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Abstract Submarine landslide due to seismic loading in methane
hydrate-rich zone was simulated in this study using coupled com-
putational fluid dynamics and discrete element method. Dynamic
features and Magnus force were incorporated in the coupling
scheme to improve the simulation fidelity in dynamic problem.
A sinusoidal type seismic loading was applied to a steep submarine
slope, which was characterized by a strong inter-layer of methane
hydrate-bearing sediments. The simulation results show that a
flow-type sliding occurs and the sliding ends with a gentle slope
of accumulated debris material. The fluid flows in an eddy pattern
near the sliding mass. The presence of methane hydrate can
increase the strength and decrease the damping of the sediment.
When MH saturation is low (25 and 30%), the combined seismic
loading and particle-fluid interaction damage the MH-rich layer,
which allows settlement behind the slope crest and upheaval in
front of the slope toe. The two ground deformation patterns
(settlement and upheaval) are not observed when MH saturation
is high (40 and 50%) because the sediment strength is great
enough to resist seismic damage. The lower damping in higher
MH saturation sediment allows more energy to be transferred
from ground base to potential sliding mass and consequently the
sliding initiates earlier. Implications of the simulation results in
the assessment of earthquake-induced submarine hazards are
discussed.

Keywords Submarine landslide - Earthquake - Methane hydrate
bearing sediment - CFD-DEM simulation

Introduction

Methane hydrate (MH) is an ice-like crystalline solid composed of
methane molecules captured in hydrogen-bonded water cages.
MH is formed at relatively high-pressure and low-temperature
conditions (Kvenvolden and Lorenson 2001). As a promising en-
ergy source, MH was found to grow in various forms in the marine
sediments, including dissemination, nodule, vein, veinlet, and
layer forms (Tréhu et al. 2003). The dissemination form is usually
discovered in coarse-grained sediments and can be further divided
into pore filling, load bearing, grain coating, and cementing struc-
tures (Kingston et al. 2006). MH can increase the strength and
stiffness of the host sediments especially when it is in a cementing
structure usually formed under conditions of high gas flux and
coarse-grained sediments (Dvorkin et al. 1999; Ebinuma et al.
2005; Masui et al. 2005; Winters et al. 2007; Miyazaki et al. 2011;
Hyodo et al. 2013), which are also favorable conditions for hydrate
exploitation (Valdes and Santamarina 2007; Boswell and Collett
2011).

Human activities (e.g., heat produced in drilling, oil flowing
within pipelines) and natural processes, such as thermohaline
circulation (Bice and Marotzke 2002), deep sea warming (Bains
et al. 1999), and mantle-derived intrusion (Svensen et al. 2004),
can increase seafloor temperature, sequentially melt hydrate
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bonds between sediment grains and inevitably degrade the me-
chanical properties of sediments. Besides, continental margins are
seismicity active area with frequent earthquakes and ocean cur-
rents. Earthquake can exert horizontal inertial forces on slope and
inducing excess pore water pressure (Wright and Rathje 2003).
These natural and human-related activities could trigger intensive
submarine landslides along the continental margins in MH-rich
areas.

Submarine landslides are often accompanied with massive sed-
iment transport with large runout distance. It is speculated that
the Storegga slide was potentially triggered by thermal dissociation
of MH (Mienert et al. 2005; Solheim et al. 2005); a total volume of
nearly 5000 km?® traveled 140 km from the western Norway to
southern Iceland (Harbitz 1992). Sediment transport poses a great
threat to artificial facilities in the ocean. The submarine landslides
and turbidity currents associated with the 2006 Pingtung earth-
quake off SW Taiwai were reported to cut off the communication
connection between Southeast and East Asian countries (Hsu et al.
2008). Cable ruptures and communication losses were caused by
the 1992 Grand Banks earthquake (Heezen and Drake 1964;
Hasegawa and Kanamori 1987), the 1954 Orléansville earthquake
(Heezen and Ewing 1955), and the 1980 El-Asnam earthquake (El-
Robrini et al. 1985), among others. Three offshore oil platforms on
the Mississippi Delta were damaged by submarine landslides trig-
gered by large storm waves due to the 1969 Hurricane Camille (Bea
1971). Some catastrophic tsunamis are believed to be associated
with massive submarine landslides (Uri et al. 2009; Goff and Terry
2016; Yavari-Ramshe and Ataie-Ashtiani 2017), including the
Grand Banks earthquake-induced submarine landslide (Fine
et al. 2005), landslides in Papua New Guinea (Tappin et al. 2001),
and the 1918 western Puerto Rico submarine landslide (Lopez-
Venegas et al. 2008).

