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ABSTRACT: Understanding the effect of clay on the mechanical properties
and strength criteria of hydrate-bearing sediments (HBS) is essential for
evaluating the safety of clay-rich reservoirs. In this study, a series of triaxial
shear tests were conducted to investigate the impacts of clay type and content
on the mechanical behavior of I'-HBS (hydrate-bearing sediments containing
illite) and M-HBS (hydrate-bearing sediments containing montmorillonite).
The findings reveal that M-HBS exhibit greater susceptibility to strain
hardening compared to I-HBS, accompanied by more extensive volume
deformation, and both strain hardening and shear shrinkage intensify with
increasing clay content. Moreover, the results demonstrate higher failure
strength and Young’s modulus in I-HBS than M-HBS. The failure strength of
sediments is affected by both the clay content and effective confining pressure,
with an established relationship between the failure strength and these two
factors. Additionally, the cohesion and internal friction angle of sediments exhibit distinct linear correlations with clay content due to
variations in the clay type. The Mohr—Coulomb strength criterion incorporating the clay content is established, enabling the
prediction of shear strength in clay-rich hydrate reservoirs. The clay type and content are the cause for different strengths and shear
mechanisms of sediments. This research holds significant implications for the safe mining of natural gas clay-rich hydrate reservoirs.
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1. INTRODUCTION

As apotential alternative energy source, methane hydrate has the
characteristics of high energy density, nonpollution, and wide

failure."” Triaxial shear tests on hydrate sediments composed of
two different minerals concluded that sandy hydrate-bearing
sediments demonstrate greater failure strength compared to
those containing clay.'® However, under actual reservoir

distribution,"™ and several trial groductions have been
conducted due to its potential’™” However, during the
exploitation of marine hydrates, the decomposition of hydrates
can weaken the reservoir cementation and lead to strength
attenuation, thereby jeopardizing the reservoir stability. This can
result in natural disasters such as submarine landslides, large-
scale methane gas leakage, and engineering mishaps like
deformation of the drilling casing and collapse of the drilling
platform.'~"® Therefore, it is imperative to thoroughly study
and evaluate the mechanical stability of gas hydrate reservoirs to
facilitate safe, long-term, and large-scale exploitation of gas
hydrates.

Natural gas hydrates exist in different types of sediment
reservoirs. Previous studies have highlighted that the composi-
tion of the host sediment and its particle size distribution
significantly influence the mechanical properties of hydrate
sediments. The study of methane hydrate sediments with
varying particle sizes found that coarser sands exhibit greater
lateral deformation and Poisson’s ratio compared to fine sands.'*
A hydrate mechanical experiment conducted with or without silt
addition and the particle size of silt as experimental variables
indicated that the presence of silt, along with larger particle sizes,
resulted in an increased vertical load required for hydrate
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conditions, single sandy or clayey deposits rarely occur, and
the results gained from the aforementioned studies cannot be
directly applied to a clayey-silty sand reservoir.

The clayey-silty sand hydrate reservoir in the South China Sea
with the largest reserves is widely acknowledged as the most
challenging to exploit.”'® The exploration area is predom-
inantly composed of fine particles and clay minerals; the main
clay types are montmorillonite and illite, with the clay content
showing variations across different locations.'”~** The diversity
and concentration of clay minerals modify the material
composition and particle size distribution of the surrounding
sediments, thereby influencing the mechanical characteristics.
Based on this, the mechanical behavior of hydrate-bearing
sediments taking into account content variations in illite and
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Figure 1. Schematic diagram of the SHW-3 triaxial shear test device.

montmorillonite under different effective confining pressures
was studied, which indicated that both the clay type and clay
content play significant roles in determining the failure strength
and deformation characteristics of clayey-silty sediments.”* The
type and content of clay minerals significantly influence the
synthesis of hydrates within sediment pores, resulting in the
difference in hydrate saturation.”””° In addition, hydrate
saturation is a crucial factor influencing the mechanical
properties of hydrate deposits, which cannot be over-
looked.”” ™ Consequently, it is imperative to study the
influence of both the type and content of clay minerals at
consistent hydrate saturation to understand the mechanical
behavior of clay-silt hydrate reservoirs.

