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Abstract The study on the mechanical behavior of methane
hydrate-bearing sediments (HBS) in deep seabed is of great
significance for the safe exploitation of methane hydrate
in the future. Recent studies have shown that the mechan-
ical behavior of HBS is significantly influenced by methane
hydrate since it leads to cementation among soil grains. For
better understanding its microscopic mechanical mechanism,
this paper presents a simple numerical model of HBS using
the distinct element method (DEM). First, a set of tests on two
bonded aluminum rods were performed under different load-
ing paths with a specially designed apparatus. Then, a simple
bond contact model was proposed based on the experimental
data and implemented into our two-dimensional DEM code,
NS2D. Finally, a series of drained biaxial compression tests
under different confining stresses on HBS samples with dif-
ferent bond strengths, which are used to represent different
methane hydrate saturations (Smp), were carried out with
this code. By comparing the results of numerical simulations
with the experimental data obtained from triaxial compres-
sion tests, the study shows that the DEM incorporating the
new bond contact model is capable of capturing the main
mechanical characteristics of HBS such as the strain soften-
ing and dilation. And it can also capture that (a) the peak shear
strength increases as Sy or the confining stress increases,
while the dilation increases as Syy increases or the confin-
ing stress decreases; (b) both the cohesion and friction angle
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increase with the increasing of Sy, but the influence of Sy
on the cohesion is much more significant than on the friction
angle.
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1 Introduction

Methane hydrate-bearing sediments (HBS) are a kind of nat-
ural soil deposits that contain methane hydrate, which is a
class of solid materials in which methane molecules occupy
“cages” made up of hydrogen-bonded water molecules, in
their pores. The methane hydrate (MH) is formed under the
high pressure and low temperature. In natural environment,
this material can only develop and exist in deep seabed or
permafrost regions. Because of the large amount of methane
hydrate accumulating in the earth crust, of which the car-
bon content is twice as much as that of fossil fuel, the MH is
considered to be extremely meaningful to alleviate the aggra-
vating energy crisis. Therefore, to date, some countries have
drawn up their national research programs to investigate the
technologies for exploiting methane hydrate from HBS, such
as Japan, United states, India, China and South Korea [36].
It has been acknowledged that MH plays an important
role on the mechanical properties of HBS, e.g. its strength
increases with the increasing of the hydrate saturation (Svn).
Hence, the dissociation of methane hydrate in HBS due to
the exploitation will reduce its strength, which may lead to
some geotechnical and geoenvironmental engineering prob-
lems or disasters. Some endeavors have been devoted to
investigate submarine geohazard, such as the initiation of
marine landsides due to hydrate dissociation [1,34,43], and
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Fig. 1 Pore-scale distribution
of methane hydrate:

a Pore-filling; b load-bearing;
¢ cementation. The graph is
redrawn from Waite et al. [54]

wellbore instability in methane hydrate bearing sediments
during methane gas production [8,35,46,47].Itis well known
that the applicability of all these researches largely depends
on the accuracy of the employed constitutive relations which
are used to describe the mechanical behavior of HBS, on
one hand. Unfortunately, on the other hand, the mechanical
properties of this material are not completely known yet for
many reasons, for example, the technical difficulty in field
sampling and the limited knowledge on the formation mech-
anism of methane hydrate in HBS.

The previous researches have revealed that the proper-
ties of HBS are affected not only by Svpy [41,42], but also
by the hydrate distribution governed by the hydrate nucle-
ation and growing process [9,40]. As shown in Fig. 1, Waite
et al. [54] have described the hydrate distribution in sedi-
ments with three models, i.e. pore-filling as fine particles in
Fig. 1a, loading-bearing in combination with skeleton coarse
particles in Fig. 1b, and cementation at contacts between par-
ticles in Fig. 1c. Previous investigations show that these dif-
ferences on the distribution of methane hydrate comes from
differences on environments that lead to methane hydrate,
and will affect the mechanical behavior of HBS in different
ways. In order to understand how the hydrate distribution
influences the intermediate and large strain behavior and the
failure condition, Brugada et al. [2] have investigated the
geomechanical behavior of HBS which had a pore-filling
hydrate distribution with a distinct element method (DEM)
code, PFC3P. The result shows that the contribution of this
hydrate distribution to the strength of HBS was of a frictional
nature rather than of a cohesive nature. However, some other
researches have shown that the strength of HBS is mainly
influenced by methane hydrate (MH) in terms of cohesion
because it bonds soil grains together [40,48] as shown in
Fig. 1c, which has not been examined by Brugada et al. [2]
yet. This constitutes one strong motivation of this study.