Submarine landslides are rare in frequency and vast in area. It
is inaccessible to directly track their initiation, development, and
re-stabilization. The geomorphology of submarine landslide was
usually identified from bathymetric measures and seismic stratig-
raphy, including landslide area, runout distance, slope gradient,
and headscarp (Masson et al. 1993; McAdoo et al. 2000). The
landslide initiation and development process can be only back-
analyzed by tracking changes in depositional structures or the
sequence of damages (e.g., loss of communication; Hsu et al.
2008). The mechanisms of gentle slope failure and long runout
distance are still not well understood.

Historical analyses suggest that earthquakes triggered most of
the large submarine landslides (Masson et al. 2006). To under-
stand the mechanism and process of submarine landslide due to
earthquake, theoretical analyses and numerical simulations had
been widely used to study landslide dynamics with different causes
and under various geological conditions. Limit equilibrium
method is the most widely used because of its simplicity. Locat
et al. (2004) found that the absence of transition from landslide
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initiation to post-failure flow in the limit equilibrium approach
cannot properly predict the size of landslide-induced tsunami.
Biscontin et al. (2004) performed finite element simulation of
the seismic site response with a simplified model for clay; site
responses including excess pore water pressure, acceleration, and
displacement can be utilized to understand the triggering mecha-
nism. Site profile and sediment stratification effects can be conve-
niently studied by finite element simulations due to the flexibility
in assigning different parameters to elements. The mass transport
mechanism is the key in assessing hazards of submarine landslides
(Locat and Lee 2002). Finite element simulation cannot reproduce
the large mass flow after slope failure. With the aid of computa-
tional fluid dynamics coupled with the discrete element method
(CFD-DEM), submarine landslide initiation, mass transport, and
depositing process can be completely simulated as a natural result
of solid-fluid interaction. In the simulated MH dissociation-
triggered submarine landslide by Jiang et al. (2015), four types of
slides (fall, flow, slump-flow, and slump) were reproduced, whose
occurrence depends on the location and extend of MH
dissociation.

Due to the advantages of CFD-DEM simulation in reproducing
the complete sliding process, this coupling method is used in this
study to simulate seismic loading-triggered submarine landslide in
MH-rich zone. The CFD-DEM computation scheme will be first
introduced briefly. Then, the slope geometry and test conditions
will be discussed. The effects of MH saturation on the submarine
slope instability will be analyzed in terms of mass transport, MH
bond damage, and excess pore water pressure. The implications of
the simulation results in the assessment of earthquake-induced
disaster will be discussed finally.

CFD-DEM coupling computation

The CFD-DEM coupling scheme in this study is a continuum-
discrete approach. The fluid flow is simulated by solving Navier—
Stokes (N-S) equation based on the concept of coarse-grid local
average in CFD, and the motion of each individual particle is
obtained by solving Newton’s second law of motion in DEM.
CFD and DEM are coupled through exchanging particle-fluid
interaction. The coupling computation scheme has been intro-
duced in detail by Jiang et al. (2015). To simulate seismic
loading-induced submarine landslide in this study, two aspects
in the coupling computation were improved: (1) the contact model
in DEM was extended to incorporate dynamic features and (2)
Magnus force in fluid-particle interaction was considered. The two
aspects are briefly introduced here and complete descriptions will
be covered in a forthcoming publication (Jiang et al. 2018a).

It should be noted that the DEM simulations in this study are
2D with disk particles. On the CFD side, the formulations are
basically for 3D but the flow velocity in the out-of-plane direction
is set zero. That is, 2D flow is considered in this way. For the CFD-
DEM coupling, 2D disks are fictitiously treated as spheres with the
same diameter and velocity. The fictitious 3D sphere assemble is
used to determine porosity and particle volume that are needed to
calculate the interaction forces between particle and fluid. The
interaction forces are then sent to CFD and DEM to be directly
used for fluid and particle movement calculations. This choice is
because the MH bond contact model is in 2D and a 3D model is
under development. Although it is not physically accurate, this
choice can capture the general trend of fluid-particle interaction.
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Dynamic features of the contact model

In our two-dimensional DEM simulation of methane hydrate-
bearing sediments (MHBS), the material was regarded as a
collection of disks bonded by MH at contacts, representing a
cementing structure among the four typical types of MHBS
structures (i.e., pore filling, load bearing, grain coating, and
cementing). The MH material was not explicitly simulated but
its mechanical effects were considered in the bond contact
model. Previous static bond contact model was developed by
adding MH bonding effects into an unbonded contact mode
(Jiang et al. 2014, 2015, 2016). The bonding effects depend on
the strength of MH material. Two dynamic features have to be
considered to extend the static contact model for a dynamic
problem.

