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Abstract: Methane hydrate (MH), a potential source of future energy, is extensively
deposited in marine deposits. It is essential to understand the mechanical properties of
methane hydrate bearing sediments (MHBS) for applications relevant to mining and
geotechnical engineering. This study aims to investigate the undrained shear strength
of methane hydrate bearing sands. The current paper presents a coupled
Computational Fluid Dynamics and Discrete Element Method (CFD-DEM) numerical
approach to simulate the behavior of fluid-particle interaction system. The Tait equation
of state for liquid is implemented into the Navier-Stokes equation-based CFD, while the
DEM is used to model the granular particle system of MH bearing sediments. The
validity of the CFD-DEM tool is first verified by two typical geomechanics problems
where analytical solutions are available. The simulations show that the stress-strain
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behaviors of MHBS emerge the temperature, pore pressure and saturation degree
dependency, the curves shows a softening-like response, the shear mechanical
property including the peak deviator stress and frictional angle increase with the
increase of initial pore pressure and MH saturation as well as the decrease of
temperature.
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Abstract: Methane hydrate (MH), a potential source of future energy, is extensively
deposited in marine deposits. It is essential to understand the mechanical properties of
methane hydrate bearing sediments (MHBS) for applications relevant to mining and
geotechnical engineering. This study aims to investigate the undrained shear strength of
methane hydrate bearing sands. The current paper presents a coupled Computational
Fluid Dynamics and Discrete Element Method (CFD-DEM) numerical approach to
simulate the behavior of fluid-particle interaction system. The Tait equation of state for
liquid is implemented into the Navier-Stokes equation-based CFD, while the DEM is
used to model the granular particle system of MH bearing sediments. The validity of the
CFD-DEM tool is first verified by two typical geomechanics problems where analytical
solutions are available. The simulations show that the stress-strain behaviors of MHBS
emerge the temperature, pore pressure and saturation degree dependency, the curves
shows a softening-like response, the shear mechanical property including the peak
deviator stress and frictional angle increase with the increase of initial pore pressure
and MH saturation as well as the decrease of temperature.

Key words: methane hydrate bearing sediments; consolidated drained; coupled
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1 Introduction

Methane hydrates are crystalline clathrates composed of water and methane molecules
under specific temperature and pressure conditions. Being considered to be one of the
potential energy resources to alleviate the energy crisis, the presence of methane
hydrate is commonly found worldwide deposited in continental marine sediments,
forming the methane hydrate bearing sediment. The extraction of methane hydrate has
attracted interests of many investigators in many countries including the United States,
China, Russia and India among others. However, the presence of methane hydrate also
bring some challenges to geotechnical engineers, this is because the dissociation of
methane hydrate can not only result in a loss of cementation but also an increase of
excess pore pressure of methane hydrate grounds, which in turn can cause a
degradation of methane hydrate grounds and corresponding geo-hazards like ground
destabilization, submarine landslides and platform destructions. So it is essential to
access the mechanical properties especially the shear strength characteristics for
applications relevant to mining and geotechnical engineering.

To date, some understanding of MHBS mechanical properties has been acquired via
tests on natural and artificial specimens [1-5]. Most of the existing data is based on
consolidated-drained (CD) tests, the mechanical response under drained conditions has
been extensively studied by means of numerical analysis and experiments considering
many factors like temperature, effective pressure, saturation degree of methane hydrate
as well as time dependency. Fewer studies have been conducted using consolidated

un-drained (CU) tests. However, the relative low permeability of some MHBS suggests



©CO~NOOOTA~AWNPE

that parameters from CU tests may be relevant in many practical situations. So there
exists strong necessity to acquire the CU values before construction of practical
MH-related engineering projects.

Researchers [6] have performed laboratory tests to directly determine the CU strength
values of methane hydrate bearing sediments using the triaxial apparatus. However,
such testing is quite complicated and time-consuming due to the high pressure and low
temperature requirements, as well as poor repeatability in specimen formation.
Numerical methods, especially Discrete Element Method offers one alternative
approach to explore that behavior, particularly if it involves the coupling effect of
particle-fluid interaction in addition to particle-particle interactions. The so-called
combined approach of Discrete Element Method and Computational Fluid Dynamics
(CFD-DEM) has been developed [7-9] and proved to be effective [10-18] in modeling
geomechnical problems like seismic liquefaction, seepage of soil slope and other
mechanical problems like fluidization, cyclone, and_film coating (summaried by [19]).
To the authors’ knowledge, few studies have been made on the particle-fluid flow
system for MHBS CU triaxial tests by means of CFD-DEM approach.