The distinct element method (DEM), which was proposed
originally for dry granulates [3] and which treats soils as
an assembly of discrete elements [3,18,24], has been more
and more used in geotechnical engineering to investigate the
macroscopic and microscopic responses of soils under differ-
ent loading conditions [11,12,16,22,25,44,55], to examine
the macroscopic constitutive models of granulates [12,13,
49,501, to simulate the fracture process/macroscopic behav-
ior of cohesive granular materials [4,6,7], to understand the
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penetration mechanism in granular ground [26] or in col-
lapsing quicksand [32,33], and to obtain the landslide mech-
anism in very-rapid and extremely-rapid landslide process
[19] or the evolution of natural cliffs subject to weathering
[51]. Geo-researchers have also paid attention to cementa-
tion, since it is found that the mechanical behavior of natural
sands is evidently distinct from that of the clean sands due to
the existence of cementation between soil grains in them. In
order to characterize this bonding behavior with DEM, Jiang
et al. [17,27] have proposed a simple bond contact model
for naturally microstructured sands. These studies show that
the DEM incorporating with this simple model was able to
capture the main features of naturally microstructured sands
efficiently. Hence, in order to investigate the effect of MH
cementation in Fig. 1c, a MH bond contact model should be
established in a way similar to this simple model by exper-
imental investigation first. However, since MH exists only
under the condition of the very high pressure and low tem-
perature, it is extremely difficult to carry out such a study on
MH bonds directly in geo-laboratories. An alternative way is
to carry out the experimental investigation on analogues, of
which the relationships can be further extended to describe
the microscopic behavior of bonded particles due to MH.
Delenne et al. [5] first designed some experimental devices,
and then characterized the behavior of bonds by perform-
ing simple loading tests on a pair of aluminum rods glued
together by means of an epoxy resin. This work is quite con-
vincing and impressive. However, it neglects the influence
of normal force between grains on the bonding behavior
probably due to technological difficulties. This unsatisfac-
tory aspect constitutes another motivation of this study.

The main objective of the paper is to develop a sim-
ple distinct element modeling of the mechanical behavior
of HBS with the MH distribution of cementation. First, to
characterize the behavior of cohesive bond between par-
ticles under different normal forces, a set of mechanical
tests on two bonded aluminum rods under different load-
ing paths are performed with a specially designed appara-
tus. Then, the drained biaxial compression tests on DEM
samples with different bond strengths, which are used to
represent the HBS samples with different methane hydrate
saturations (Syu), are numerically carried out by our two-
dimensional DEM code, NS2D [15,16,18,29] under differ-
ent confining stresses. The code incorporates the simple bond
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contact model obtained from the experimental data. Finally,
the DEM results are compared with the experimental data
acquired from triaxial compression tests on HBS samples
performed previously by Miyazaki et al. [10] to demonstrate
the capability of the method.

2 Experimental studies on cementation
between particles

In this study, to characterize the bond behavior between soil
grains under different normal forces experimentally, a set
of bonded grains was idealized as a pair of aluminum rods
glued together with an epoxy resin. Such a choice comes
from two reasons: (1) As our first step in numerical analyses,
two-dimensional DEM will be used, which needs the results
obtained from experimental investigation on rods instead of
spheres. (2) It is much more difficult to carry out experi-
mental investigations on spheres than on rods in terms of
sample preparation, loading devices etc. However, it is one
of our future works to carry out experimental investigations
on spheres. Figure 2 presents a schematic diagram of a pair
of cemented aluminum rods. The rods are both 50 mm long
with a diameter of 12mm. This choice for the large ratio of
length to diameter, about 4, is in order to simplify a three-
dimensional problem as a plane strain problem during load-
ing. As shown in Fig. 2, the cementation between the alu-
minum rods is 50 mm long and 3 mm wide. And its thickness
along the line between the centers of the two rods is O mm.
Note that such a pair of the bonded aluminum rods doesn’t
necessarily represent a real one in natural or artificially-made
HBS, but makes it possible to carry out the tests on them
in geo-laboratories. Therefore, a qualitative analysis of the
bonding behavior can be obtained in this paper rather than a
quantitative one.