(1) Rate dependency of MH strength. A MH bond can break
under combined normal force (in tension or compression),
shear force, and rolling moment. The bond strength is con-
trolled by the material strength of MH which can be obtained
from experiments. Triaxial compression tests on pure MH
bulk sample show that the shear strength of MH depends on
temperature, confining pressure, sample density, and loading
rate (Hyodo et al. 2002, 2005; Nabeshima et al. 2005; Song
et al. 20105 Yu et al. 2010). The first three factors have been
discussed and incorporated into the previous static bond
contact model and applied in DEM simulations (2D simula-
tion (Jiang et al. 2015), 3D simulation (Shen and Jiang 2016)).
As for the loading rate effect, Figure 1 shows that the peak
shear strength of MH increases with the logarithm of axial
strain rate in an almost linear way. The peak strength gmax
(MPa) was fitted and implemented into the dynamic bond
contact model used in this study:

Imax = q:nax(T7 JW) + glogsl (1)

where q., (T, 0y) (MPa) is the peak shear strength when the axial
strain rate ¢, is 1%/min, which depends on o,, the confining
pressure in triaxial compression test, and T is the temperature.
The parameter £ (MPa) is not a constant but depends on temper-
ature and confining pressure:
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Fig. 1 Rate dependency of MH strength



- <Tl + b) (2)

where T" =237 K and a = — 3.7 and b = — 1.0 are the constants fitted
from experimental data. In this fitting equation, the confining
pressure o, is in MPa and the temperature T is in K.

(2) Different normal stiffness for loading and unloading in
unbonded contact model after MH breakage. The me-
chanical responses of the unbonded inter-particle contact
are shown in Fig. 2. This unbonded contact model re-
places the bond contact model after MH breakage. The
model includes normal, tangential, and rolling interac-
tions (Jiang et al. 2005, 2018b). In Fig. 2, K% and K2,
are the normal loading and unloading stiffnesses, respec-
tively, and yf is the inter-particle friction coefficient. In
the normal direction, the loading stiffness is different
from the unloading stiffness and their ratio sp=Kﬁ/Kﬁn
has been studied theoretically (Thornton et al. 2013) and
experimentally (Imre et al. 2008). In this way, dynamic
plastic energy dissipation induced by particle collision
was considered. This stiffness change was not considered
in the tangential (stiffness K?) and rolling (stiffness k)
directions. The rolling stiffness was first derived by Jiang
et al. (2005),

Kb =KP <ﬂpﬁ)2/12 (3)

where R is the average radius of the two particles in contact and
(¥ is a shape parameter used to measure particle angularity
effects.
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The rolling resistance in Fig. 2 was derived by Jiang et al. (2005)
as

MP<F?#R/6 (4)

where F, is the normal force.

Damping is critical in dynamic problem and is repeated here,
although it has been considered in the static contact model. Linear
viscous damping was used to dissipate kinematic energy. The
normal, tangential, and rotational viscous damping forces/
moment can be calculated as

F, = Cnlln (5a)
F: = Csi‘s (Sb)
M =0 (5¢)

where c,, ¢, and ¢, are the normal, tangential, and rotational
viscous damping coefficients, respectively, and u,, u;, and 0 are
the normal, tangential, and rotational rates, respectively. The
damping coefficients can be calculated by

Cn = Tnc (6a)

¢ = rct (6b)

N

¢ = (EW) 26,,/12

where r,, and r are two parameters and ¢ and ¢ are the normal

and tangential critical damping constants:

¢t = 24/ mK4,

(72)
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Fig. 2 Mechanical responses in the unbonded contact model
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¢t = 24/ mK¥

where m is the effective system mass which is the disk mass in the
case of a disk-wall contact, or equals to m,m,/(m, + m,) in the case
of a disk-disk contact (m, and m, are the masses of the two disks).

(7b)

Magnus force in fluid-particle interaction

In addition to the pressure difference force and drag force con-
sidered by Jiang et al. (2015), Magnus force was considered in the
fluid-particle interaction here. Magnus force comes from particle
rotation in fluid. As shown in Fig. 3, u, is the relative translational
velocity between a particle and the fluid and w is the angular
velocity of the particle. Tsuji et al. (1985) proposed an equation
to calculate Magnus force based on experimental results:

Fy = Cymppuyd® /8 (8a)
Cu = f(I) (8a)
' =wd/(2u,) (8b)

where Cy is the Magnus coefficient, pris the fluid density, d is the
particle radius, and I"is a dimensionless angular velocity.