Additionally, research into the constitutive models of hydrate
sediments has also been conducted. Taking into account factors
such as hydrate saturation,” temperature,”’ and confining
pressure,”” some researchers have developed a nonlinear elastic
constitutive model for hydrate-bearing sandy sediments based
on the Dundun-Chang model. Other researchers have
established an elastic—plastic constitutive model for hydrate-
bearing sediments, drawing on the Cam-Clay model and taking
into account variables such as temperature,”” pressure’* and the
state of hydrate occurrence.”> The linear expression of the
Mohr—Coulomb intensity facilitates the derivation of analytical
solutions. Numerous experimental findings demonstrate that
the Mohr—Coulomb strength criterion is highly applicable and
effective in the field of soil mechanics. Mohr—Coulomb strength
criteria applicable to quartz sand reservoir’® and Toyoura sand
reservoir’’ were established, respectively. In addition, the
strength criteria of clay-containing hydrate sediments consider-
ing effective confining pressure’® and hydrate saturation® were
developed. Although domestic and foreign scholars have
proposed a constitutive model suitable for hydrate reservoirs,
most of the modified parameters are pressure, temperature,
hydrate saturation, and other conditions. However, the
significant factor of clay minerals has yet to be incorporated
into these models.

In this paper, the impact of various clay mineral types and
contents on the mechanical properties of the artificially prepared
clayey-silt hydrate-bearing sediments under the same hydrate
saturation conditions were studied. Specifically, impact
mechanisms of illite and montmorillonite on the strength and
deformation properties of these sediments were analyzed, and

the mathematical relationship between the failure strength, clay
content, and effective confining pressure was obtained. The clay
content was also introduced into the Mohr—Coulomb strength
criterion to develop a constitutive model which could describe
the mechanical behavior of clayey-silt reservoirs. In addition, the
results also revealed the strength and shear mechanism of
sediments containing different clay mineral hydrate-bearing
sediments.

2. EXPERIMENTAL SECTION

2.1. Experimental Apparatus. This study used a self-
developed triaxial apparatus with a low-temperature and high-
pressure environment, which can form and decompose natural
gas hydrates in situ (Figure 1). The apparatus consists of six
systems: electro-hydraulic loading system, triaxial pressure
chamber, pore pressure control system, confining pressure
control system, temperature control system, and data acquisition
system. The maximum confining pressure is 50 MPa, and the
accuracy is 0.01 MPa. The axial load is controlled by the electro-
hydraulic loading system, which can provide a maximum axial
load of 200 KN. The thermostatic water bath is used to control
the temperature and ranges from —30 to 100 °C, with an
accuracy of 0.5 °C. All of the data during the tests are recorded
by a data acquisition system.

2.2. Sample Preparation. According to the reservoir
characteristics of the Shenhu Sea area in the South China Sea,
the target porosity was set at 0.4 and hydrate saturation at 30%,
selecting illite and montmorillonite as target clay minerals in this
study. Then, different contents of illite and montmorillonite
were mixed with quartz sand and distilled water to remodel I-
HBS and M-HBS, respectively. The mixture was equally filled
into the mold in S times by the compaction method, and a
cylindrical specimen with a diameter of S0 mm and a height of
100 mm was obtained by an electro-hydraulic stripper. Then, the
sample, which was sealed with a rubber film and a sealing ring,
was installed in the triaxial chamber. After the sample was
prepared, the pressure chamber was filled with silicone oil and
provided with 2 MPa confining pressure. Then, methane gas was
injected at a constant rate until the pore pressure reached 6 MPa,
at which time the effective confining pressure was reduced to 0.5
MPa. Finally, the temperature in the triaxial cell was set to
274.15 K. In this study, the excess gas method was used to
synthesize hydrates, and when the data monitored by the gas
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Table 1. Triaxial Shear Test Conditions for Sediments with Different Clay Contents
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Figure 2. Stress—strain curves of I-HBS under different effective confining pressures: (a) 1 MPa; (b) 2 MPa; (c) 3 MPa; (d) 4 MPa.
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flow meter was 0, it was determined that the hydrate synthesis
was complete. After the sediment was consolidated for 12 h, 24
runs of triaxial shear tests were carried out on sediments with