To prepare many pairs of cemented rods in high quality
repeatedly, a sample preparation device, which consists of
the top and bottom parts, was specially designed as shown
in Fig. 3. The procedure for preparing the samples with the
device is as follows. First, a pair of aluminum rods were

Bonding

materials a

The two rods are line

contact where the bond
thickness is nearly zero
0= (Unit: mm)

Fig. 2 Schematic diagram of idealized cemented rods in the experi-
mental study

Fixing bolt ( to fix the top and bottom part of the device)

I
v Position for bonds in a pre-defined mode Lo

Fig. 3 Schematic diagram of the specimen preparation device

attached to each other after the epoxy resin was coated uni-
formly on the narrow and long surface of each rod with a
spatula. The same way was repeated to prepare other four
pairs of rods. Second, these five pairs of cemented rods were
placed into the grooves of the bottom part of the device in
order. Then, the top and bottom parts of the device were
assembled together by fixing the bolts slowly. In this step,
the overflowing epoxy resin squeezed out by the pressure
must be wiped up. Finally, the five pairs of cemented rods
together with the sample preparation device were kept in an
air-conditioned room with a temperature of 20 °C for 24 h.
After the bond strength is strong enough to form the sam-
ples, they were taken out of the device carefully and kept in a
seal box for 28 days at 20 °C to make the epoxy resin achieve
its target strength which would be examined later. This pro-
cedure is proved to be efficient in preparing high-equality
samples.

In order to apply vertical (normal), horizontal (shear)
forces and moments on the cemented rods independently,
a set of auxiliary loading devices were specially designed,
as illustrated in Fig. 4. These devices were used to carry
out all the simple and complex loading tests, i.e. ten-
sion/compression tests, shearing/torsion tests under different
normal forces, and shearing-torsion tests under different nor-
mal forces (155 tests in total). For all the tests, a deformation
rate of 0.1 mm/min was used to apply vertical (normal) loads
in tension/compression tests, and horizontal (shear) loads in
other tests with the strain-controlled system. In this paper,
since we only study the mechanical properties of HBS with a
simple bond contact model which neglects the rolling resis-
tance of cementation, the results of shearing-torsion tests
under different normal forces are omitted for conciseness.
The other test results will be described in detail in the fol-
lowing paragraphs.

Figure 5 provides the tensile force-displacement relation-
ship of the cemented rods measured in the tension test. It
shows that the tensile force increases almost linearly with
the tensile displacement until the epoxy resin reaches its
peak value and then it abruptly drops to zero, which can
be characterized as an elastic-brittle-failure response. The
measured tensile stiffness k; and peak tensile strength Ry
are about 8.0 x 107 N/m and 2.1 kN, respectively. The com-
pressive force-displacement relationship of the cementation
measured in the compression tests is provided in Fig. 6. It is
found that the compressive force-displacement relationship
is quite smooth and linear in the initial part before the epoxy
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Fig. 4 Auxiliary test devices for mechanical examination on bonded rods: a tension device; b compression device; ¢ complex stress device
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Fig. 5 Experimental data obtained from tension test on bonded alu-
minum rods
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Fig. 6 The measured relationship by compression test on bonded alu-
minum rods

