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[1] Gas hydrate is a crystalline solid found within marine and subpermafrost sediments.
While the presence of hydrates can have a profound effect on sediment properties, the
stress-strain behavior of hydrate-bearing sediments is poorly understood due to inherent
limitations in laboratory testing. In this study, we use numerical simulations to improve our
understanding of the mechanical behavior of hydrate-bearing sands. The hydrate mass is
simulated as either small randomly distributed bonded grains or as “ripened hydrate”
forming patchy saturation, whereby sediment clusters with 100% pore-filled hydrate
saturation are distributed within a hydrate-free sediment. Simulation results reveal that
reduced sand porosity and higher hydrate saturation cause an increase in stiffness, strength,
and dilative tendency, and the critical state line shifts toward higher void ratio and higher
shear strength. In particular, the critical state friction angle increases in sands with patchy
saturation, while the apparent cohesion is affected the most when the hydrate mass is
distributed in pores. Sediments with patchy hydrate distribution exhibit a slightly lower
strength than sediments with randomly distributed hydrate. Finally, hydrate dissociation
under drained conditions leads to volume contraction and/or stress relaxation, and
pronounced shear strains can develop if the hydrate-bearing sand is subjected to deviatoric
loading during dissociation.

Citation: Jung, J.-W., J. C. Santamarina, and K. Soga (2012), Stress-strain response of hydrate-bearing sands: Numerical study
using discrete element method simulations, J. Geophys. Res., 117, B04202, doi:10.1029/2011JB009040.

1. Introduction

[2] Gas hydrates are crystalline solids found in marine and
permafrost sediments. The stiffness, strength and volume
change behavior of hydrate-bearing sediments are important
parameters for the analysis of well stability [Klar et al.,
2010; Masui et al., 2005a; Rutqvist and Moridis, 2009],
seafloor stability [Nixon and Grozic, 2007], and reservoir
simulations in view of production strategies [Moridis et al.,
2011].
[3] Triaxial compression, direct shear strength and bend-

ing tests have been used to study the mechanical properties
of hydrate-bearing sediments [Ebinuma et al., 2005; Hyodo
et al., 2008; Masui et al., 2005b; Ohmura et al., 2002; Yun
et al., 2007]. Published data suggest that the stiffness,
strength and the dilative tendency of hydrate-bearing sedi-
ments increase with hydrate saturation and are affected by
hydrate formation history, initial confining stress, and tem-
perature [Ebinuma et al., 2005; Hyodo et al., 2008; Ohmura
et al., 2002; Yun et al., 2007] (see reviews by Soga et al.
[2006] and Waite et al. [2009]). In particular, the stress-

strain response of hydrate-bearing sediments is affected by
pore habit; for example, hydrate formation at interparticle
contacts causes a greater increase in strength and stiffness
than pore-filling hydrate [Waite et al., 2009]. However,
difficulties in controlling hydrate formation, distribution,
saturation, and pore habit challenge the interpretation of
laboratory studies.
[4] In this manuscript, we use the discrete element method

(DEM) to model hydrate-bearing sands to understand their
stress-strain response and to gain insight into underlying
particle level processes. We explore the effects of hydrate
distribution, saturation, sediment porosity, confining stress,
and pore habit.

2. Numerical Simulation

[5] We use the commercially available discrete element
code Particle Flow Code in Three Dimensions v3.10
(PFC3D). The simulated specimen preparation and other
model details follow.

2.1. Specimen Preparation

[6] Sand specimens are formed within a stress-controlled
cylindrical volume (diameter = 10 mm, height = 20 mm).
Small mineral grains, half their target size, are randomly
placed within the cylindrical volume. Gradually, the mineral
grains are enlarged at a rate of DR/Ro = 0.0005 per cycle;
the system is allowed to equilibrate with the boundary
forces in every cycle (i.e., each cycle ends without particle
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overlapping). This “grain growth and equilibration” cycle
is repeated about 1500 times until the target diameter is
reached; this is the initial hydrate-free sediment packing
(Gaussian diameter distribution between 0.62 mm to
0.82 mm; Figure 1a). The hydrate-free sediment is then
subjected to isotropic confinement (s′o = 0.1 MPa to 1 MPa).
Two values of initial porosity before confinement are gen-
erated to simulate both loose n = 0.532 (3,762 particles) and
dense n = 0.402 (4,806 particles) sediments.
[7] We explore two different hydrate pore habits. “Dis-

