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1 INTRODUCTION 
 
Methane Hydrates (MH) are crystalline solids 
consisting of methane molecules surrounded by a cage 
of interlocking water molecules formed under certain 
pressure and temperature. It is considered as one of the 
most feasible sources of energy compared with other 
known hydrocarbon deposits. The Recent geological 
survey shows that India has massive deposits of MH 
deposits estimating around 1890 trillion cubic metres. 
The deposit on the Krishna Godavari basin is one of 
the richest and biggest known MH deposit (The 
Economic times, 2013) in India.  However, there are 
significant challenges both geotechnical and 
environmental for drilling and production operations of 
MH.   It is understood that the methane is 
approximately 20 times as effective as greenhouse gas 
as carbondioxide (e.g. Hyodo et al. 2005; Collet 
&Dallomore, 2002) and highly unstable (Iwai et al. 
2015).  
A wide range of geotechnical and environmental issues 
has to be addressed before the production of methane 
gas from MH safely and without damaging the 
environmental issues. For example, it has been reported 
that methane hydrate production may collapse and 
leads to settlement or landslides on the seabed. The 
marine substructures are vulnerable to the seabed 
deformations and no attractive technology is currently 
available to recover methane economically from  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
methane hydrate. Until now, large-scale production has 
not yet commenced as the behaviour of gas hydrates,  
particularly hydrates of methane, are not fully 
understood. However, a lot of research on MH as a 
future energy source has been reported, recently, which 
shows that countries are eager to develop an effective 
way to capture MH in order to secure their natural gas 
stores for the future and also an attempt to combat 
global warming (e.g. Kvenvolden, 1988; Waite et al.,  
2009; Collet, 2002; Kvenvolden and Lorenson, 2001; 
Hyodo et al., 2013;Iwai et al. 2015). 
A lot of laboratory experiments using triaxial, direct 
shear and bending tests have been carried out to 
understand the shear behaviour of methane hydrate- 
bearing sediment (e.g. Masui et al 2005; Hyodo et al 
2002, 2005 & 2013 and Song, 2010). It has been 
reported that the shear strength, stiffness, and dilation 
of hydrate-bearing sand is influenced by hydrate 
saturation, initial confining pressure, and temperature. 
The stress- strain response of hydrate-bearing soil is 
affected by the hydrate growth habit (Waite et al. 
2009). The microscopic distribution of hydrates in soil 
is described using three models (1) pore filling: hydrate 
nucleate on sediment grain boundaries and grow freely 
into pore spaces without bridging two or more 
particles. (2) Cementation: Hydrate establishes a bond 
on the interparticle contact points. (3) load-bearing: 
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Hydrate bridges neighboring grains and contributes 
mechanical stability to thegranular assembly by 
becoming part of the loading bearing force chain.  Jung 
et al (2012) report difficulty in controlling hydrate 
formation, distribution, saturation, and pore habit 
challenges during laboratory experiments.  

Recently, few research studies have been carried to 
understand the behavior MH bearing sediments using 
Discrete Element Method (DEM) (Brugada et al.2010; 
Jung et al 2012;  Jian et al, 2013; Vinod et al 2014a; 
2014b; Jian et al. 2016). Brugada et al (2010) 
developed a pore filling DEM model to capture 
theshearbehaviour of methane hydrate-bearing sand 
and highlighted that hydrate contribution to the 
strength of the sediment is purely frictional nature. 
Jung et al (2012) have concluded based on the DEM 
simulation that mechanical properties of hydrate-
bearing sediments can be expressed as afunction of 
hydrate saturation, initial porosity, and effective stress. 
The cementation effect of MH bearing sediments was 
captured using a simple contact model and DEM 
simulation highlight that the cohesion/cementation of 
hydrate-bearing deposit increases with increase in 
hydrate saturation (Jian et al. 2013). Vinod et al (2014 
a &b) investigated the pore filling habit, load bearing, 
and cementation habit, bonding on the interparticle 
contact point, has been investigated using DEM 
simulations.Jiang et al. (2014& 2016) established a 
bond model(thermo-hydro-mechanical) todescribe the 
behavior of the bonding MH, in the MH bearing sand 
environment. The 2D DEM model captured the effect 
of temperature, pore pressure on the shear behavior of 
MH bearing sand. In this study,3D DEM simulations 
using PFC 3D was used to model the MH growth habit 
on the shear behavior of MH bearing sand. 