resin is crushed, which can be approximated by a linear elas-
tic behavior. The measured compressive stiffness k. and peak
compressive strength R, are about 2.1 x 108 N/m and 64 kN,
respectively. After the epoxy resin is crushed, the com-
pressive stiffness decreases significantly. However, as the
epoxy resin is subsequently squeezed out, the compressive
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stiffness increases up to a constant value again finally due
to the increasing of contact area between the two rods.
Figure 7 presents the shearing force-displacement relation-
ships obtained from shear tests on the cemented rods under
different values of the normal force, i.e. F, = 0, 2, 4, 6, 8kN,
respectively. As shown in Fig. 7, the shear force increases
straightly with the shear displacement before the peak shear
strength is achieved no matter what the value of the nor-
mal force is. Hence, it is fairly reasonable to assume a linear
relationship between the shear force and displacement in this
part. After the peak shear strength is achieved, the shear force
abruptly drops to zero when the normal force Fj, is zero, while
it decreases to the residual shear strength linearly after the
cementation experiences a strain softening stage when Fj, is
larger than zero. However, since the strain softening stage
is quite short in the latter case, the relationship between the
shear force and displacement in this part can be characterized
with elastic-brittle-plastic performance, which will avoid the
algorithmic complication in DEM analyses. Moreover, Fig. 7
shows that as the normal force increases, the initial shear stiff-
nesses ks measured in the shear tests are almost the same,
which is about 6.0 x 107 N/m. Figure 8 presents the rela-
tionships of the peak and residual shear strength against the
normal force measured experimentally. Figure 8 shows that
both the peak and residual shear strengths increase as the
normal force increases, with the former in a slightly non-
linear way and the later in a nearly linear way.

3 DEM simulation of tests on HBS samples
3.1 A bond contact model for DEM analyses
In order to capture the bonding effect in naturally microstruc-

tured sands, Jiang et al. [17,27] proposed a simple bond
contact model for discrete element modeling. The physical
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Fig. 8 Peak and residual shear strength of bonded aluminum rods
under different normal forces

model is presented in Fig. 9 for the readability of the paper.
In the subsection, we will improve it based on the experi-
mental results introduced in the foregoing paragraphs, and
then implement the improved one into our two-dimensional
DEM code, NS2D, to simulate the biaxial compression tests
on HBS samples.

To utilize the experimental results for modeling the bond
behavior of cemented grains and obtain a simple bond con-
tact model in DEM analyses, the main assumptions are as
follows:

(1) The tensile force-displacement relationship of the
cemented granules is simplified to be elastic-brittle-
failure, of which the tensile stiffness is k;. The cemented
granules are detached and the tensile force drops to zero
if the value of tensile force exceeds the tensile strength
Rtb-

(2) The linear elastic property is employed to approximate
the compressive mechanical behavior of the cemented
granules, of which the compression stiffness is k.

Dashpot

Fig. 9 Simple contact model proposed for bonds in the DEM analyses
(18]

(3) The shear mechanical behavior of the cemented gran-
ules under the normal force is characterized to be elastic-
brittle plastic, of which the shear stiffness is ks. When
the shearing force reaches the peak shear strength Rgp,
it abruptly drops to the residual shear strength Rgpy,
which is determined by the Mohr-Coulomb strength
criterion.

Based on the above assumptions, a simple bond contact
model can be obtained to describe the bond contact mechan-
ical behavior of cemented granules, and is illustrated in
Fig. 10, which neglects the mechanical response in the rolling
direction [18,24,25]. In addition, the model does not incorpo-
rate the change in normal stiffness under a compressive load-
ing, because (a) the change is quite slight as demonstrated
in Fig. 6; (b) the deformation of soils, including granulates
cemented whether by MH or other chemical materials, comes
mostly from interparticle sliding and particle re-arrangement,
instead of deformation at contacts [23,56,57]. This feature
can be efficiently captured in the DEM model in which a
constant stiffness is employed in both normal and tangential
models [23,28,30]; (c) The use of a nonlinear stiffness will
make DEM computation cost much more CPU time, but lead
to little difference on the mechanical behavior of soils, than
a linear stiffness.