tributed hydrate” reflects recent heterogeneous nucleation; it
is simulated with small hydrate particles that randomly bond
onto mineral grains (similar to studies of cemented soil by
Wang and Leung [2008]). Hydrate particles are randomly
placed within the sediment pores after consolidation to the
predetermined isotropic stress s′o (Figure 1b). Initially,
hydrate particles are one tenth the target size; then, they are
gradually enlarged to the target diameter of 0.22 mm which
is about 1/3 the diameter of the mineral particles. Finally,
hydrate particles are randomly moved in different directions
until they attach onto mineral surfaces or other hydrate par-
ticles. Hydrate particles may come into contact with other
surfaces during shear and volume change. The parallel bond
model in PFC3D is used to impose the bonding strength
between hydrate and mineral particles. Bonding strength and
stiffness are obtained from experimental results (Table 1)
[Jung and Santamarina, 2011]. The number of hydrate
particles added to the sediment is used to control the hydrate
saturation Sh between 0 and 50%. The total number of
hydrate particles reaches 74,940 for a hydrate saturation
Sh = 50% in sediments with initial porosity n = 0.532.
[8] The second pore habit “patchy saturation” reflects

ripened hydrate; it is simulated as clusters of mineral grains
with 100% hydrate saturation (bonded mineral particles),
inside a hydrate-free sediment mass (Figure 1c). Each sand
cluster consists of 15–30 mineral grains. Cluster size and the
number of clusters determine the global hydrate saturation
(between Sh = 0 and 50%). Mineral grains that are part of a
cluster are parallel bonded together after the sediment has
been consolidated to the predetermined isotropic stress s′o.

A high bonding strength of 20 MPa is used to prevent
cluster breakage during deviatoric loading.
[9] All other simulation parameters are the same in both

cases: normal contact stiffness 1� 107 [N/m], shear stiffness
1 � 107 [N/m], interparticle friction coefficient m = 0.5, and
specific gravity Gs = 2.65.

2.2. Triaxial Compression Test Simulation

[10] The top and bottom caps are modeled as rigid fric-
tionless plates. Axial deviatoric loading is applied while
keeping a constant confining pressure sc on the cylindrical
wall. We simulate tests for various initial sediment porosi-
ties, hydrate saturations, and confining stresses for the two
different hydrate pore habits.

3. Numerical Results

[11] The porosity after isotropic consolidation to 1 MPa is
n = 0.361 for the dense sand and n = 0.393 for loose sand
(note initial porosities before consolidation are n = 0.402 and
0.532, respectively). The deviatoric stress, and both axial
and volumetric strains are recorded during deviatoric load-
ing and dissociation tests. In addition, particle-scale infor-
mation is stored for post processing. Parameters used to
report and analyze the data are defined first.

3.1. Data Reporting and Analysis: Parameters
and Definitions

[12] The sediment responds to effective stresses s′1, s′2 and
s′3. In axial-compression triaxial tests, the cylindrical speci-
men is subjected to confining stress s′o = s′2 = s′3, and the
principal stress s′1 combines the confining stress and the
deviatoric stress applied with the vertical shaft. Let’s define
the mean effective stress p′ = (s′1 + s′2 + s′3)/3 and the
deviatoric stress q = (s′1 � s′3).

