bearing sediments than the 

CDH-bearing sediments. In addition, it is well 

recognized that the CM-type strongly enhances the 

mechanical properties of GH-bearing soils more than 

the LB-type or the PF-type. That is the reason why the 

CM-type ratio is larger in MH than CDH as shown in 

Table 2. The details will be discussed the next section. 

 
Table 2. Total hydrate saturation and initial morphology ratio 

MH/CDH SH
r 0 0 0 

MH 48.0 0.7 0.2 0.1 

MH 34.0 0.5 0.4 0.1 

CDH 49.0 0.2 0.7 0.1 

CDH 33.0 0.2 0.4 0.4 

 

3.2 Comparison results 

The following Fig. 5 indicates a comparison result 

of the proposed model with the experimental result 

presented by Miyazaki et al. (2016); they performed a 

series of drained triaxial compression tests on both the 

MH and the CDH-containing sand specimens with the 

total hydrate saturation of about 50%. As previously 

mentioned, the remarkable point is that both the 

strength and the positive dilatancy in the MH-bearing 

sand are greater than those of the CDH, even though the 

total hydrate saturation is almost the same for both; it is 

48.0% in The proposed constitutive model well fitted 

the experimental results of both the stress-strain relation 

and the volumetric strain-axial strain relationship by 

changing the initial morphology ratio. 
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Fig. 5. Comparison of the proposed model and the experimental 

results with relatively higher hydrate saturation (SH
r  50%) 
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Fig. 6. Comparison of the proposed model and the experimental 

results with relatively lower hydrate saturation (SH
r  33%) 

 

Fig. 6 shows the experimental result and the 

simulation result by the constitutive model for both the 

MH and the CDH-bearing specimens with lower 

hydrate saturation: about 30%. In the experimental data, 

the stress-strain curve becomes almost the same for 

both MH and CDH-bearing sediments; there is little 

difference in the strength in the case of the relatively 

lower hydrate saturation. The volumetric strain, on the 

other hand, the positive dilatancy is slightly greater in 

the MH-bearing sample than that of the CDH-bearing 

sample. In the result of the proposed model, the initial   

morphology ratio is changed from the previous one 

with the hydrate saturation of 50% as decrease in the 

total hydrate saturation. In the MH-bearing sand, for 

example, the CM-type ratio  decrease from 0.7 to 0.5 

with decrease in the total hydrate saturation: from 

48.0% to 34.0%. The LB-type ratio , on the other hand, 

increase from 0.2 to 0.4 at the same time. Waite et al. 

(2009) also mentioned that different shear resistance 

and dilation mechanism occurs at defferent levels of 

hydrate saturation in pore space; the dominant hydrate 

morphology changes with change in hydrate saturation. 

The proposed model well represents both the 

stress-strain relationship and the volumetric strain 

curves, while the stress-strain curves of the model is 

slightly larger than that of the experiment.  

4 CONCLUSION 

In the present study, a new elastoplastic constitutive 

model for GH-bearing soils is introduced. The highlight 

of the proposed model is that the different type of the 

hydrate morphology is taken into account for the 

hardening parameters. The model is then applied the 

past experiment results of the MH and CDH-bearing 

sand. The main findings obtained from the present 

study is as follows:  

(1) The propose model well fits the stress-strain and 

the volumetric strain curves for both the MH and 

the CDH-bearing sand specimen obtained from the 

past experiment.  

(2) The difference between the MH and the CDH can 

be explained by variation in the initial morphology 

ratio without changing any other parameter. 

(3) The initial ratio of the hydrate morphology 

changes with change in the total hydrate saturation. 

The result is consistent with the results obtained 

from past experimental data.  

Since there is still lack of the information on the 

internal structure of GH-containing sediments, further 

discussion will be required in determining the actual 

hydrate morphology ratio. 
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