Rubinow and Keller (1961) derived a theoretical solution of
Magnus coefficient in low Reynolds number case (<1): Cyy=2 I
Tsuji et al. (1985) and Barkla and Auchterlonie (1971) experimen-
tally obtained a series of data on the relationship between C,; and
I'. These data were used to fit an empirical relationship as shown
in Fig. 4:

Cy = 0.261°% (9)

Single-particle ejection test was simulated to examine the ef-
fects of Magnus effects. Following the work by Tsuji et al. (1985),
the numerical ejection test setup is shown in Fig. 5a. The test
parameters were chosen as V=20 m/s, V,=10 m/s, and w=
200 rad/s. The viscous coefficient of the fluid is 0.001 Pa s, fluid
density is 1000 kg/m? and the particle density is 1040 kg/m>.
Figure s5b shows that the Magnus force has a significant effect on
the trajectory of particle. Since the magnitude of particle speed is
around 10 m/s in our simulated landslide (to be discussed below),
it seems necessary to incorporate this Magnus effect.

Although limited numerical simulations have revealed the ef-
fects of neighboring particles on Magnus force (Zhou and Fan

Fr

4

W

u,

Fig. 3 Magnus force
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2015), there has not been a complete equation to consider such
effect (especially considering the random angular velocity) so far.
Therefore, the Magnus force not considering neighboring particle
effects was used in this study as an approximation.

Submarine landslide simulation

Based on the continental margin in the northern South China
Sea, a hypothetical subaqueous slope model was established in
Fig. 6. The gravity was chosen to be Ng (N=1000 here), and
correspondingly, the model geometry size was scaled down to
1/N (=1/1000) to reduce the particle number for efficiency. Many
failed continental margins have an inclination range from a few
degrees to 20°. However, some relative steep submarine slopes
do exist and they become the most dangerous cases under
earthquake. In this study, a steep slope (45°) was simulated as
an unfavorable case. The grains in the slope were composed of
ten classes of disks with dpya.x=9.0 mm, ds,=7.6 mm, and
dmin = 6.0 mm, as shown in Fig. 7. The particle size choice is a
balance of computation resource and simulation resolution. In
the prototype model, the crest and toe of the slope are at a
depth of 1000 and 1600 m beneath the sea level, respectively.
The right side boundary of the ground is 1400 m (184d;,) away
from of the slope toe. The 150 m (20d;,) thick hydrate zone
extends along the slope and is 100 m (13d;,) below the slope
surface. The 7000 X 3200-m fluid domain was discretized into
269 X 123 rectangular cells for fluid computation with all the
boundaries being static hydraulic pressure boundaries.

The sea bottom temperature T, of South China Sea is usually
2°~6° and the ground thermal gradient d, is 32~40°/km (Luo et al.
2013). The temperature T}, at depth h below the seabed can be
calculated by

Typ =T, +dih (10)

This paper assumes that T, equals to 4° and d, is 36°/km.
During submarine landslide, the temperature in the hydrate zone
is assumed to be constant. According to the model geometry, the
static hydraulic pressures at the crest and toe of the submarine
slope are 10 and 16 MPa, respectively. MH at a particle contact is
exposed to ambient pore fluid. The pore water pressure plays a
similar role to confining pressure in triaxial compression test on
bulk MH material. Therefore, the in situ pore water pressure and
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the ground temperature enters Eq. (1) to determine MH strength
and thus the MH bonding effects.

The MHBS material in the hydrate zone was described by
the dynamic MH bond contact model briefly introduced
above, and the key parameters of the model are shown in
Table 1. The complete physical meanings of the parameters
are explained in detail in Jiang et al. (2015). The model
parameters were determined based on qualitative comparison
with experimental results on artificial MHBS (Hyodo et al.
2013). For material outside the hydrate zone, the behavior
was described by a built-in contact bond model in PFC2D.
The normal and tangential strengths of this built-in bond
model are 1 kN/m, calibrated against the macroscopic strength
of weakly bonded sandy samples encountered in South China
Sea (Zhang and Luan 2013).

The fluid parameters were given based on the field investi-
gation of the hydraulic conditions of South China Sea (Luo et al.
2013). The viscous coefficient of fluid was calibrated to ensure
that the velocity of a free-fall ball respects the chosen similarity
ratio.