Table 1. Material Properties

Parameter Value

Soil Particles
Soil particle density (kg/m3) 2650
Initial porosity (before consolidation) 0.402 and 0.532
Particle radii range (m) 0.62 � 10�3-to-0.82 � 10�3

Interparticle friction coefficient 0.5
Normal contact stiffness (N/m) 1 � 107

Shear contact stiffness (N/m) 1 � 107

Distributed Hydrate
Hydrate particle density (kg/m3) 2650
Hydrate particle radius (m) 0.22 � 10�3

Assumed bond radius (m) 0.22 � 10�3

Normal contact stiffness (N/m) 1.54 � 108

Shear contact stiffness (N/m) 1.54 � 108

Hydrate-mineral normal bonding
strength (N/m2)

2 � 105

Hydrate-mineral shear bonding
strength (N/m2)

2 � 105

Patchy Hydrate Saturation
Soil particle density (kg/m3) 2650
Particle radii ranges (m) 0.62 � 10�3-to-0.82 � 10�3

Interparticle friction coefficient 0.5
Normal bonding strength (N/m2) 2 � 107

Shear bonding strength (N/m2) 2 � 107

Figure 1. Simulation of hydrate-bearing sediments. (a)
Hydrate-free sediments. (b) Distributed hydrate. (c) Patchy
hydrate saturation: the grain clusters are shown in 3D (all
other particles are transparent). Clusters have 100% hydrate
saturation, while the sediment matrix has no hydrate.
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[13] Classical data analysis is based on two concepts
in mechanics that relate shear t and normal stress s′:
(1) Mohr circle, i.e., the stress at a point in equilibrium, and
(2) the Coulomb failure criterion, i.e., the linear envelope
t = c + s′tanf to shear strength data, where c is apparent
cohesion and f is the angle of internal shear strength.

[14] The complete characterization of the sediment mass
must consider both the evolution in effective stress and in
sediment volume. We define the “mineral void ratio” e in
terms of pore volume Vv, hydrate volume Vh, and mineral
volume Vm:

e ¼ Vv þ Vh

Vm
ð1Þ

“Critical state” is reached when the specimen shears at
constant void ratio. The critical state line CSL is the locus of
critical states (i.e., points in the p′-q-e space) obtained in
shear tests (Figure 2). The Coulomb strength envelope is
the projection of the critical state line onto the p′-q plane;
the critical state friction angle fcs is computed from the
slope M of the critical state line on the p′-q projection as
sin fcs = 3M/(6 + M). The sediment void ratio during
constant volume shear or critical state ecs is a function of
effective stress ecs = Г � l ⋅ log(p′/1 kPa), where l is the
slope and Г the intercept at 1 kPa of the critical state line
projection on the e-p′ plane.

3.2. Hydrate-Free Sediments

[15] Stress-strain curves obtained during deviatoric load-
ing for loose and dense hydrate-free sand (Sh = 0%) reveal
contractive and dilative behaviors that depend on confining
stress and porosity, in agreement with typical sediment
behavior. The response during deviatoric loading at an initial
effective confining stress s′o = 1 MPa is shown in Figure 3
(refer to the trend for Sh = 0%).

Figure 3. Distributed hydrate-bearing sediment with hydrate saturation Sh: (top) deviatoric stress and
(bottom) void ratio as functions of axial strain (effective confining stress s′o = 1 MPa; see Figure 1b). Void
ratio and shear strength approach constant volume shear critical state conditions at large strain.

Figure 2. The sediment response is captured in the space
defined by the mean effective stress p′, the deviatoric stress
q, and void ratio e. The critical state line CSL is the locus
of points where sediments shear at constant volume. Its pro-
jection on the p′-q plane is used to determine Coulomb
strength parameters. The CSL projection on the p′-e plane
defines the sediment void ratio at constant volume shear.
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[16] The dense sand shows higher stiffness and maximum
dilation near the peak strength, followed by strain softening.
The void ratio e and the deviatoric stress q reach constant
values at large strains, i.e., the critical state. In contrast, the
loose sand shows a monotonic contractive response. Void
ratio and shear strength asymptotically approach critical
state conditions (note minor volume change is still observed
at 20% strain in Figure 3).
[17] Numerical results are shown in Figure 4. The critical

state parameters recovered for the hydrate-free sand (refer to
Sh = 0% lines) are l = 0.103, Г = 0.959 and fcs = 25�. These
values fall between values for Ottawa 20–30 sand and
Ottawa F110 sand. (Note Ottawa 20–30 is a uniformly
graded, rounded quartzitic sand that passes through sieve 20

and is retained on sieve 30, 600 mm < d < 850 mm; its critical
state parameters are l = 0.053, Г = 0.806 at 1 kPa, fcs = 28�.
Ottawa F110 sand is similar but with a median grain size of
110 mm and critical state parameters l = 0.077, Г = 0.937 at
1 kPa and fcs = 31�; data from Santamarina and Cho
[2001].)