 
2 MH BEARING SAND: Laboratory 
Experiments 
 
Hyodo et al. (2005 & 2013) carried out triaxial 
laboratory experiments on methane hydrate-bearing 
sand samples. The experimental studies were carried 
out on acylindrical specimen of 30mm diameter and 50 
mm high having an initial porosity of 0.4.  All the tests 
were carried out on Toyora sand as the host sand.  A 
rigorous sample preparation scheme was followed to 
prepare the MH bearing sand considering the pressure 
and temperature conditions favorable for MH 
formation (Hyodo et al. 2013). The host sand was first 
mixed with predetermined amount of water to achieve 
the target MH saturation. The moist soil was then 
placed in a mold with each layer compacted to achieve 
the required density. This specimen was then subjected 
to a series of process under specific temperature and 
pressures as presented in Fig 1. At stage (c) methane 

gas was injected and the temperature was reduced to 
1C where MH was stable (Fig.1).  

 
 
Fig. 1: State paths for pressure and temperature to produce 
MH bearing sand (after Hyodo et al., 2013) 
 
A very high pore water pressures were then applied to 
the sample to consider the condition of the seabed.  
More details on the sample preparation and testing 
procedure can be found elsewhere (e.g. Hyodo et al 
2013 & 2005). Drained triaxial tests were carried out 
on MH bearing sand with varying MH saturations. 
 
The effect of MH saturation on the shear behavior of 
MH bearing sand is presented in Fig. 2. MH saturation 
has a profound influence on the shear behaviour of MH 
bearing sand. An increase in the initial stiffness and 
shear strength of sand was observed with increase in 
the MH saturation. The increase in shear strength with 
MH saturation may be due to the cementation/bonding 
of sand particles of sandy sediments beneath the deep 
ocean floor (Hyodo et al. 2013). 
 

 
 
Fig.2: Effect of MH on the stress ratio with axial strain for 
MH bearing sand (after Vinod et al 2014b) 
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3 MH BEARING SAND: DEM Simulations 
 
In this study, DEM based software PFC3D was used to 
simulate these laboratory experiments. The cylindrical 
soil specimens having a diameter =30mm and height = 
60mm, similar to the size of the laboratory 
experiments, was simulated using 7941 spherical 
particles (host sand). The particle size varies from 0.07 
- 1 mm and the samples were   prepared at an initial 
porosity of 0.4. The properties used for MH bearing 
sand are tabulated in Table 1. A linear force-
displacement contact model was used for the 
simulation program. The particles were generated using 
radius expansion technique incorporated in PFC3D. 
The cylindrical lateral wall was assigned a stiffness of 
5x107 N/m to create a soft confinement. After 
generation, the assembly was isotropically compacted 
to a desired initial confining pressure (fordrained 
shearing (Fig.3) of the samples. 
 
Table 1: Micromechanical Properties used for host sand 
particles(after Vinod et al. 2014a) 
 

Properties Sand 

Normal Stiffness (N/m) 5x108 

Shear Stiffness (N/m) 5x108 

Particle Size (mm) 0.07-0.1 

Density (kg/m3) 2000 

Contact friction  0.52 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3:  MH bearing host sand (after Vinod et al. 2014a) 
 