The current paper aims to develop a coupled CFD-DEM numerical tool to determine
the CU strength characteristics of MHBS. Firstly, the governing equations in
consideration of proper interaction force exchanges between the DEM and the CFD are
introduced including equations for fluid-particle interaction forces, Navier-Stokes
equation for the fluid-flow, Tait equation of state for fluid and motion equations for

particle system. The proposed CFD-DEM model is then validated by two
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benchmarking examples, namely, the single particle free settling problem and the
one-dimensional consolidation problem. At last, numerical simulation results of MHBS
under CU conditions with a specific temperature, back pressure and MH saturation
degree presented, the effect of these three strength factors are then studied before

coming to the conclusions.

2 Methodology and formulations

2.1 Governing equations for the pore fluid and particle system

In the CFD method, the fluid is treated as a continuum and the geometry domain is
discretized into a certain number of computational cells for calculation efficiency. In
CFD-DEM the fluid only occupies the porous fraction (n) of the material. Local
averaging within the pore space of each cell of variables such as fluid velocity, pressure
and density is assumed possible. Therefore for each cell the continuity and the

conservation of momentum equations are written as:

o2 | Ginp, U') =0 (1)

o(np,U")
ot

+V-(npU'UN+F"-nV-(uWU")=-VP +np, g 2)
Where n is the local void fraction defined as: n=V,,ig/V., (V. is the total volume of a cell,
Vioig 1S the total cell volume minus the volume of the particles in the cell) ; U"is the
average velocity of the fluid in the cell; P is the averaged pore pressure in the cell; p; is

the averaged fluid density; « is the averaged viscosity; g is the gravitational acceleration;

F'is the particle-fluid interaction force average of that exerted on the fluid by particles
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inside the cell.

By observing eq. 2, the pore pressure (P) not only varies with the fluid-flow (associated
with left terms of eq. 2) but also with the density (pf) variation of the fluid. Assuming
that MHBS would be saturated with seawater, fluid density variation can be described
by the equation of state proposed by [20] given as:

Pi ~ Pro
Pio

=0.315-(1-S x103)-log( B* i PJ (3)
B"+PF,

Where B* (unit of B™ is in bar, 1 bar=10° Pa) is fitting parameters for seawater
respectively based on laboratory tests which can be given by:

B" = (2670 +6.89656x S) + (19.39 — 0.0703178x S)t — 0.223t2 (4)

Where p1o/Po and pi/P are initial density/pressure and current density/pressure of fluid,

respectively; S is salt concentration of seawater; t is temperature of water (unit in'C)

For a given particle p in DEM, the following equations govern its translational and

rotational motions:

du Tp
mpd—t":mpg +;(F;§+F;)+pr (5)
dw Do
I, dtp =ZM 5 (6)
i=1

Where my, up, @ are the mass, velocity and rotational velocity of the single particle p,

respectively; F;, F,F' are contact force, viscous damping force and particle-fluid
interaction force which includes both pressure gradient force and drag force in the
current case acting on particle p; My; are the contact force and the torque acting on

particle p by particle i or the wall(s); n, is the number of total contacts for particle; I, is

moment of inertia of particle p. m,g is the gravitational force.
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In the DEM code, as shown in Fig. 1, Jiang et al. [21,22] proposed a cemented contact
model for MHBS in conjunction with Coulomb's friction laws shown in Fig. 2(a)-(c) to
describe the inter-particle contact mechanical behavior. This contact model of MHBS
relates the microscopic bond strengths given in eq. (7) with macroscopic quantities of
MH's environmental conditions (i.e., Pore water pressure, temperature and MH
saturation degree) by egs. (8)-(11), more details can be seen in [22]. Interested readers
should note that eqgs. (10)-(13) are fitting equations based on pure MH compression
tests conducted by Hyodo et al. [1] at certain temperature and pore pressure conditions
(i.e., temperature from -30°C to 5°C and pore pressure from 1.5 to 20MPa). Since MHs
are usually formed at 100 to 2000 m below the sea level, equivalent to an initial pore
pressure from 1MPa to 20MPa, these equations are relevant for DEM simulations under

temperature and pore pressure conditions listed in Tab. 1.