3.3. Distributed Hydrate-Bearing Sands

[18] Results plotted in Figures 3 and 4 (for s′o = 1 MPa)
show that the presence of distributed hydrate causes higher
values of stiffness (particularly in the loose sand), dilative
tendency (especially when Sh ≥ 20%), peak strength, mineral
void ratio, and strength at critical state. The peak strength
increases nonlinearly with hydrate saturation (Figure 3) and
the critical state line shifts to higher shear strengths with
increasing hydrate saturation (Figure 4a). Due to high dila-
tion at low confinement, the Coulomb failure envelope
exhibits some “apparent cohesion” when the linear trend is
extrapolated to zero mean effective stress p′ = 0; there is only
a minor effect on critical state friction angle fcs (Figure 4b).
[19] Volumetric parameters are assessed in the e-p′ pro-

jection. Critical state parameters l and Г are markedly
affected by hydrate saturation: the presence of hydrate in
the pore space hinders contraction and promotes dilation
(Figure 4b).

3.4. Patchy Hydrate Saturation

[20] Sands with patchy hydrate saturation have an appar-
ently similar global stress-strain response to that of evenly
distributed hydrate-bearing sediments. However, there are two
important differences. First, volume change trends resemble
those of hydrate-free sediments, and hydrate-enhanced dila-
tion is delayed compared to sediments with distributed
hydrate (Figure 5; note some dilation is still taking place at
20% strain). Second, there is almost no impact on apparent
cohesion because patches are surrounded by hydrate-free
frictional sediment; instead, there is a significant increase in
critical state friction angle, from fcs = 25� when Sh = 0, to
fcs = 41� when Sh = 50% (Figure 6a).

4. Analyses and Discussions

4.1. Patchy Saturation

[21] The same global hydrate saturation can be obtained
using a small number of large clusters or many small clus-
ters. Implications are explored in Figure 7 where a medium
with Sh = 20% is simulated with specimens that contain from
5 to 25 clusters. Results show that, at the same hydrate sat-
uration, a higher number of smaller clusters leads to higher
strength and dilative tendency (note we anticipate that the
position of patches in small specimens has an important
effect on the macroscale response).

4.2. Patchy Saturation Versus Distributed Hydrate

[22] Peak strengths obtained using the two different
hydrate pore habits are compared in Figure 8. Results show
that peak strengths in distributed hydrate-bearing sands are
generally higher than in sediments with patchy hydrate sat-
uration (Sh < 50% range): distributed hydrate, as well as a
larger number of smaller clusters, force the development of
more tortuous shear planes. Note that distributed hydrate can
be considered the asymptotic condition for the small size

Figure 4. Critical state line CSL for distributed hydrate-
bearing sediments (a) CSL projection on p′-q plane, and
(b) CSL projection on e-p′ plane. Some apparent cohesion
emerges with hydrate saturation (extrapolation to zero mean
effective stress p′ = 0), but there is almost no effect on criti-
cal state friction angle fcs.
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clusters. Therefore, there is inherent agreement between the
results in Figures 7 and 8 (applicable within the low-hydrate
saturation regime, Sh < 50%).

4.3. Strength: Particle Level Mechanisms

[23] Internal particle-scale information is extracted in
terms of normal contact force chains. Selected results shown
in Figure 9 indicate that load transfer concentrates along
stiffer hydrate-filled zones (Figures 9c and 9d; note these are
2D simulation results to facilitate visualization). Distributed
hydrate particles bonded onto mineral surfaces contribute to
shear resistance by bonding contiguous particles together and
by promoting rotational frustration (note only mineral-to-
mineral contacts are shown in Figure 9). The analysis of
particle level forces in specimens with patchy hydrate satu-
ration shows long-range interaction between clusters through
the development of load-carrying columns (Figure 9d).
These strong, hydrate saturated patches cause the develop-
ment of tortuous rather than planar shear planes and higher
energy is required to shear the specimen as compared to
hydrate-free sediments, i.e., higher friction angle.