Taking into account the effect of normal force F; on the
shear strength, we shall put forward a set of formula to deter-
mine the peak and residual shear strengths under different
values of the normal force as follows:

Rsb = Rgor = 0

Ry = Rs; Rspr =0

Rep = R0 - (1 +m - Fn/Rw)"
Rspr = - Fy

Rsp = Rspr = 0+ Fyy

(Fn = _Rtb)
(—Rwp < F, =0)

](0<Fn§Rcb)
(Rep < Fn)

ey
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where Ry is the peak shear strength at F;, = 0, Ry the
tensile strength, R., the compression strength, w the inter-
grain friction coefficient. m and n are two fitting parameters.
In this paper, the values of these six parameters obtained
from the experiment are 3.5, 2.1, 64kN, 0.2, 1.0 and 0.216,
respectively.

In comparison with the two previous studies [5,27,52], the
main improved aspect lies in the relationships of the peak and
residual shear strengths with the normal force, which are plot-
ted in Fig. 11. As illustrated in Fig. 11, when F;, < —Ry,
the shear strength is zero due to the tensile destruction of
cementation. When — Ry, < F, < 0, due to the lack of
the experimental data, it is assumed that when the bond is
intact, the peak shear strength is equal to Ry, i.e. the peak
shear strength at F, = 0, and the residual shear strength is
zero once the bond is broken. This simplification will make
the numerical computation much efficient with current PCs.
When 0 < F; < Rcp, the peak shear strength increases non-
linearly with the increasing of the normal force, and it finally
equals to the residual shear strength at F, = R, while
the residual shear strength increases linearly with the normal
force which follows the Mohr-Coulomb strength criterion.
When F, < R, due to the compressive crushing of the
cementation, the peak and residual shear strength are equal
to each other, both of which are determined by the Mohr-
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Coulomb strength criterion. Note that this local model has
several advantages over Delenne’ work [5], and in fact con-
sists of three components, i.e. the models in normal, tangen-
tial and rolling directions [20,21]. However, we only used
two components for the study, i.e. the models in normal and
tangential directions, since an assembly of such contact mod-
els can be rigorously linked in theory with classical contin-
uum mechanics [31].

In addition, there are several differences between our bond
contact model, and the BPM model for rocks proposed by
Potyondy and Cundall [45] and the bond contact models for
snow [37,53]:

(a) The origin. By simplifying a pair of bonded particles
as a macroscopic girder, the girder theory is used to derive
the normal stress and shear stress in the bond to obtain the
BPM model. This method does not take into account the
local effects caused by particles on both the stress distribu-
tion within the bond and mechanical behavior of the bond,
which violates the Saint-Venant principle. The cohesive par-
ticles interact with each other via the van der Waals forces
in the first bond model for snow used by Vedachalam [53],
while in the second bond model used by Vedachalam [53]
(i.e. the JKR model), the cohesive force comes from the
surface energy, which acts in combination with Hertz elas-
tic model. The third bond model for snow used by Favier
et al. [37] is composed of a linear hysteretic cohesive
model in normal direction proposed by Luding [38,39] and
a capillary-water like cohesive model in tangential direc-
tion proposed by Jiang et al. [16]. In comparison, the bond
contact model comes from the experimental observation, in
which different types of forces are directly applied to pairs of
bonded particles to obtain the mechanical behavior of bonded
contact.

(b) The failure criteria. In the BPM model, the peak shear
force keeps constant firstly, and then increases linearly with
the increasing of normal force; the peak torque (i.e. the peak
bond rolling resistance) increases linearly with the increasing
of normal forces. In addition, the shear force-torque strength
envelope is in rectangular shape. In all the three bond models
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for snow, the peak shear force increases linearly with the
increasing of normal force, while bond rolling resistance
is neglected. In comparison, in our complete bond model
[20,21], both the peak shear force and the peak rolling resis-
tance increase parabolically at first, and then increase lin-
early with the increasing of normal force. The peak shear
force-peak rolling resistance strength envelope is in an ellip-
tical shape. Note again that that bond rolling resistance is not
taken into account in the simplified bond contact model in
this article.