3.1 Cementation Habit: The cementation effect 
of MH was modelled using a parallel bonding model. 
Parallel bond approximates the physical behaviour of a 
cement-like substance joining two particles. It can 
transmit both forces and moments between particles, 
thus, they may contribute to the resultant force and 
moment acting on the two bonded particles (Itasca, 
2004). The maximum tensile and shear stresses acting 

on the periphery of the bond (Itasca, 2004) are given 
by: 
 
 
     (1) 
 
 
 
     (2) 
 
Where 

max  and 
max  are the maximum tensile and 

shear stresses acting on the periphery of the bond, 


nF  and 


sF are the normal and shear forces acting on 

the bond, 


M is the moment acting on the bond, R is 
the radius of the bond, and 'A  and I  are the area and 
moment of inertia of the cross section of the bond. 
 
In this study cementation, bond strength, of the MH 
bearing sand has been varied based on the laboratory 
experimental investigation (e.g. Hyodo et al. 2009; 
Jiang et al., 2013, 2014). Therefore, the bond strength 
of the assembly has been modified to capture the shear 
behaviour for different percentage of MH saturation 
(Table 2). A bond shear and normal stiffness of 1x109 
N/m and bond radius of 0.2-0.6 m were used for the 
simulations. A series of drained monotonic tests were 
carried out on the initial sample (Fig.3) varying the 
normal and shear bond strength to capture the effect of 
MH saturation. 

Table 2: Micromechanical properties used for DEM 
simulations (after Vinod et al.2014b) 

MH Saturation (%) 
Normal & Shear Bond 

Strength (N/m2) 
0 0 

22 8.0x106 
35 1.2x107 
53 1.5x107 

 
The effect of cementation habit on the shear behavior 
of MH bearing sand is presented in Fig.4. It is evident 
from the figure that that cementation habit has captured 
the effect of MH saturation similar to the laboratory 
experiments.  As expected, DEM simulations clearly 
show that, the stress ratio increases with increase in the 
MH saturation. However, the reduction in stress ratio 
after the peak value is mainly due to the breakage of 
bonds.  Fig.5 shows the variation of bond breakage 
with axial strain. It is evident from the Fig.5 that bond 
breakage has a significant influence on the shear 
behaviour of MH bearing sand. A parallel bond break 
when the magnitude of the tensile normal or shear 
contact force exceeds the applied normal or shear bond 
strength. This is clearly captured in Fig. 5, where at 
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low strains all bonds remain intact; however, during 
shearing CF increases and when CF exceeds the bond 
strength the bond breaks. The bond breaks non-linearly 
with axial strain and expected to reach a steady state at 
large strain (>10%). Further, bond breakage decreases 
with increase in MH saturation, hence, exhibit higher 
shear strength at higher MH saturation. Qualitatively, 
this result is very similar to the laboratory experimental 
results presented by Hyodo et al. (2013). 
 

 
 
Fig.4: Effect of MH on the deviator stress with axial strain 
for MH bearing sand (after Vinod et al. 2014b) 
 

 
Fig.5: Variation of percentage of broken bond with axial 
strain for different MH saturation (after Vinod et 
al.2014b) 
 
3.2 Pore Filling Habit: The MH particles were 
randomly generated in the pores of the sand particles 
using radius expansion technique as described in the 
earlier section. The MH particles were assumed to be 
of uniform spherical particles having a size 0.04 mm. 
The number of particles for different saturation was 
determined from theinitial void volume. The properties 
assigned for the MH particles are presented in Table 3. 
It was observed that the initial porosity slightly 
decreases with the addition of MH particles.  