4.4. Comparison of Experimental Versus Numerical
Strength Values

[24] Numerical results obtained in this study for distrib-
uted hydrate-bearing sands at various hydrate saturations,
porosities, and confining stresses are compared against
experimental results obtained using cementing and pore-
filling hydrate distributions (Figure 10). All results show that

strength increases with higher confinement, higher hydrate
saturation, and lower porosity. Furthermore, in agreement
with numerical simulations, experimental results show that
shear strength is also affected by formation history and
hydrate pore habit; in particular, hydrate-bearing sands with
cementing hydrate distribution exhibit higher strength than
sands with pore-filling hydrate.

4.5. Midstrain Stiffness

[25] The secant modulus E50 is determined for all simula-
tions using the strain at half the peak deviatoric stress sdev

max/2
relative to the origin of the stress-strain curve. Results in
Figure 11 show that the sediment secant stiffness E50 is a
function of confining stress s′o, hydrate saturation Sh, and
initial porosity n. Let us adopt an expression that combines
the Hertzian stress-dependent stiffness of the granular skel-
eton in parallel with the stiffness contributed by the hydrate
mass [Santamarina and Ruppel, 2010]:

E50 ¼ a
s′o

1kPa

� �b

þ cEhyd Shð Þd ð2Þ

where the fitting parameters represent “a” the hydrate-free
sand stiffness at s′o = 1 kPa; “b” the sensitivity of hydrate-free
sand stiffness to confining stress; “c” the contribution of the
hydrate stiffness (isothermal Young’s modulus
Ehyd = 8.4 GPa [Sloan and Koh, 2008]) for a given pore
habit, i.e., pore filling, cemented, or patchy saturation; and
“d” the nonlinear effect of hydrate saturation. Factors a and

Figure 5. Sediment with patchy hydrate saturation (15 sediment clusters): (top) deviatoric stress and
(bottom) void ratio as functions of axial strain (effective confining stress s′o = 1 MPa; see Figure 1c). Void
ratio change trends resemble those of hydrate-free sediments, and hydrate-enhanced dilation is delayed
compared to sediments with distributed hydrate.
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b are extracted from simulations conducted on hydrate-free
sands (n = 0.361: a = 0.41 MPa and b = 0.69; n = 0.393:
a = 0.72 MPa and b = 0.50), while c and d are obtained
from simulation results for the various hydrate saturations
(n = 0.361: c = 0.004 and d = 0.5; n = 0.393: c ≈ 0.02 and
d = 1.2). Results summarized in Figure 11 show that (1) the
high stress exponent b reflects the role of fabric change on
the midstrain stiffness and (2) the increase in stiffness with
hydrate saturation is more pronounced in sands with high
initial porosity (higher c and d values for higher sediment
porosity n).

4.6. Hydrate Dissociation

[26] The impact of hydrate dissociation is investigated
under the following end-member reservoir boundary condi-
tions: (1) constant stress boundary CS, (2) zero strain
boundary ZS, and (3) constant vertical stress but zero lateral
strain Ko condition. The specimen with distributed hydrate
Sh = 20% and confined at 1 MPa is subjected to a gradual
decrease in hydrate particle size. We repeat the study at low
and high deviatoric stresses.
[27] Results in Figure 12 show that the stress-strain

response in sands during hydrate dissociation depends on
reservoir boundary conditions and the level of deviatoric
stress; in particular:
[28] 1. Hydrate dissociation in a low deviatoric stress state

induces contraction without failure under constant stress
boundary CS (note that the deviatoric stress when hydrate
dissociates is lower than the maximum deviatoric stress the
hydrate-free sediments can withstand). Conversely, the sed-
iment fails during dissociation when the deviatoric stress is
higher than the strength of the hydrate-free sediment (see
analogous experimental results of Hyodo et al. [2008]).
[29] 2. Vertical and lateral stresses dramatically decrease

during hydrate dissociation under zero strain boundary
conditions ZS. In this case, an overlying rigid caprock stra-
tum could fail in bending.
[30] 3. Vertical Ko consolidation occurs during hydrate

dissociation under a constant vertical stress and zero lateral
strain boundary conditions [see also Lee et al., 2010]. While
the sediment does not approach failure, overlying rigid lay-
ers will experience bending effects.