R — f K p (F p +Rb)(|n Rcb +Rtb)059 (7a)
Fo+ Ry

R = f,-K,”(F,” +Ry)(In " Royos (7h)
Fo+Re

Rib=B €t max (7c)

Reb=B €lc max (7d)

Where Rsis bond shear resistance, R; is bond rolling resistance and Ry/R¢p, are bond
tension/compression resistance; K", K" are normal, tangential, and rolling stiffness; fs,
f are fitting parameters associated with the minimum bond thickness (hmin), gt maxand
Oemax are the tensile and compressive strength of pure MHs, F,” is the normal contact

force, which can be respectively formulated based in in-situ experiments [1] as follows:
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f =2.05—0.89¢ (100115
K. =0.41-61.07h

f, =2.05—0.92¢ 10"m 218
K,” =0.83-146.36h,,,

Semax O45[p°j—l.15[ j+101.75[£j—74.39
Pa Pa Pu

e.max 081( DCJ 2.08(lj+184.16(£J—134.65
pa pa TO pw

KUy, w2 0
0, u,<0

E_ 3(&j—1.98(1]+4950.50(ﬁ]—1821.78
pa pa TO IDW

Where K" is the normal stiffness; u, is the overlap of contacted particles; p is the

(8)

|-

9)

(10)

density of pure MHs under a confining pressure (pc) and the temperature (T); pais the
standard atmospheric pressure (i.e., 1.01x10°Pa); Ty is the reference temperature of 1€;
and py, is the density of water at 4. Note that p. is equal to the pore water pressure for
MH bonds in submerged specimens of MHBS. hpi, and B are geometrical quantities
derived from the saturation degree of MH (Spp); Sb =Vwmn/Vyv 100%, defined as the

ratio of the area of voids occupied by MH bonds to the total void area.

1+e

2
Z(hﬁfaxB. 2R’ arctan%+8i Riz_(%j )+S,
4R’ -B, w

Where A is the total cross section of the specimen; e, is the planar void ratio (i.e., the
ratio of total void area against the area of soil particles in two dimensions). Sy is the
threshold MH saturation at which MH begins to cement sandy grains depending on the
deposition history [23,24]. m is the total number of MH bonds. The status of the bond

(i.e., intact or broken) for a particle p is determined through a bond failure criterion
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arising from micromechanical tests on idealized bonded granules [25,26]. This

criterion shown in Fig. 2(d) in general can be written as:

FP M® [=1 intact bond
_ (12)

Y
R R, <1, brokenbond

S

2.2 Fluid-particle interaction forces

The key to model a particle-fluid coupling system is to take the particle-fluid
interaction forces into consideration in addition to particle-particle interaction forces in
DEM and fluid-fluid interaction forces in CFD. Particle-fluid interaction forces include
hydrostatic buoyancy, pressure gradient force, and other hydrodynamic forces like the
drag force, virtual mass force, basset force and lift forces (see in [19]). In this study, we
consider that the dominant interactions between fluid and submerged particles of
MHBS in CU triaxial tests are those due to pressure gradient and drag. The expression

employed to compute the force due to fluid pressure gradient on the particles is:

ap S m >
fi=—="> V' =—(1-n)P,
ay m=1 P (13)

m_7

Vp6

3
d.,
Where p, n, is the averaged water pressure and particle number within a cell; and n is
porosity; V," is volume of a specific particle m with a diameter of dym.
To date, there are no analytical solutions to calculate the drag force for a cluster
assembly of submerged particles within a cell. We follow the empirical equations

proposed by Ergun [27] and Wen et al. [28] associated with the void ratio of the cell (n):
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— u—a
£ =@-n)asoLM g 757 =Bl 6y, o)
ndp dp (14)
CRN 2% up, |u, ~ T,
RN =T 5y (s 08)

d

p

f. =0.75(—n)

Where u; /T, are flow velocities/horizontal component vertical component, i=1,2;

d,Is average diameter of particles in a cell; x is dynamic viscosity; Re is Reynolds
number which can be expressed by:

Reznpfap‘uf—ﬁp‘/y (15)
Where u,, U, are average velocity of fluid and particle of a cell, respectively; the drag

force coefficient (Cp) in eq.(14) can be formulated by:

24
—~(1+0.15R%%*"), R, <1000
CD _JR ( e ) e (16)

e

0.44 R, 21000

2.3 Numerical solution schemes for coupled CFD-DEM computation

Though the mathematic model for CFD-DEM computation is complicated, the theory
of numerical coupling method is simple. The fluid phase is discretized with fixed sized
cells, these cells are used to determine which cell does an individual particle belongs to.
Fig. 3 shows the general algorithm of coupled DEM-CFD simulations. Firstly, by
following the coarse-grid approximation method proposed by Tsuji et al. [29], CFD
program is used to solve the locally-averaged Navier-Stokes equation in eq. (2) for the
averaged velocity and pressure for each cell, this information is then passed to the
coupling module. By using the position and velocity provided by DEM modules, the
relative velocity between each particle and the surrounding fluid is acquired and the

pressure gradient force and drag force can be obtained by egs. (13)-(14), then DEM
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solver updates the positions by egs. (5)-(6) in a loop until the end of the CFD time step
is reached. The particles new position information is handed back to the coupling
module which will update the new fluid cell porosities. Based on these steps, the CFD

solver iterates over the time until the flow field converges to a stable solution.

3 Benchmarking examples

In order to validate the CFD-DEM tools proposed for testing the CU strength of MHBS
in this current paper, two coupled calculation problems with available analytical
solutions are implemented, namely single spherical particle free settling in the water

and one dimensional consolidation problem.
3.1 Single spherical particle free settling in the water

Stokes analytically found that a spherical particle settles in water with a uniform
terminal velocity due to the balance of buoyance and drag force with the gravitational

force as:

2
Yy

T T
5400 =p)g =CRuTdop - (17)

gravity force—buoyance force drag force

Where vy is the particle terminal sedimentation velocity. By solving eq. (17), v, can be

4(p, —p,)d
v, = /M (18)
3C, R, up;

Fig. 4 (see inset of Fig. 4) presents the coupled CFD-DEM simulation model of a

further formulated by:

spherical particle of d,=1mm is dropped freely from the center of water surface in a
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container with a L>H=420>840mm calculated in the plane-strain condition with an
out-of-plane thickness of 1 m, the planar container was divided into 14>28
homogeneous fluid cells. The densities of the particle and the water are pp:2650kg/m3
and pi=1000kg/m?, respectively. The viscosity of water is x=2x10 >Pa:s.

Fig. 4(a) shows the simulated velocity of the dropped particle, the velocity starts from 0
m/s, presents a nonlinear increase versus the time and reaches a terminal velocity of
0.321 m/s at about 0.4s which agrees very well with the analytical solution. In
conjunction with Fig. 4(b), the velocity shows a strong interplay with the drag force
which increases with the increase of the particle velocity and reaches the maximum
value at about 0.4s and at this moment the particle reaches a state of dynamic

equilibrium (resultant force equals to gravity minus buoyant force).
3.2 One dimensional consolidation

The CFD-DEM coupled method has also been validated in another classic
geo-mechanical problem of one-dimensional consolidation problem. Terzaghi [30]
obtained an analytical solution to the dissipation of the excess pore water (uy) in an
one-way drained soil layer subjected to uniform surcharge. The governing equation is
given by:

au,, o’u,
A a 9)

Where t is consolidation time; z is depth of the soil; C, is the coefficient of consolidation

and can be formulated by:
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c o K _ke 20)
my, ar,

Where K is the coefficient of the permeability, e is the initial void ratio of the soil, o is
the coefficient of the compressibility, y, is specific weight of the water, m, is the
coefficient of volume change defined as: m,=Ae,/Aoy, (Ae, and Aoy are the variations of
vertical strain and vertical stress, respectively). In addition, a non-dimensional time can

be defined to conveniently describe the normalized time process:

=0 (21)

Where H is the length of the longest drainage path equals to thickness of soil layer in
which free drainage can only take place at one boundary surface. In case of one-way

drainage, the initial and boundary conditions are:

u(z,0) = p,, u(0,t) =0, % =0 (22)

z=H

Where po is the uniform surcharge applied on the soil surface; taking eq. (22) into eq.

(20), and the excess pore water pressure can be obtained:

e 2, . mrzz m*z°T,
u, = ——=(1-cosms)sin——exp(— Y
w mZ; mﬂ( ) o p( 2

) (23)

Where m denotes an integer number.