For simplicity and based on experimental observation, Ry
can be further assumed to be 1.66 Ry,. In the light of fact that
the inter-grain friction coefficient u is usually different from
that between aluminum rods, Eq. (1) can be further expressed
for the DEM analyses as

Ry = Rypr =0

Ry, = 1.66Ryp; Rgpr =0

Rsp = 1.66Rw - (1 + Fy/Rep) 2!
Rspr = 0+ Fyy

Rep = Rypr = - Fyy

(Fn < _Rtb)
(—Rwp < F, =0)

](0<Fn§Rcb)

(Rep < Fn)
(2)

in which Ry, can be regarded as a parameter solely control-
ling the size of strength envelope of bonds, and hence will
be used to represent methane hydrate saturation (Syy) in
the DEM analyses in this paper. It is true that MH bonds
can be created by following a kinetic law, and may damage
due to aging effects. Such time effects are indeed the forma-
tion/dissolution process of MH bonds, which depends on the
pressure and temperature in the environment. It is one of our
future works to relate this model to the real behavior of MH
bonds, microscopically and quantitatively, in the light of the
pressure and temperature in the environment.

3.2 Preparation of DEM samples

The above model was implemented in a two-dimensional dis-
tinct element method (DEM) code, NS2D [16,18,29], which
was used in this investigation. Each of the two-dimensional
DEM samples was rectangle in shape with a width of 400 mm
and a height of 700mm. And it was composed of 10 kinds
of discs with different diameters, 5,000 discs in total. Fig. 12
presents the grain size distribution of all the samples used
in this study. The DEM material was of a maximum diam-
eter of 9.0mm, a minimum diameter of 6.0 mm, an average
grain diameter dso = 7.6 mm and an uniformity coefficient
Cy = deo/d1o = 1.3. The particle density was 2.65 g/cm3
and the planar void ratio of the specimen at initial state was
set to be 0.28.

The DEM specimens with the target properties described
above were prepared in three steps:
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Fig. 12 Grain size distribution of material used in the DEM numerical
simulation

Table 1 The contact stiffness and bond strength used for DEM simu-
lation in this paper

Loading path Stiffness (N/m) Bond strength (kN)
Tension 1.5 x 108 0,1.0,2.0
Compression 1.5 x 108 No failure

Shear 1.0 x 108 Equation (2)

(1) Prepare loose uncemented specimens with the specific
planar void ratio, i.e. 0.28 in the investigation, by means
of the multi-layer under-compaction method (UCM)
[15].

(2) Compress the specimens in one-dimensional direction
with a vertical pressure of 12.5kPa while the horizontal
boundaries are fixed until the specimens arrive at their
equilibrium states.

(3) Form cementation at each contact point in specimens,
of which the mechanical behavior is governed by the
bond contact model proposed in the previous paragraphs.
Three different values of bond strength, i.e. Ry =0, 1.0
and 2.0 kN respectively, are adopted in the DEM numer-
ical simulations to represent the different hydrate satura-
tions of HBS in the paper.

The values of the contact stiffness and bond strength used
in the DEM numerical simulations are listed in Table 1. In
addition, the friction coefficient between particles u is 0.5
and that between particle and wall is zero. Note that the same
bond strength was assigned to all the contacts in each kind
of DEM samples. In fact, however, the bond strength caused
by methane hydrate in HBS is hardly the same at different
contacts due to the spacious variation in natural environment.
This assumption may lead to some discrepancies in mechan-
ical behavior with natural HBS, but will not influence the
main conclusions in this paper and it will be one of our future
works.
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Fig. 13 Procedure for DEM biaxial compression tests

3.3 DEM simulation of the biaxial compression tests
on HBS samples

A series of drained biaxial compression tests were carried out
on the loose DEM specimens with initial planar void ratio
0.28 and bond strength Ry, = 0, 1.0, 2.0 kN, respectively,
under different confining stresses o3. This is a conventional
test used in Geomechanics and Geotechnical Engineering
to examine the mechanical behaviour of soils, which pro-
cedure will be introduced with the help of Fig. 13. First,
the specimens were consolidated under the confining stress
o3 of 50, 100, and 200kPa, respectively. Then, they were
compressed vertically by moving the top and bottom walls
downwards and upwards respectively, at the given rate of
0.1 %/min, while the positions of lateral walls were adjusted
by a numerical servo-technique to guarantee that the con-
fining stress, i.e. 03 = 50, 100, and 200kPa respectively,
always remained constant. Such a low strain rate is necessary
to guarantee the quasi-static deformation of the specimens
and the homogenous stress field before the possible emer-
gence of strain localization in specimens. In the numerical
simulations, all the wall boundaries were rigid and always
frictionless.