5. Conclusions

[31] Numerical DEM simulations provide unique insight
into the mechanical response of hydrate-bearing sediments.
In particular, they permits exploring formation history and
various hydrate pore habits, such as recently formed dis-
tributed hydrate or in the form of patchy saturation if hydrate
has been left to ripen.
[32] Simulation results obtained for hydrate-bearing sands

with both distributed and patchy saturation reveal that stiff-
ness, strength and the dilative tendency increase when the
sediment density or the degree of hydrate saturation increa-
ses. Therefore, the critical state line shifts toward higher void
ratios and higher strength values. The mechanical properties
of hydrate-bearing sediments can be expressed as functions
of hydrate saturation Sh, initial porosity no and effective
stress s′o.
[33] There are differences between the mechanical prop-

erties of sands with distributed and patchy hydrate satura-
tion. Hydrate saturation increases the apparent cohesion but
has almost no effect on critical state friction fcs in sands with
distributed hydrate. On the other hand, there is a significant
increase in critical state friction angle, at null apparent
cohesion, in sands with patchy saturation.
[34] In both cases, the increase in strength results from

hindered particle rotation (i.e., distributed hydrate) and more
tortuous failure planes (i.e., larger number of patches).
Overall, the strength is slightly lower for sands with patchy
hydrate saturation.

Figure 6. Critical state line CSL for sediments with patchy
hydrate saturation (15 sediment clusters): (a) CSL projection
on p′-q plane, and (b) CSL projection on e-p′ plane. There is
almost no impact on apparent cohesion (extrapolation to zero
mean effective stress p′ = 0) but a significant increase in crit-
ical state friction angle with increasing hydrate saturation.
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Figure 7. Sediment with patchy hydrate saturation: stress, strain, and volume change. The effect of
cluster size or number of clusters at the same hydrate saturation Sh = 20%. (a) Stress-strain response.
(b) Volume change. The number of clusters is 5, 10, 15, 20, and 25 in the direction of the arrow. Note
effective confining stress = 1 MPa, initial porosity = 0.393. A higher number of smaller clusters leads to
a higher strength and dilative tendency.
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Figure 8. Peak strength qmax comparison between distributed hydrate-bearing sediments (open symbols)
and patchy hydrate (solid symbols). (a) The p′-q plane. (b) All the data, i.e., results for two values of poros-
ity (n = 0.361 and 0.393), three hydrate saturations (Sh = 5%, 20%, 50%), and three effective confining
stress (s′d = 0.1 MPa, 0.5 MPa, 1 MPa). Peak strengths in distributed hydrate-bearing sands are generally
higher than in sediments with patchy hydrate saturation.
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Figure 9. Normal contact force chains between mineral particles (2D simulations). Images are shown
(a) after consolidation to 1 MPa of hydrate-free sediments and after an additional 1.2 MPa deviatoric stress
is applied to (b) hydrate-free sediments, (c) distributed hydrate-bearing sediments, and (d) sediments with
patchy hydrate saturation. Load transfer concentrates along stiffer hydrate-filled patches.
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Figure 10. Strength of hydrate-bearing sediments: experimental data and DEM results (cementing
hydrate, unsaturated method; pore-filling hydrate, ice seeds method). Strength increases with higher
confinement, higher hydrate saturation, and lower initial porosity.

Figure 11. Midstrain stiffness of hydrate-bearing sediments (distributed hydrate) as a function of hydrate
saturation and effective stress. The sediment secant stiffness E50 is a function of confining stress s′o,
hydrate saturation Sh, and initial porosity n.
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[35] Particle-scale contact force data show the concentra-
tion of load transfer along hydrate-stabilized stiffer granular
chains and stiff regions such as patches.
[36] Complementary numerical simulation results show

that hydrate dissociation under different reservoir boundary
conditions causes volume contraction and/or stress relaxa-
tion. Pronounced shear strains develop if the hydrate-
bearing sediment is subjected to deviatoric loading during
dissociation.
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