The seismic loading was chosen based on earthquake histo-
ry data in South China Sea, where the exciting peak accelera-
tion varied between o0.05 and 0.6 g. The main exciting
frequency was 3 Hz (Shamy and Zeghal 2007; Shamy and
Denissen 2010; Zhou et al. 2014). The seismic loading used in
this study is described in Fig. 8. The peak acceleration

increases linearly within the first 15 cycles, keeps constant
(0.5 g) in the following 20 cycles, and finally decreases linearly
to zero in the final 10 cycles. The total exciting duration is 15 s.

The simulation procedure includes five steps: (1) a rectan-
gular DEM slope domain was prepared in a box by the
multilayer under-compaction method proposed by Jiang
et al. (2013) to mimic the one-dimensional deposition process;
(2) extra particles were deleted to obtain the predefined slope
profile; (3) particles were allowed to reach equilibrium under
500 g and the built-in bond contact model was applied; (4)
the built-in bond contact model in the hydrate zone was
replaced by the dynamic MH bond contact model to simulate
MHBS and the ground was consolidated under a gravity of
1000 g, representing the rapid depositional process after the
formation of methane hydrate; and (5) CFD module was
activated and the horizontal acceleration given in Fig. 8 was
applied to the soil box. The fluid did not interact with the
box wall. The contact behavior between soil particle and the
box wall was described by the unbonded contact model, in
which the viscous damping can absorb energy to eliminate
wave reflection along the boundaries.

Simulations were carried out with MH saturation of 25, 30,
40, and 50% to investigate the effects of MH saturation. MH
saturation controls the size of inter-particle bond and thus
determines the magnitude of bonding effects (Jiang et al. 2014,
2016).

AV
o " Sea level .
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- >
. _ . V_
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% > = > “ »
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Fig. 6 Schematic diagram of the simulated slope model (unit: m)
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Landslide process

The complete submarine landslide process is firstly analyzed un-
der a MH saturation of 25%. The accelerations at two points (point
A at 100 m below the slope toe and point B at 200 m below the
slope in Fig. 6) were monitored throughout the simulations. At
each point, the average acceleration of 10 particles around the
point is used as representation. Figure 8b, c presents the acceler-
ation history of the two points. Before t = 4.5 s, the acceleration is
very small; after that, the acceleration sharply increases up to0 0.9 g
for point A and 0.8 g for point B within f=15 s. Soon after the
excitation ends, the acceleration abruptly drops and then gradu-
ally rests. The displacements of two balls at points C and D in Fig.
6 (just below the slope surface) were monitored. Both balls slide
downward along the slope. There exist clear accelerating and
decelerating stages and more than half of the displacement occurs
after the excitation ends, as shown in Fig. 8d. The displacements
reach steady after =50 s.

Figure 9 presents the evolutions of slope profile together with
spatial distributions of MH bond, particle velocity, fluid velocity,
and excess pore water pressure. The MH bonds are represented by
lines connecting the centroids of two particles that are cemented

Table 1 Parameters used in the coupled CFD-DEM simulation

Property Value

Grain density (kg/m”) 2600
Particle size (mm) 6-9
Average grain diameter (mm) 7.6
Initial planar void ratio 0.27
Normal stiffness K., (N/m) 6x10°
Shear stiffness Ky, (N/m) 4% 108
Inter-particle friction 4 0.5
Inter-particle rolling resistance (3 0.5
Initial density of fluid (kg/mg) (under standard 1000
atmosphere pressure)
Viscous coefficient of fluid (Pa s) 0.001
Fluid salinity 3.5%
Hydraulic conductivity (m s~ 0.655
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by a MH bond. Dash lines are superimposed in the figures to
indicate the MHBS area.

After a seismic loading for 5 s in Fig. 9a, particle movements
mainly concentrate in zone A (slope toe) and in zone B (a local
zone in front of the toe) as indicated by the particle velocity field.
In zone A, a flow-type landslide starts with downward movement
of particles. The circulation of fluid forms an eddy in the vicinity
of the slope surface. The fluid flows from the slope toe to the crest
above the slope surface and vice versa below the slope surface. In
zone B, particles move upward with water flowing out of the
ground. MH bond breakage initiates in zone B, indicated by the
decrease of MH bond density. Positive excess pore water pressure
is generated in zone B, and negative excess pressure is observed at
the slope crest.