Therefore, the average degree of consolidation (i.e. U) for soil can be expressed as:

_[H u,dz
U=1-=2 (24)
j odz
0
Substituting eq. (23) into eq. (19) the following expression can be obtained:
B 8 T, 1 9 5
u _1—? exp(— 2 )+§exp( 2" T, +7) (25)
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Fig. 5 shows the simulated one-dimensional consolidation problem, a total of 200
submerged particles of uniform radius rq=1mm are used, the planar container was
divided into 1>60 homogeneous fluid cells with a width of 2mm each. The excess pore
pressure is only allowed to dissipate in one-way vertically by setting the top surface a
drained boundary condition while keep the other three surfaces undrained and normally
constrained conditions. The particle density pp:2650kg/m3, fluid viscosity
u=2x10"Pa.s, g=9.81m/s®. Particle contact forces are described by the rolling
resistance model proposed by Jiang et al. [31] and the normal/shear contact stiffness is
assumed to be kn/ks=6*107/4*10"N/m, the inter particle frictional/rotational coefficient
is assumed to be the same of 0.5. The submerged particles are initially consolidated to a
stable state under the gravitational and buoyancy forces. Afterwards, an instant
surcharge load po=1kPa is applied by assigning concentrated forces at the top row
particles of the column.
Fig. 5 shows the settlement of the top particle versus the additional pressure, as can be
seen, the settlement increases linearly with the additional pressure, the coefficient of
compressibility («) is then:

o ‘A_Ape =HA_ASP(1+eO) ~6.36x10°Pa" (26)

By the approach proposed by Mccabe et al. [32], the coefficient of the permeability (k)

can be formulated by:

2 2.3
_gcz//sdp n°r,

 1504(1—n)? @7)
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Where, g is the gravity scaling factor (g.=1 under a standard gravitational field); v is a
parameter reflecting the irregularity of the particle shape (=1 when the particles are
circular); n is the planar void ratio, d, is the average grain diameter of particles, x is the
fluid viscosity, ry, is the volume weight of fluid. A value of k=0.655m/s is here obtained.
Using the parameter k in egs. (26)-(27), the normalized analytical solution is obtained.
As shown in Fig. (6)-(7), the predicted dissipations of excess pore pressure and the
predicted degree of consolidation are in good agreement with the analytical solutions
although small differences with numerical solutions also emerge. The precision will be
improved if the particle size become smaller to the fluid cell.(see in [33])

The above two benchmarking examples illustrated the CFD-DEM program adopted in
this study can reasonably capture the fluid-particle interaction, the numerical results
acquired are found satisfactory with theoretical solutions and can be reliably used in

associated geotechnical engineering problems.

4 Simulation program for MHBS

Tab. 1 summaries the simulation program to define the effect on strength parameters of
the discrete analogue of MHBS of three typical strength-affecting factors, namely, the
temperature (T), the saturation degree of MH (Swp) and initial pore pressure (P. P).
Results for a clean sandy soil with Si,=0% are also presented here for comparison. To
define shear strength at each condition specimens were tested under effective pressures
(o3) of 1MPa, 2MPa and 3MPa. A total of 30 different numerical tests were thus

performed in this study. Since there is no available direct laboratory test results to
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compare with numerical results, the discrete MHBS is first benchmarked under a
specific condition (i.e., T=268K, P=10MPa, Sy,=25%), and then the testing conditions
are varied to observe the temperature, back pressure and saturation degree effects.
Clearly, to perform an undrained test in the lab at those reference conditions the
freezing point should be depressed below that of typical seawater, e.g. by raising salt

concentration in the water.

5 Simulation procedures for CU tests

5.1 Sample preparation

The sample chosen for the analyses (Fig. 8) has enough resolution while maintaining
computational efficiency. It has 400mm in width and 800 mm in height, and contains a
total number of 6,000 particles. Fig. 9 shows the particle-size distribution adopted in
this study with a median particle diameter (dso) of 7.6 mm and the uniformity
coefficient (C,) of 1.3. Tab. 2 lists the values of parameters adopted in the simulations.
The multilayer under-compaction method (UCM) proposed by Jiang et al. [34] was
implemented to generate an initial homogenous sample. Five layers of particles were
then generated in sequence, with each layer consisting of 1,200 particles randomly
distributed into the rectangular container. To obtain an initial planar void ratio of 0.22,
the accumulated layers of particles were compacted to an intermediate void ratio which
is slightly higher than the target one. Based on the under-compaction criterion [34], the
intermediate void ratios for the accumulated layers were ey1) =0.27, €p1-2) =0.269,€,(1-3)

=0.265, ey1-4)=0.259, ep1-5) =0.25. During each compaction process, the top wall was
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moved downward at a constant velocity of 0.5 m/% while the lateral and the bottom
walls were fixed. The inter-particle friction coefficient was set to 1.0 in order to achieve
the relatively high intermediate void ratio. During the process of sample generation, the

wall-particle friction was set to zero to eliminate any boundary effects.