different clay contents. The detailed test conditions are shown in
Table 1.
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Figure 3. Stress—strain curves of M-HBS under different effective confining pressures: (a) 1 MPa; (b) 2 MPa; (c) 3 MPa; (d) 4 MPa.

: ()
-
_m=
0 0 - -
g -
Q .::b' ./I'. R
37 2t alfgewe coetilia
< = 122222aaat
- _4 = L
£ -
z 2
E-of £
z £
= -8f . S 8+ :
> P=1MPa P=2MPa
—m— 10% illite " 10% illite
“10F o 20% illite 10 F o 20% illite
—A—30% illite A 30% illite
=12 . L L 12 L ! 2
0 Aial 10 o 15 0 5 10 15
xial strain (%) Axial strain (%)
2 2
()
0 0

2

&

Volumetric strain (%)

"
—
=

g
~

&

Volumetric strain (%)

® e o000 00e

s SN

1 1

- -6
, 8t ,

P=3MPa P =4MPa
—m— 10% illite —m— 10% illite
o 20% illite 101 o 20% illite
—A—30% illite —A—30% illite

1 1 1 _lz 1

0 15 0 5

10
Axial strain (%)

10 15

Axial strain (%)

Figure 4. Volume—strain curves of I-HBS under different effective confining pressures: (a) 1 MPa; (b) 2 MPa; (c) 3 MPa; (d) 4 MPa.
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3. RESULTS AND DISCUSSION

3.1. Stress and Strain Characteristics and Volume—
Strain Response. Figures 2 and 3 show the stress—strain
relationships of I-HBS and M-HBS, respectively, under different
effective confining pressures of 1, 2, 3, and 4 MPa. It can be seen
that all stress—strain curves exhibit nonlinear relationships. At
the beginning of loading, the deviator stress increases rapidly
with the increase of axial strain, and then two phenomena occur:
the deviator stress decreases after reaching the peak value (strain
softening) or the deviator stress continues to increase at a small
rate (strain hardening). As the effective confining pressure
increases, the stress—strain behavior of I-HBS exhibits strain
softening, whereas M-HBS transition from strain softening to
strain hardening. At lower confining pressures, the strain
softening effect in I-HBS is more pronounced, while at higher
confining pressures, the strain hardening in M-HBS becomes
significantly more evident. This distinction can be attributed to
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the larger specific surface area of montmorillonite compared to
illite, which facilitates a greater number of contact points
between hydrate and sediment particles,” thereby reducing the
potential for displacement. Additionally, an increase in clay
content tends to suppress strain softening while amplifying
strain hardening, a phenomenon likely due to the enhanced
interparticle contact fostered by the presence of more fine clay
particles.

Figures 4 and 5 show the volume—strain relationship of I-HBS
and M-HBS, respectively, at effective confining pressures of 1, 2,
3, and 4 MPa. Under low confining pressures, both I-HBS and
M-HBS initially exhibit shrinkage, followed by dilatancy,
whereas under high confining pressures, they both demonstrate
shear contraction. This behavior is attributed to the elevated
confining pressures that restrict the particle rotation and
enhance the bonding between soil and hydrate particles.*!
After loading completely, the volume of I-HBS exceeds that of
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M-HBS, which is explained by the latter’s greater pore space
allowing for more effective particle rearrangement and less radial
tumbling. The increase of the clay content will inhibit the
dilatancy behavior and aggravate the shear shrinkage behavior.
Under low confining pressures, the axial strain corresponding to
the dilatancy behavior increases with an increase of the clay
content. After shear, the sample volume inversely correlates with
the clay content, as during compression fine clay particles more
readily move through adjacent particles into pore spaces for
rearrangement.