Table 3: Micromechanical Properties used for MH 
particles (after Vinod et al. 2014a) 

Properties Methane Hydrate 

Normal Stiffness (N/m) 1x109 

Shear Stiffness (N/m) 1x109 

Particle Size (mm) 0.04 

Density (kg/m3) 2000 

Contact friction  0.58 (SMH = 22%); 
0.61 (SMH = 35%); 
0.64 (SMH = 53%) 

 
Fig.6 shows samples with hydrate saturation of 35%. A 
series of drained monotonic triaxial tests were then 
carried on isotropically consolidated sample at 3= 
5MPa. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.6:  Initial assembly with MH (after Vinod et al. 2014a) 
 
 

 
Fig.7: Effect of MH on the stress ratio with axial strain for 
MH bearing sand (after Vinod et al. 2014b) 
 
The effect of pore-filling habit on the shear behavior of 
MH bearing sand is presented in Fig 7.  It is clear from 
the figure that pore-filling habit has asignificant 
influence on the shear behaviour of sand. The stress 
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ratio increases with the increase in the methane hydrate 
saturation. The stress ratio shows a peak value at an 
axial strain of 2% and thereafter remains constant with 
axial strain.   
 
4      MICROMECHANICAL EXPLANATIONS 
 
Fig.8a &b shows the spatial variation of parallel bond 
with axial strain for SMH=35%. The parallel bond 
locations are shown by ablack line between two 
particles for the specimen with MH saturation of 35% 
at =  0% and = 5% . Fig. 8 (a) shows all the bonds 
(cementation) formed on the hostsand before shearing, 
and,Fig.8(b) clearly shows the development of CF 
leading to the  breakage of thebond (cementation). The 
bond breakage is expected to reach a steady state at 
large axial strain levels.   
 

  

Fig.8 Spatial variation of parallel bond with axial strain 
(a) = 0%;  (b) =  5% (after Vinod et al. 2014b) 

 
Fig.9 shows the spatial variation of contact force (CF) 
chain developed during shear loading for samples SMH= 
0% and SMH=35%. The contact force is represented by 
a line segment connecting the centroid of two 
contacting particles, and the line width is proportional 
to contact force magnitude Fig.9 (a) shows the CF 
developed for MH bearing sand (SMH=0%) samples at  
= 0.35% and Fig. 8(b) shows the CF distribution for 
SMH=35% at  = 0.35%.  During shear loading, CF 
chains will develop along the major principal stress 
direction. It is evident from Fig.9b that the MH 
particles strongly contribute to load bearing along with 
MH bearing sand during shear loading. It is evident 
that mean CF (the average value, overall contacts with 
non-zero normal force) increases with increase in the 
axial strain. In fact, the increase of CF with MH 
saturation is directly reflected in the corresponding 
increase in deviator stress (Fig.7). 
 

 
 
5 COMPARISONS WITH LABORATORY 
EXPERIMENTS 
 
The comparison of DEM simulation results with 
laboratory experiments is presented in Fig.10. It is 
evident from the figure that cementation habit clearly 
captures the variation of peak deviator stress close to 
the laboratory experiments. The pore filling habit 
shows a close agreement at low MH saturation (SMH< 
20%), however, did not capture the increase in deviator 
stress at high MH saturation (SMH>20%). This result 
clearly demonstrates the development of a cementation 
type hydrate growth habit on the Toyoura sand during 
laboratory experiments 
 

 
Fig.10. Comparison with Laboratory experiments (after 
Vinod et al. 2014b) 
 

6 CONCLUSIONS 
 
This paper has presented the effect of MH growth habit 
on the shear behaviour of sand.  Two distinct 
approaches, (i) cementation habit and (ii) pore-filling 
were simulated to capture the shear response of MH 
bearing sand. The cementation habit and pore filling 
habit was modelled by varying the bond strength and 
contact friction angle respectively. Both the approaches 
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have qualitatively captured the stress ratio – axial strain 
variation similar to the laboratory experiments.  It can 
be concluded from DEM simulations that the stress 
ratio significantly increases with increase in MH 
saturation. Moreover, DEM simulations highlight that 
the cementation type hydrates growth may exist during 
shear loading of Toyuora sand in laboratory condition. 
In cementation habit, breakage of 
thebond(cementation) decreases with increase in MH 
saturation whereas in pore filling habit MH particles 
strongly contribute towards the overall load bearing 
arrangement. 
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