In addition, the vertical stress is noted as o, horizontal
stress (i.e. confining stress) 03, mean stress p = (o1 +03)/2,
and deviatoric stress ¢ = (07 — 03)/2 to describe the numer-
ical results in the next section.

4 Comparison between numerical and experimental
results of HBS samples
4.1 Stress-strain behavior

Figure 14 presents the deviatoric stress-axial strain relation-
ships of DEM HBS samples with different bond strengths
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Fig. 14 Stress—strain relationships of the DEM samples with different
bond strength Ry, under different confining stresses 03: a 03 = 50kPa;
b o3 = 100kPa

under different confining stresses. shows

that:

Figure 14

(1) When there is no cementation between soil particles, the
stress-strain behavior of DEM HBS samples exhibits
strain hardening characteristic, while its stress-strain
behavior exhibits strain softening characteristic when
the cementation is formed in DEM HBS samples.
In addition, the strain softening characteristic is more
and more significant with the increasing of the bond
strength.

(2) Bond strength has a significant influence on the peak
shear strengths of DEM HBS samples. And the peak
shear strength increases as bond strength increases.

(3) Comparing Fig. 14a with b, it is found that the peak shear
strengths of DEM HBS samples increase significantly
with the increasing of the confining stress.

(4) The residual shear strengths of all DEM HBS samples
with different bond strengths approximate to the peak
shear strength of DEM HBS samples which have no
cementation between soil particles.
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Fig. 15 Stress—strain results from drained triaxial tests on synthetic
methane hydrate sediments with different hydrate saturation under dif-
ferent confining stresses 03: a 03 = 1 MPa; b 03 = 3 MkPa. The graph
is redrawn from Miyazaki et al. [10]

Figure 15 provides the results of drained triaxial com-
pression tests on the real HBS samples with different Syg
carried out by Miyazaki et al. [10]. It is found that the stress-
strain behavior of HBS samples changes from strain hard-
ening characteristic to strain softening characteristic as Sy
increases and the strain softening characteristic is more and
more significant as increasing of Syvy. In addition, the peak
shear strength increases as Syvpy increases. By comparing
Fig. 14 with 15, it can be included that the DEM results
are qualitatively in agreement with the experimental results
in terms of the variation trend of the dilation and the peak
shear strength.

4.2 Volumetric response during biaxial compression test

Figure 16 provides the relationships between the volumetric
and axial strain of HBS with different bond strengths under
different confining stresses. Note that the positive volumet-
ric strain denotes dilation in this figure. As shown in Fig. 16,
the volumetric change characteristic of the unbonded sands
is always shear contraction, while the DEM HBS samples
which have cementation between soil particles show sig-
nificant dilation after an initial shear contraction. In addi-
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Fig. 16 Volumetric-axial strain relationships of the DEM samples with
different bond strengths Ry, under different confining stress 03: a 03 =
50kPa; b 03 = 100kPa

tion, the dilation increases as the bond strength increases and
decreases as the confining stress increases.

Figure 17 provides the experimental result obtained by
Miyazakietal.[10]. As showninFig. 17, the real HBS sample
exhibits significant dilation, which increases with the increas-
ing of Sy but decreases with confining stress. Such a feature
is also in agreement with the simulation results as shown
in Fig. 16. Hence, the method incorporating the proposed
bond contact model in this paper can qualitatively reflect the
relationship between the volumetric and axial strain of real
HBS.

4.3 Peak shear strength of HBS samples

Figure 18 provides the peak shear strength envelope, the
cohesion and the friction angle of DEM HBS samples with
different bond strengths. As shown in Fig. 18, both the cohe-
sion and friction angle increase as bond strength increases.
Whereas, the influences of bond strength on them are differ-
ent: the influence on the cohesion is much more significant
than on the friction angle. This conclusion is in accordance
with the result reported by Soga et al. [48].