3.2. Failure Strength and Young’s Modulus. 3.2.1. Fail-
ure Strength. The strengths of I-HBS and M-HBS with different
clay contents are shown in Figure 6. For strain-softening
specimens, the maximum deviator stress corresponding to the
peak value of the stress—strain curve is taken as the failure
strength. For strain-hardening specimens, 15% axial strain is
taken as the failure state of the specimen, and the deviator stress
corresponding to 15% axial strain in the stress—strain curve is
taken as the failure strength. The failure strength of I-HBS is
higher than that of M-HBS under the identical effective
confining pressure. This phenomenon can be attributed to illite
having relatively weak hydrophilicity, the presence of a slim
bound water film, and a reduced number of interfacing points
between clay particles and quartz sand. Concurrently, hydrates
form partially on the surface of illite and partially on the surface
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of quartz sand. In such instances, the cementation of hydrate
takes precedence, overshadowing the diminution in frictional
strength brought about by the clay particles’ lubricative action.
Conversely, montmorillonite shows pronounced hydrophilicity,
leading to the formation of a substantially bound water film. This
results in extensive contact between quartz sand particles and
clay particles, with the majority of hydrates forming on
montmorillonite’s surface. At this point, the lubricative effect
of the clay may emerge as the predominant factor. The failure
strength is affected by both the type of clay and the effective
confining pressure. This indicates that enhancing the effective
confining pressure amplifies the impact of the type of clay on the
sediment failure strength.

The failure strength fitting curves of I-HBS and M-HBS under
different confining pressures were drawn as shown in Figure 7.
The slopes of the fitting formulas were uniformly negative,
representing the weakening effect of the clay content on the
failure strength. The failure strength of both I-'HBS and M-HBS
decreases with an increase of clay content. This is attributed to
the enhanced interparticle contact and the pronounced
lubrication effect that accompanies a higher clay content.*”
For I-HBS, with the increase of the effective confining pressure,
the weakening effect of clay content on the failure strength
decreases. The influence of effective confining pressure on the
material’s resistance to damage becomes increasingly significant
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Figure 9. Young’s modulus under different effective confining pressures: (a) I-HBS; (b) M-HBS.
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Figure 10. Stress Mohr circle of host sediments with different illite contents: (a) 10% illite; (b) 20% illite; (c) 30% illite.
with a higher clay content. Conversely, for M-HBS, the decline relationship of the reconstructed hydrate-bearing clayey-silt
in failure strength due to a higher clay content remains sediment, the elastic stage is not obvious. Consequently,
consistent, irrespective of the effective confining pressure. This Young’s modulus (E5) was used as the stiffness of hydrate-
pattern suggests that the response of failure strength to bearing sediments, that is, the ratio of 50% of the sample’s failure
variations in the illite content is particularly sensitive to changes strength to the corresponding axial strain. Figure 9 illustrates the

in the effective confining pressure.

In addition, the plane fitting of the failure strength under the
combined influence of the clay content and effective confining
pressure was carried out in this paper, as shown in Figure 8. The
fitting accuracy for both I-HBS and M-HBS achieved 0.999,
indicating excellent agreement with the observed data.
Consequently, a fitting formula for predicting failure strength
under the combined influence of clay content and effective

stiffness curves of various hydrate-bearing sediments with the
clay content. It is evident that both the clay content and effective
confining pressure significantly influence the stiffness of the
sediment. Notably, the Young’s modulus for I-HBS generally
surpasses that of M-HBS. This discrepancy can be attributed to
the montmorillonite’s thicker bound water film on its surface,
which enhances the lubrication effect among sediment particles,

confining pressure was derived, as detailed in eq 1 thereby weakening the sample’s resistance to deformation. For I-
HBS, stiffness declines as the clay content increases under low