5.2 Bond activation

After specimen generation, the inter-particle friction coefficient was set to 0.5 and
samples were consolidated one-dimensionally under a constant pressure of 200kPa.
Bonds were then activated at the contacts where the inter-particle separation (i.e., tpin
Fig. 1) was less than a threshold, arbitrarily selected as 5% of the average particle
diameter in this study. The bonding strength parameters associated with MH bonds
were computed in this phase according to the test conditions (i.e., effective confining
pressure, back pressure, temperature and MH saturation degree) given in egs. (7)-(10).

For the clean sandy sand, no bonds were activated.

5.3 Isotropic consolidation

The stress controlled rigid boundary was implemented in the code using servo system.
This sample was then isotropically subjected to a target confining pressure (i.e., 1MPa,

2MPa, 3MPa).

5.4 Biaxial undrained compression

After the consolidation of a specific confining pressure, the sample was compressed by

moving the top and the bottom platens towards each other at a constant strain rate of
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0.5% per minute while maintaining constant pressure on the lateral boundaries. In order
to keep the compatibility conditions, a velocity-loading boundary condition at an equal
rate of 0.5% per minute of the fluid was also implemented on the top and bottom
boundary and no flow is allowed through the lateral boundary. At this stage, the
pressure acting on the servo system wall is the total pressure including the pore pressure.
The membrane particles neighbouring the walls were used to transfer concentrated
forces converted by pore pressure using eq. 28, the magnitude of the force on a single
membrane particle is applied according to its radius ratio of adjacent particles. Taking
particle A and B for example, assuming a resultant force equals to Fag due to the pore
pressure acting against a total length equals to ra+rg between particle A and B, the

magnitude of the concentrated force on particle A and B will calculated by :

r I
FA:FAB'r:r 1 FB:FAB'I,_Er (28)
AT lg AT lg

A typical sample after consolidation is plotted in the right panel of Fig. 8. Interested
readers need to note that in the above three steps before the biaxial undrained
compression the simulations use DEM without a coupling CFD calculation.
Measurement circles are also used to monitor the variation of pore pressure. By this
method, we extract the effective pressure (c’) by substracting the pore pressure(u) from
the total pressure (o) as:

o'=o0-u (29)
It is noted that the effective stress can also be acquired by averaging contact forces
within a CFD cell. We compared this two numerical post processing methods and found

a negligible discrepancy between the results of this two approaches.
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6 Numerical results and discussion

In the following sections, we report the numerical results from the_biaxial compression
tests outlined in table 1. In the description of the state of stress, the following 2D
invariant variables have been used: p=(cito3)/2 (mean effective stress) and
g=(oc1—03)/2 (deviator stress). For brevity, based on Tab. 1, we first report the behavior
of a reference MHBS sample at specified environmental conditions and then report the

effect of saturation degree, temperature and back pressure on the mechanical behavior.

6.1 Stress-strain relationships of MHBS

Fig. 10(a) illustrates the stress-strain curves under different confining pressures for
MHBS of T=268K and P=10MPa with a saturation degree (Spp) of 25%, the curves
show a softening-like response, with maximum deviator stress near 1% axial strain and
increasing with the confining pressure. Fig. 10(b) illustrates the evolution of excess
pore pressure within the cells at different axial displacement stages, the magnitude of
the excess pore pressure increases until about 0.75%-1% axial strain and then suffers a
gradual decline until the end. The maximum excess pore pressure increases with
confining pressure. Fig. 10(c) presents the total and effective stress paths during
loading. Linear failure envelopes can be fitted to the peak strength to estimate
internal/effective frictional angle ¢/¢ " as well as total cohesion/effective cohesion c/c’.
Fig. 11 shows the evolution of bonding breakage with axial strain, broken bonds
between particles are marked in red (compression failure) and black (tension failure).

There exists a strong interplay between the bonding breakage and the evolution of shear
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bands, the broken bonds increase with the expansion of shear bands when the axial
strain grows. When the axial displacement reaches 12%, a distinct breakthrough shear
band was observed along the diagonal line of the rectangle. By comparing the
stress-strain curve of the MHBS with that of the clean sandy soil, in Fig. 10(a), we
found there was a coincidence of the strength value in the residual phase of the curves.
This coincidence shows that at that stage the practically unbounded band dominates the
response, and that while there are still some intact bonds within blocks surrounded by

shear bands and several they contribute little to the deviator stress.