After a seismic loading of 12 s, massive flow-type sliding of
particles is observed and the fluid flow mainly occurs near the
sliding mass, as presented in Fig. gb. The particle motions and
fluid flow in zone B are much less significant than the massive
landslide. Ground upheaval is observed in zone B because (1) the
breakage of MH bond in zone B due to seismic loading frees the
particles of MHBS and (2) excess pore pressure generated around
zone B causes upward flux which exerts uplift forces on the
disturbed/damaged MHBS layer. Apart from the upheaval and
slope surface sliding, lateral (i.e., rightward) deformation of
ground initiates in this stage and it can be clearly observed at
t=15 s in zone C, as shown in Fig. gb, c. This behavior is explained
as follows. Under the combined lateral earthquake load and fluid
force (arising from the rightward fluid flow) exerted on the in-
clined MHBS layer along the slope, MH bond breakage occurs near
the mid-slope, as indicated by the reduced MH bonds in zone C in
Fig. ob, c. The release of particle freedom in zone C allows particles
on the left side of the slope surface to move towards the slope
surface under earthquake load and fluid actions. This ground
deformation then leads to top surface settlement behind the slope
crest. Actually, the bond breakage in zone C initiates as early as ¢t =
5 s. The breakage accumulates until =15 s to a degree that
noticeable particle motions can be observed from the distortion
of “grids” of the ground. However, these lateral motions are much
smaller than the dominant sliding movement.

After a seismic loading for 15 s, the crest part of the slope
regains stability without noticeable particle velocity and a gentle
slope is formed, as presented in Fig. 9c. The overall eddy type fluid
flow does not change. There is no further development in upheaval
at zone B, but at zone D, the upward fluid flux leads to the second
local area with upheaval particle movement. This is because the
concentrated upward fluid flow now transfers from zone B to zone
D and what happens to zone B now happens to zone D. Although
earthquake ends at t=15 s, the sliding movement is still
significant.

As illustrated in Fig. 9d, at =500 s, the slope almost regains
stability with only some random particles on the slope surface
moving downward. Based on the magnitude of movement, mass
transport during the surface sliding is primary and the secondary
movements include top ground surface settlement behind the
slope crest and ground upheavals in front of the slope toe. The
lateral movement inside the slope body can be identified from the
distorted ground grids. Bond breakage due to earthquake and
fluid action are responsible for these secondary particle move-
ments. Note that, although the particles regain stability at t=
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500 s, the fluid is far from being static. As shown in Fig. 9d, the
fluid flow mainly occurs in a narrow band immediately above the
re-stabilized deposits, extending from the slope crest to the front
of the accumulated debris with the fluid velocity increasing along
the path. The maximum fluid velocity is found in front of the
accumulated debris. The previously observed elongated eddy now
becomes a sub-rounded eddy above the fluid flow band. The eddy
then develops into a round eddy with a similar size to the slope
height and travels fast away from the slope, as presented in Fig. ge.
The excess pore water pressure is much lower when ¢ > 500 s than
when t <15 s.

The generation of excess pore pressure is further analyzed
below. (1) The seismic responses of the slope include local con-
traction or dilation tendency accompanied with local plastic de-
formation and bond damage. This could lead to positive or
negative excess pore pressure with a magnitude within 10 kPa, as
implied by the excess pore pressure distribution in Fig. 9a. This
source of excess pore pressure lasts until the excitation ends at ¢t =
15 s. (2) Besides, in Fig. 9a, the seismic loading breaks the hori-
zontal MHBS layer at zone B and the consequent contraction (due
to loss of bonding effects) leads to positive excess pore pressure
and upward flux. (3) As indicated by the particle velocity plot in
Fig. 9, the mass sliding velocity magnitude is not uniform along
the slope, although the general direction is parallel to the slope
inclination. The variable sliding velocities of particles lead to local
contraction and dilation and thus cause positive and negative
excess pore pressure near the slope, respectively. (4) When =
15 s, the ground surface settlement behind the slope crest is
responsible for the positive excess pore pressure within the
ground. When the excitation ends, the excess pore pressure drops
quickly and stays at a level of several kPa thereafter.

Figure 10a presents the spatial distribution of normalized
Magnus force (Fp/W, where W is the particle weight). Most
particles experience a normalized Magus force smaller than
0.01. Particles on top layer of the sliding mass have higher
angular velocity and thus experience a normalized Magus force
greater than 0.05, which accounts for 0.524% of the total particle
number. Figure 10b presents the frequency histogram of these
high-angular-velocity particles, which concentrates within o.1.
Some randomly high values greater than o.2 are also observed.
It seems necessary to consider Magnus force if high angular
velocity is expected. By comparison with simulation results
without Magnus force, the general slope sliding pattern and
the effects of MH saturation do not change if Magnus force is
not considered, but the runout distance decreases slightly.