(qf)sedimem = AC. + uo' + fCé + I/(U,)Z + w ‘CCG/ + K effective confining pressures. However, at high effective
(1) confining pressures, stiffness initially rises before decreasing

with an increase in the clay content. This phenomenon occurs
because, at low clay contents, the impact of high effective
confining pressure on particle mobility exceeds the lubricative
effect of clay on adjacent particles. Conversely, at high clay

where g is the failure strength; C is the clay content; ¢’ is the
effective confining pressure; 4, p, & v, o, and k are related
parameters. When the sediment is I-HBS, A = —0.2, 4 = 0.03, £ =
0.0003, v = 0.16, w = 0.046, and « = 12.34, and when the

sediment is M-HBS, 1 = —0.08, st = —0.08, = 0, v = 0, @ = 0, and contents, lubrication between particles becomes the dominating
=76 ' o o ' ’ ’ factor. For M-HBS, the stiffness and clay content exhibit a
The above fitting formula can be used to estimate the shear consistently negative correlation. This is due to montmor-
strength of clayey-silt reservoirs with different clay contents illonite’s enhanced hydrophilicity, which leads to the formation
when the effective confining pressure is known. of a thicker water film on the particle surfaces and an increase in
3.2.2. Young’s Modulus. Young’s modulus is a physical contact points between the clay particles and quartz sand.*
quantity that describes the relationship between stress and strain Consequently, the lubrication effect of clay on the particles

in the elastic range. Due to the nonlinear stress—strain predominates regardless of the clay content.
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ACS Omega 2024, 9, 46192—46203


https://pubs.acs.org/doi/10.1021/acsomega.4c06735?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06735?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06735?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06735?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06735?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06735?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06735?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06735?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf Article
15 15 15
10% montmorillonite (a) 20% montmorillonite (b) 30% montmorillonite (C)
1 MPa 1 MPa 1 MPa
2 MPa 2 MPa 2MPa
——3 MPa ——3 MPa ——3MPa
10 ——4MPa 0k 4MPa 10 L——4MPa
T = otan27.9+2.07 = T =otan27.5+1.75 _ T=octan27.4+1.58
= = =
[ = =
g b g
- -
0 5 10 15 20 0 5 15 20 0 5 10 15 20

6 (MPa)

¢ (MPa)

& (MPa)

Figure 11. Stress Mohr circle of host sediments with different montmorillonite contents: (a) 10% montmorillonite; (b) 20% montmorillonite; (c) 30%

montmorillonite.
34 134 3.4 34
s _(a)Q I-HBS [ ® M-HBS
3.2 ) @ ¢c o - Q@ ¢ O
3.0+ N _,(p 132 3.0+ ? 13
N s —~ >
28+ '~ - a8t >
—_ N, R | 2 =
£ a6l S g = Fo6) 0B
= N, s g _3_-' «
S 24f N sS24f g
g [P 128 € § 9 .c=:0.024Cc+2.29 285
g 22f E N Eg22[ ol &
S 20 i bt ?'gzn- e . =
o & s \'\ 426 ;=_U : \“~\_\ 426 £
. .~ bl
1.8 e N £ 18F 9=-0.025Cc+28T g~ _ =
1.6 F 7 e=-008C439 R-=099 9O |, 1.6 F Tv~ce Ja4
14F o 9=043C+18.82 R?=0.999 14
1.2 L L L 22 1.2 " L L 22
10 20 30 10 20 30

Clay content (%)

Clay content (%)

Figure 12. Relationship between the cohesion, internal friction angle, and clay content: (a) I-HBS; (b) M-HBS.

3.3. Cohesion and Internal Friction Angle. Mohr
envelopes of I-HBS and M-HBS obtained by Mohr—Coulomb
criteria are shown in Figures 10 and 11, respectively. It can be
observed that the higher the clay content, the smaller the radius
of the Moire circle, and the smaller the damage strength. The
intercept and slope of the envelope are the cohesion and the
tangent of the internal friction angle of the sample, respectively.