6.2 Effect of Temperature and back pressure

Fig. 12 and Fig. 13 present the stress-strain curves of the MHBS under different
temperatures and back pressures and corresponding evolution of excess pore pressure.
As shown in Fig. 12, the peak strength and the initial tangent modulus increases with
the decrease of the temperature; the temperature has a small impact on the maximum
excess pore pressure while it dissipates faster under a lower temperature.

As for the effect of back pressure (Fig. 13), the peak shear strength increase with the
increase of pore pressure while the evolution of pore pressure presents almost the
same magnitude with the axial strain development. With the same approach adopted
in Fig. 10(c), the effective/total frictional angle and effective cohesion/ total cohesion
versus the temperature and pore pressure is presented in Fig. 14, it was found that the
frictional angle as well as the cohesion increased with the increase of back pressure and

the decrease of the temperature.
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6.3 Effect of Methane Hydrate Saturation

Fig. 15 presents the stress-strain relationship under different effective confining
pressures and hydrate saturation (Sp) of MHBS at T=283K, P. P=10MPa.The brittle
response, as well as maximum deviator stress and excess pore pressure are greatly
enhanced by saturation degree. The variation of effective peak shear strength Gpeax With
respect to the saturation degree is shown in Fig. 16, in which the relationships with
different confining pressure are included. The peak shear strength increases
dramatically as the effective confining pressure increases at any Spp.

Based on triaxial tests on a physical analogue of MHBS (mixtures of sand, silt, clay
with Tetrahydrofuran), Santamarina and Ruppel [35] obtained an equation
summarizing the effect of saturation degree on the undrained peak shear strength

under different effective confining pressures as:

O-peak

S
= ao—:,‘s + quax,c (THb ¢ (30)

Where, opeak, 0’3 are the peak shear strength and effective confining pressure
respectively; Syp is the saturation degree of MH; n is the void ratio; Qmaxc IS the
compression strength of pure MH which equals to 11.45MPa under the a reference
temperature of 283K and a back pressure of 10MPa. a, b, and c are fitting parameters in
which a captures friction and pore pressure generation in the sediment, whereas b gives
an indication of the hydrate’s ability to contribute to strength and c is the nonlinear
effect of hydrate saturation. In their tests ¢ was equal to 2, whereas a and b were

dependent on sediment grain size and fabric [35].
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The same equation has been fitted to the numerical results in Fig. 16. The parameters
obtained (a=0.18, b=0.08 and c=1.15) differ from those obtained by Santamarina and
Ruppel. In particular, the non-linear effect is smaller here (c=1.15 vs ¢ = 2) as well as
the pure friction term (a was above 0.5 and in the experiments). The value of b obtained
here lays between those obtained in the experiments with sand (b = 0.14) and kaolinite
(b=0.07). Several reasons can explain this discrepancies, like the difficulty of
representing three-dimenional behavior with 2D DEM, or the fact that the
Tetrahydrofuran employed in the experiments is different from the methane hydrate.
Still, the qualitative agreement found is encouraging.

The data in Fig. 16 lead to a relationship of the frictional angle and cohesion versus the
saturation degree in Fig. 17, as can be seen the effective/total friction angle suffered a
decline from 21.1916.8<to 17.397.36 °when MH saturation degree transfer from 0%
to 25% and then the effective/total friction angle then keeps increasing to 237 8From
25% to 50%, the total/effective cohesion, the presence of MH causes a considerable

increase associated with the increasing of Sy, from OMPa to almost 1.5MPa.

7 Conclusion

In this study, we employed a coupled CFD-DEM method to simulate undrained triaxial
tests of MHBS. DEM was used to simulate the interactions and motion of particles by
adopting a bonded contact model that explicitly accounts for the effect of ambient
conditions (i.e., temperature, back pressure and saturation degree) on the clathrate bond.

CFD method was used to solve the locally averaged Navier-Stokes equation for fluid
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flow, interaction forces between the particles and the fluid are considered by

exchanging drag forces and pressure gradient force. The main conclusions of the study

are summarized as follows:

(1) The proposed CFD-DEM coupled method is efficient and is capable to simulate a
variety of geotechnical problems. This method was validated by two benchmark
geotechnical problems, namely the single particle settling in water and the
one-dimensional consolidation problem, the numerical results agree quite well with
theoretical solutions.