Effects of MH saturation

In this section, the effects of MH saturation on submarine land-
slide and the mechanisms are analyzed based on the simulation
results.

Maximum velocity evolution

The variations of the maximum particle velocity throughout
sliding are presented in Fig. 11 for different MH saturation
cases. Overall, the maximum particle velocity increases with
time until it reaches a peak at around t=50 s and then
decreases gradually to approximate zero at t=2000 s. The
velocity develops the fastest in the MHs0 (MH saturation =
50%, similarly hereinafter) case and the slowest in the MH30
case. The peaks of the maximum particle velocity are very
close for MH25, MH40, and MHso0 cases, which are all higher
that in the MH30 case.
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Deformation and sliding features

Tables 2 and 3 present the seismic loading responses of four slopes
with different MH saturations from 30 to 50%, which together with
Fig. 9 provide a complete view of the effects of MH saturation from
25 to 50%. Depending on MH saturation, the morphologies of the
re-stabilized slopes at £ =500 s in Table 2 exhibit different ground
deformation and landsliding features in the following three
aspects.

Table 2 Evolutions of spatial distribution of MH bond

(1) Lateral deformation and top surface settlement. The two
types of deformation are observed in the two cases with MH
saturation of 25 and 30% while no such deformation is pres-
ent for the other two cases with MH saturation of 40 and 50%.
This comparison implies that the top surface settlement re-
sults from the lateral deformation of the slope body, instead
of resulting from densification of the ground under earth-
quake loading.

(2) Upheaval. Upheaval in front of the toe is greater in the MH30
case than in the MH25 case, whereas no upheaval is observed
for the other two cases.

(3) Re-stabilized slope profile. In the MH25 and MH30 cases, only
the top surface layer of particles above the MHBS layer slide
downward; in the other two cases with higher MH saturation,
particles above the MHBS layer all slide down to the slope toe.
The sliding mass volume (area of the smeared part near the
original slope toe) generally increases with MH saturation.

Bond breakage

In Table 2, MH bonds are almost intact for MH40 and MHj5o0 cases,
whereas significant bond breakage occurs in the other two cases.
At t=5 s, bond breakage has already initiated for MH25 case,
manifested by the much lower number of bonds in zone B in
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Table 3 Evolutions of spatial distribution of particle velocity

t MH saturation=30%

MH saturation=40%
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Fig. 9 than in other areas. At t=15 s, the bond breakage in the
inclined MHBS layer becomes significant in zone C for MH2;5 case.
But for the MH30 case, it is until =15 s that the damaged zone
becomes observable in a small zone, and it takes 500 s to develop
sufficient bond breakage in the inclined MHBS layer. Although the
MH bonding effect is greater in the MH30 case than in the MH25
case, it is not strong enough to resist earthquake and maintain
intact as what is observed in the MH40 and MHs0 cases. There-
fore, the strength of MHBS determined by MH saturation is the
key factor to control the bond breakage responses.

Mechanisms behind the seismic loading responses

The above observed MH saturation dependency in slope re-
sponse is a result of the combined effects of MHBS strength
and damping behavior. Experimental results show that MHBS
strength and modulus increases with MH saturation but its
damping decreases with MH saturation (Kingston et al. 2008;
Hyodo et al. 2013). Figure 12 presents the effects of MH satura-
tion on behavior of MHBS simulated in biaxial compression
tests with our MH bond contact model. The initial effective
confining pressure is 1 MPa, the temperature is 283 K, and the
initial pore pressure (back pressure) is 10 MPa. In the drained
quasi-static biaxial loading shown in Fig. 12a, the peak and
residual strength increases with MH saturation. In the
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undrained cyclic loading test shown in Fig. 12b-d, a deviator
stress of 0.6 MPa was applied with a frequency of 1/36 Hz. The
mean slope of the loop E; (dynamic shear modulus) and the
damping ratio A\, are calculated by

Ey— qup_qmw (11)
é‘1,up_51Alow
Ap
A= 2
4= A (12)

where gy, and gjo,, are the upper and lower bounds of the deviator
stress, respectively, and ¢, and ¢, o, are the corresponding
strains. Ay is the area of the hysteretic loop in the g-¢, plane and
Ar is the area of the triangle ABC in Fig. 12b.

Simulation results in Fig. 12¢, d show that the dynamic shear
modulus increases with MH saturation while the damping ratio
decreases as MH saturation increases. The experimental results
can be well predicted qualitatively in our DEM simulations. Due to
the two-dimensional nature of the simulation, it is not sought to
achieve quantitative consistency between simulation and
experiment.