Figure 12 shows that the cohesion and internal friction angle
of hydrate-bearing clayey-silt sediments are affected by both the
clay mineral type and clay content. The cohesion and internal
friction angle of I-HBS exhibit a heightened sensitivity to the
change of the clay content. For both I-HBS and M-HBS, there is
a linear negative correlation between the cohesion and the clay
content. This trend is attributed to the increase in the clay
content, which, owing to the water absorption properties of clay
minerals, results in a predominant formation of hydrates on the
surface of clay particles as opposed to the surface of quartz sand.
Consequently, this distribution leads to a decrease in the overall
connectivity within the sample. The internal friction angle
displayed divergent trends, being positively correlated with the
content of illite and negatively with that of montmorillonite.
This divergence arises because the water-absorbing expansion of
illite compresses the distance between particles and thus
changes the contact state between particles,44 which increases
the internal friction angle. On the other hand, montmorillonite’s
more pronounced water absorption and expansion capabilities,
combined with its larger specific surface area compared to illite,
result in the formation of a thicker bonded water film in hydrate-
bearing sediments containing montmorillonite. The thicker film

intensifies the lubricative effect of the clay, leading to a reduction
in the internal friction angle.

3.4. Strength Criterion. 3.4.1. Establishment of The
Strength Criterion. Mohr—Coulomb theory, also known as
Coulomb strength theory, can reflect the strength characteristics
of rocks and soil. The specific formula is as follows

(c-cos ¢ + o, sin @)

0 — 03 = ———
! 3 1 —sing 2)

Taking clay content as the main variable, the relationships
between the sediment strength parameter ¢ and the clay content
(eq 3) and between ¢ and the clay content (eq 4) were obtained,
which were incorporated into the Mohr—Coulomb failure
criterion (eq 2), and the Mohr—Coulomb strength criterion
applicable to shaly silt hydrate deposits was obtained. The
revised Mohr—Coulomb criterion is shown in eq 5

@(Cc) = aCc + (3)
o(Cc) =aCc+ b 4)
(61 - GS)SBdiment

_, [(aC¢ + b) cos(aC + B) + oy sin(aC¢ + f)]
B 1 — sin(aCe. + f)

©)

where C¢ is the clay content; ¢ is the internal friction angle, ¢ is
cohesion; @, f, a, and b are related parameters. When the
sediment is I-HBS, o = 0.43, f = 18.82, a = —0.08, and b = 3.9;
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Table 2. Triaxial Shear Test Conditions for I'HBS and M-HBS Samples Having a Clay Content of 25%

test
1

T (K)
274.15

ms/mc
3:1

clay type
illite

montmorillonite 3:1 274.15

[~ IR e NIO I N

Sy (%)

30.12
30.99
30.85
30.11
29.89
30.68
29.25
30.6

P, (MPa)
6

P¢ (MPa)
7
8
9
10
7
8
9
10

P! (MPa) €, (%/min)

1

A WR = AW =

when the sediment is M-HBS, @ = —0.025, = 28.1, a = —0.024,
and b = 2.29.

The modified criterion is different from the traditional Mohr—
Coulomb criterion, and the model can be used to predict the
shear strength of silty-silt hydrate reservoirs with different clay
contents.

3.4.2. Model Validation. Based on the defined strength
criteria, the strength of hydrate-bearing clayey-silt sediment can
be determined for varying clay contents. To verify the accuracy
of the model, triaxial shear experiments were conducted on both
I-HBS and M-HBS samples, specifically chosen to have a clay
content of 25%, and experimental conditions are shown in Table
2. The experimental value and the predicted strength values of
these samples were then compared, as illustrated in Figure 13.
The forecast failure strength closely aligns with the empirical
data, and the maximum error is 2.8%.
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Figure 13. Comparison of test and predicted strengths.