(2) The mechanical properties of MHBS depend on the test conditions (i.e. temperature,
back pressure and saturation degree). The undrained stress-strain curves of MHBS
show a softening-like response, the peak strength increases with increasing
effective confining pressure and the maximum deviator stress occurred in the
vicinity of 1% axial strain. The strength of MHBS increases with increasing back
pressure as well as decreasing temperature.

(3) The maximum deviator stress of MHBS is enhanced by MH saturation degree, the
numerical undrained strength can be well adjusted using a function proposed by
Santamarina and Ruppel [35].

(4) The friction angle and cohesion of methane hydrate shows a temperature, pore
pressure and saturation degree dependency, the frictional angle as well as the
cohesion increases with the increase of back pressure as well as the decrease of the
temperature; the strength increase due to increased MH saturation causes a

considerable increase in cohesion rather than friction; indeed, MHBS friction
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slightly declines when the saturation degree increases from 0% to 25% and then

keeps increasing until the Sy, reach 50%.
On the basis of the results obtained so far the coupled DEM-CFD method seems to offer
a good platform to model more challenging coupled mechanisms, such as those
happening under MH dissociation conditions. In addition, a 3D calculation condition is
also under consideration due to the imperfection of 2D numerical calculation in
quantitative matching test results. The ultimate goal is to employ the method to
numerically investigate several boundary-value problems of MHBS in geotechnical
engineering, such as: wellbore instability problem and submarine landslides problem
due to heating or depressurization exploitation.
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Fig. 1. Schematic illustration of: (a) two sandy grains bonded by methane hydrate in between; and (b) contact

forces between two particles
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Fig. 2. Schematic illustration of a bond contact model and its mechanical response: (a) normal direction; (b)
tangential direction; (c) rolling direction; (d) three-dimensional space envelope for the normal — tangential -
moment strength Fn-Fs - M.
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Fig.1. Schematic illustration of: (a) two sandy grains bonded by methane hydrate in between; and (b) contact
forces between two particles

Fig. 2. Schematic illustration of a bond contact model and its mechanical response: (a) normal direction; (b)
tangential direction; (c) rolling direction; (d) three-dimensional space envelope for the normal — tangential -
moment strength Fn-Fs - M.
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Fig. 8. Schematic illustration of: (a) The numerical sample after consolidation in DEM analyses; and (b) CFD
mesh (unit in mm)

Fig. 9. Particle size distribution used in CFD-DEM simulation

Fig. 10. (a) Stress-strain relationship and (b) corresponding evolution of excess pore pressure of MHBS at T=268K,
P=10MPa and Snp=25% compared with clean sand under different effective confining pressure; (c) Effective and
total envelopes for MHBS.

Fig. 11. Bond breakage progress in MHBS at different loading stages corresponding at different loading stages
Fig. 12. Stress-strain relationships of MHBS at different temperatures and corresponding envolution of excess
pore pressure under different effective pressures during loading process

Fig. 13. Stress-strain relationships of MHBS at different pore pressure pressures and corresponding envolution of
excess pore pressure during loading proces

Fig. 14. Frictional angle and cohesion of MHBS with the variation of: (a) back pressure (b) temperature

Fig. 15. Stress-strain relationships of MHBS at different saturation degrees and corresponding envolution of excess
pore pressure during loading process

Fig. 16. Stress strain relationships with different saturation degree at different confining pressures

Fig. 17. Impact of saturation degree on the friction angle and cohesion



Table

Table 1. Test conditions for methane hydrate bearing sediments

NO. T(K) P P(MPa) Shn(%)
01 - - 0
02 268 10 25
02 268 10 25
03 274 10 25
04 283 10 25
05 274 5 30
06 274 10 30
07 274 20 30
04 283 10 25
08 283 10 30
09 283 10 40

10 283 10 50




Table 2. Material parameters used in the DEM analyses

Item Value
Density of particles 2600 kg/m?®
Normal stiffness of particles 6x107 N/m
Tangential stiffness of particles 4x107 N/m
Coefficient of friction between particles 0.5
Coefficient of rolling resistance between particles 0.5
Normal stiffness between walls and particles 6x107 N/m
Tangential stiffness between walls and particles 4x107 N/m
Coefficient of friction between walls and particles 0.0
Initial density of fluid (standard atmospheric pressure) 1000 kg/m?
Coefficient of viscosity of fluid 0.002 Pa.s
Salinity of fluid 3.5%
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