Figure 19 presents the experimental results obtained by
Miyazaki et al. [10]. As shown in Fig. 19, the cohesions of
real HBS samples increase significantly with the increasing
of Smu, while the friction angles are almost invariable as Syy
increases. By comparing Fig. 18 with 19, it is found that the
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graph is redrawn from Miyazaki et al. [10]
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Fig. 18 Peak strength envelops of the DEM samples with different
bond strengths Ry

DEM simulation in this paper can capture the strength feature
of real HBS samples efficiently and essentially.

5 Discussion on main limitations

The purpose of this investigation is to develop a simple dis-
tinct element modeling of the mechanical behavior of HBS,
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in which the hydrate acts as cementation between soil grains,
which will provide a basis for the future study on the mechan-
ical behavior of HBS and its macroscopic constitutive mod-
els. Although the obtained DEM results are generally in
agreement with the experimental observation, the following
limitations need to be overcome in future.

(1) Only the influence of one hydrate distribution in HBS,
i.e. cementation, on the mechanical behavior of HBS
samples was captured and investigated, while the influ-
ences of other distributions which may be important
in controlling the mechanical behavior of HBS were
ignored in this paper.

(2) Since a 2-D DEM code was developed, the planar sam-
ples were used to study the mechanical behaviour of
HBS instead of the three-dimensional cylindrical sam-
ples. This difference may lead to some discrepancies in
the physical or mechanical behavior due to the differ-
ent initial properties of these two kinds of samples, for
example, the void ratio.

(3) Different values of bond strength were employed to rep-
resent different hydrate saturations, i.e. the large value
of bond strength corresponding to large Syp. It should
be noted that the exact relationship between the bond
strength and Sy has been unknown yet and needs to
be clarified, although the qualitative relationship, i.e.
the bond strength increases with the increasing of Syn,
stands.

6 Conclusions
This paper presented a simple distinct element modeling

of the mechanical behavior of hydrate-bearing sediments
(HBS) in deep seabed. Well glued aluminum rods were
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loaded under various loading paths to obtain the mechan-
ical behavior of cemented particles. Based on the labora-
tory tests, an improved bond contact model was proposed
to describe the bond behavior between particles in HBS,
and then implemented into a two-dimensional DEM code,
NS2D, for numerical simulations. A series of drained biaxial
compression tests were numerically carried out to study the
mechanical behavior of HBS. Finally, the simulation results
were compared with the experimental results obtained by
Miyazaki et al. [10]. The following conclusions can be made
from the investigation:

(1) The experimental investigation on idealized bonded par-
ticles highlights the microscopic mechanical response of
the cemented soil particles. The cemented particles fails
abruptly under the simple loading path, while ductile fail-
ure is observed under combined loading paths. Approx-
imate linear elasticity dominates the pre-failure stage of
the mechanical behavior under all loading paths, although
a global non-linearity is often observed. Furthermore, the
inter-particle shear strength depends on the normal force
applied on the particles, which can be calculated with the
proposed formula when the bond is intact and with the
Mohr-Coulomb strength criterion when the bond fails.

(2) Compared with the experimental results, the DEM
numerical results demonstrate that the proposed method
incorporating the new bond contact model can capture
the following main features of the mechanical behavior
of HBS efficiently: (a) the strain softening characteristic
is more and more significant with the increasing of Svu;
(b) the peak shear strength increases as Sy or the con-
fining stress increases; (c) the dilation increases as Syy
increases or the confining stress decreases; (d) both the
cohesion and friction angle increase with the increasing
of Smu, but the influence of Sy on the cohesion is much
more significant than on the friction angle.

Note that one of the main aims is to establish a sim-
ple model for MH soils, in which different bond strengths
are used to represent different methane hydrate saturations
(Smu). It is one of our future works to relate this model to
the real behavior of MH bonds, microscopically and quan-
titatively, in the light of the pressure and temperature in the
environment, and take into account a kinetic law describ-
ing the formation/dissolution process of MH bonds, which
can be implemented into DEM codes to simulate both ele-
ment tests [6, 10, 14,17,40-42] and boundary-value problems
[8,23,26,29,32-35,43].
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