3.5. Mechanism Analysis. Illite and montmorillonite
demonstrate distinct water absm;ption behaviors owing to
their unique structural differences.”” This results in variations in
the locations where hydrates form within the sediment, thereby
influencing the strength and shear mechanisms of sediments.
Figure 14 illustrates a schematic representation of particle
movement during the shear processes of I-kHBS and M-HBS.

For I-HBS, the relatively low hydrophilicity results in a
thinner bound water film, leading to hydrates predominantly
forming between quartz sand grains, with a minor portion
developing on the surfaces of clay minerals. These hydrates act
as a cement between the quartz sand grains, creating a
continuous skeletal structure that significantly enhances the
sediment’s strength. Conversely, for M-HBS, montmorillonite’s
strong hydrophilicity means hydrates are primarily formed on
the clay surface within pores, rather than between quartz sand
grains. This difference leads to a reduction in both the binding
and skeletal reinforcement provided by the hydrates, thus
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reducing the strength of M-HBS. Moreover, the presence of a
thicker bound water film on montmorillonite surfaces increases
its lubricative effect on sediment particles compared with illite,
further decreasing the sediment strength.

During the initial stage of I-HBS shear, the hydrate
connection between quartz sand particles inhibits the
reorientation of these grains, preventing further compression
of pore spaces. As stress levels increase, the hydrates binding to
the quartz sands are the first to fracture, losing the connection.
The fragmented hydrates then enter the pore space, compelling
the quartz sand grains to rotate radially or even fracture, which
leads to strain softening. In the initial stage of M-HBS shear, the
weak cementation between quartz sand particles is destroyed
first. As the stress continues to increase, the hydrates nestled
among the clay minerals are incrementally compressed and
fractured. In addition, because the clay particles are relatively
soft, some clay particles will break after being squeezed. These
fragmented clay particles then navigate through adjacent
particles into a large particle pore space, enhancing the
compactness of the specimen and thereby exhibiting strain
hardening.

By comparing Figure 14b,c, it becomes evident that as the clay
content increases, the pore spaces are increasingly occupied by
fine-grained clay, leading to the formation of additional hydrates
on the surfaces of clay minerals. At the initial shearing stage, the
pore space of quartz sand rich in clay content is the first to
undergo compression. With continuous loading, there is not
enough pore space for the quartz sand to move, resulting in the
clay minerals and surface-generated hydrates being further
compacted by the quartz sand grains. In comparison to samples
with a lower clay content, those with a higher content of clay
exhibit a greater number of hydrate and clay particles
undergoing breakage, resulting in sediments that exhibit lower
strength.

4. CONCLUSIONS

In this work, the effect of clay mineral types and contents on the
mechanical properties of hydrate-bearing sediments were
studied under different effective confining pressures, and the
following conclusions can be reached:

(1) M-HBS exhibit a greater susceptibility to strain hardening
and more significant volume deformation compared to I-
HBS. As the clay content increases, an increased number
of fine clay particles occupy the pore spaces, aggravating
the strain hardening in hydrate-bearing sediments.

The failure strength and Young’s modulus of I-HBS
surpass those of M-HBS when both are subjected to
identical hydrate saturation. Both the clay content and the
effective confining pressure influence the failure strength,
demonstrating a linear correlation between the clay
content and effective confining pressure.
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(3) Cohesion and internal friction angle are linearly related to
the clay content. The cohesion decreases with the increase
of clay content, and the internal friction angle shows a
different trend, which positively correlates with the illite
content and negatively correlates with the montmor-
illonite content. The Mohr—Coulomb strength criterion
considering the clay content is established.

(4) Ilite and montmorillonite produce different thickness
bound water films due to different hydrophilicities.
Montmorillonite, with its thicker bound water film,
enhances the lubrication between M-HBS particles
compared to illite. The diversity of clay mineral type
and content can alter the sites of hydrate formation,
thereby differently impacting the strength of hydrate-

bearing sediments.
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