Due the material behavior of MHBS, the effects of MH satura-
tion on submarine landslide induced by seismic loading are
twofold:
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Fig. 12 Effects of MH saturation on behavior of MHBS. a Stress-strain curves in drained quasi-static loading. b Stress-strain loop in undrained cyclic loading (MH

saturation = 25%). ¢ Dynamic shear modulus. d Damping ratio

(1) Damping effect. With greater MH saturation, the lower
damping in MHBS layer allows more energy to be transferred
from ground base to potential sliding mass above the MHBS
layer along the slope surface. Therefore, the greater distur-
bance on slope surface due to seismic loading in MH50 case
initiates sliding earlier than in the other three cases.
Strength effect. In the MH25 case, the low MHBS strength
allows damage onset as early as 5 s after the earthquake starts.
The expansion of damaged MHBS zone allows the secondary
ground movement patterns including top surface settlement,
upheaval, and lateral ground deformation. The slope in
MH3o0 case requires a longer time to accumulate damage in
MHBS due to its higher strength than in MH25 case. MHBS in
the MH40 and MHso0 cases is strong enough to resistance
damage due to seismic loading, and therefore, no secondary
pattern of deformation is observed in the two cases.>

(2)

Discussions and conclusions

The simulated slope is a very simple case compared with the real
submarine conditions, and the seismic loading is in a simple
sinusoidal pattern with an individual frequency. However, the
obtained site responses under seismic loading provide some pre-
liminary insights into submarine landslide hazards. (1) Site condi-
tions. The presence of MH within a specific range of depth beneath
the seafloor creates a strong inter-layer. In contrast with the widely
studied weak inter-layer site, a strong inter-layer can lead to site
responses featured by (a) damage of the strong inter-layer and
associated upheaval/settlement deformation (seismic and fluid

actions greater than MH bond strength) or (b) strong inter-layer
being a rigid bedding layer to amplify the seismic loading, leading
to increase in the sliding mass transport (seismic and fluid actions
less than MH bond strength). (2) Threat to artificial facilities. Both
the primary sliding mass transport and the secondary ground
deformation can be hazardous. MH-rich zone may experience a
huge movement of sediment along the layer interface between
MHBS layer and the overlying sediment. The top surface settle-
ment and upheaval in front of the slope toe suggest a safety
distance to be considered to locate oil and gas production plat-
form, pipeline, and cables. Location of artificial facilities needs to
consider the hazards of MH melting as well as revealed by Jiang
et al. (2015).

In summary, submarine landslide was simulated by coupling
the computational fluid dynamics and discrete element method. A
dynamic contact model was implemented in the discrete element
part to reproduce the dynamic behavior of methane hydrate-
bearing sediments. Slight compressibility of fluid was considered
in the computational fluid part. Magnus force was incorporated
into the fluid-particle interaction, and this force was found to have
a significant effect on particle trajectory in the velocity range
encountered in submarine landslide.

A sinusoidal type seismic loading was applied to bring the
simulated submarine slope to failure under different MH satura-
tions. A flow-type sliding is observed and the sliding ends with a
gentle slope of accumulated debris material. The fluid flows in an
eddy pattern near the sliding mass: water flows upward from slope
toe to crest above the slope surface and in the opposite direction
below the slope surface. The regain of slope stability is
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accompanied by a slope-height sized round fluid eddy traveling
away from the slope.

MH saturation influences the initiation of landslide, sliding
process, and final deposition. In the two cases with MH satura-
tion =25 and 30%, under the combined seismic loading and
particle-fluid interaction, MHBS layer damage initiates in front
of the slope toe and then occurs at the mid-slope in succession.
The development of MHBS damage allows seismic and fluid
loads to cause secondary ground movements: top ground sur-
face settlement behind the slope crest and ground upheaval in
front of the slope toe. In the two cases with greater MH satu-
ration (40 and 50%), no such secondary ground movement is
observed because the seismic and fluid loads are not strong
enough to damage the MHBS layer. With greater MH saturation,
the lower damping in MHBS layer allows more energy to be
transferred from ground base to potential sliding mass. Conse-
quently, the MH saturation case sliding initiates earlier in the
50% MH saturation case than in the other three cases. The
observed effects of MH saturation originate from the increase
of strength and decrease of damping of MHBS as MH saturation
increases.

Seismic site response depends on site geometry, sediment prop-
erty, and the input seismic loading (vibration intensity and frequency
component). Refined simulation need to be run in future work to
consider in situ slope morphology, realistic permeability, strength
and damping of sediment, and seismic input from history record.
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