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Abstract: Natural gas hydrate has gained significant attention in recent years. To safely and
sustainably exploit the natural gas from gas hydrate-bearing sediments, it is crucial to understand
the long-term mechanical characteristics of the hydrate reservoir. In this study, the influence of
hydrate and fine particles on the strain rate dependence of hydrate-bearing sediments under plane
strain conditions has been studied. The experimental results show that the strain rate dependency
of the mechanical properties of hydrate-bearing sediments is positively correlated with hydrate
saturation instead of the morphology of hydrate in sediments. The residual strength of hydrate-
bearing sediments is primarily controlled by the hydrate saturation and is independent of the strain
rate. Changes in hydrate saturation, and fines content, can affect the relationship between the strain
rate and shear band angle. Finally, the local volumetric expansion effect of hydrate-bearing
sediments without fines content is more significant and shows a strong strain rate dependence
characteristic. Overall, this study provides valuable insights into the long-term mechanical
characteristics of hydrate reservoirs. These insights can contribute to the development of a
constitutive model of hydrate-bearing sediments with time-dependence in the future, and which is
meaningful to the exploitation of natural gas hydrate.

Keywords: methane hydrate; strain-rate dependent; fine particles; hydrate saturation; particle
tracking velocimetry

1. Introduction

Natural gas hydrate (NGH) is an ice-like crystal formed from gas (mainly methane) and water
at certain low-temperature and high-pressure conditions. It has garnered significant attention as a
promising energy resource due to the sizable deposits discovered in marine sediments and
permafrost regions across the globe. Different exploitation methods, such as the depressurization
method [1,2], thermal stimulation method [3], chemical inhibitor injection method [4], and gas
exchange method [5], etc., have been proposed for the gas production from the NGH reservoir. In
recent years, China and Japan have conducted short-term trial exploitation activities of marine
hydrates, confirming the feasibility of NGH exploitation [6,7]. In the near future, more exploitation
activities will be implemented with the aim of discovering and preventing engineering and geological
issues that may arise from long-term NGH exploitation. In fact, the risks associated with NGH
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exploitation have been extensively discussed, such as wellbore instability and submarine landslides
caused by hydrate decomposition and reservoir subsidence [8,9]. Facing the long-term demand for
safe NGH exploitation, accurate prediction of reservoir mechanical response behavior is particularly
important. In particular, the study of the time-dependent mechanical properties of hydrate-bearing
sediment is fundamental and crucial for accurately predicting the mechanical response behavior of
reservoirs over the long term.

The strength and stiffness of the sediments increased significantly with the increase of hydrate
saturation by comparing the tri-axial shear test results of Toyoura sands with and without hydrate
[10]. The volumetric strain of the hydrate-bearing sediments changed from compression to expansion
with the increase of the hydrate saturation in the plane strain shear test [11]. The magnitude of the
hydrate contribution to the strength of the sediments depends on the hydrate saturation and
cementation characteristics has also been found by the acoustic wave measurement method [12,13].
Different hydrate occurrence patterns (pore-filling, grain-coating, cementing, and supporting) in the
sediments also have been clearly observed with the micro-CT technique [14]. The hydrate formation
in sediments containing fine particles was inherently displacive and segregated [15].

Various experimental conditions, such as confining pressure [16], temperature [17], hydrate
occurrence habits [18], and fine particle content [15,19], can affect the mechanical properties of
hydrate-bearing sediments. Higher effective confining pressure increases the strength and stiffness
of such sediments, while lower temperatures, which are more thermodynamically stable for hydrates,
also increase their strength. The presence of fine particles in hydrate-bearing sediments leads to larger
peak shear strength and more pronounced volumetric expansion behavior [20]. Additionally, studies
have also investigated the effects of hydrate decomposition on the mechanical properties of hydrate-
bearing sediments [21], revealing that the decomposition of hydrates significantly reduces its
strength.

Some constitutive models describing the stress-strain relationship of hydrate-bearing sediments
have also been proposed. Numerous researchers have modified traditional soil mechanics
constitutive models to enable them to accurately describe the stress-strain characteristics of hydrate-
bearing sediments, such as the Mohr-Coulomb model [22,23], Duncan-Change model [18,24], and
Critical State model [25,26]. Due to the ambiguous physical interpretation of certain parameters and
the inability of most models to account for local changes in the internal structure of specimens,
accurately reflecting the true stress-strain behaviors of hydrate-bearing sediments under specific
conditions can be challenging. Especially, the existing constitutive models for hydrate-bearing
sediments exhibit significant discrepancies among different researchers in predicting the mechanical
response of reservoirs during long-term hydrate exploitation [27].

In summary, the factors that affect the mechanical properties of hydrate-bearing sediments have
been qualitatively or semi-quantitatively studied. However, studies on the time-dependent
mechanical properties of hydrate-bearing sediments are rare, even though they are particularly
important for accurately predicting the mechanical response behavior of NGH reservoirs over the
long term. The time-dependence of mechanical properties of hydrate-bearing sediment is mainly
reflected in the strain-rate dependence and creep characteristics [28,29], and strain-rate dependence
experiments are considered an efficient method to study the time-dependence of its mechanical
properties. Considering the variability of hydrate reservoirs [30] and some geological phenomena
such as landslide more like plane strain, it is also necessary to study the effect of hydrate and fine
particles on the strain rate dependence under plane strain conditions.

In this study, temperature-control and high-pressure plane strain shear test apparatuses with
observation windows have been developed, and the influence of hydrate and fine particles on the
strain rate dependence of hydrate-bearing sediments under plane strain conditions has been studied.
The results are meaningful to develop the constitutive model of hydrate-bearing sediments with
time-dependence in the future, and then achieve long-term accurate prediction of the mechanical
characteristics of the hydrate reservoir.
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2. Experimental Instruments and Procedure

2.1 Plane Strain Shear Test Apparatuses

Temperature-controlled and high-pressure plane strain shear test instruments with an
observation window have been used to study the influence of hydrate and fine particles on the strain
rate dependence of hydrate-bearing sediments. The schematic diagram of the instrument is shown in
Figure 1. The size of the specimen is 60 mm (length)x80 mm (width)x160 mm (height). The pore and
confining pressure of the specimen are controlled by different syringe pumps with an accuracy of
+0.1MPa. The maximum axial loading force that the instrument can provide is 200 kN, with a
measurement accuracy of 0.2 kN. A latex film with a grid (the minimum unit is 2.5 mmx2.5 mm)
attached to one side of the specimen can be used to measure the local deformation of the specimen.
The picture of the specimen during the shearing process can be recorded by the electronic camera
through the window on the instrument. More detailed information on these instruments can also be
found in our previous reports [31]. Toyoura and the sand named Tb were used as the host sand in
this study. Size distribution of these samples shown in Figure 2, and Tb has a higher content of fine
particles than Toyoura.
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(a) Specimen; (b) pressure cell; (c) observation window; (d) confining plate; (e) lower syringe
pump for water;(f) lower syringe pump for gas; (g) upper syringe pump for gas; (h) upper syringe
pump for water; (i) methane gas cylinder; (j) cell liquid tank; (k) confining pressure amplifier; (1)
displacement transducer; (m) load cell; (n) loading equipment; (o) pressure gauge; (p) camera; (q)
thermocouple; (r) heater.

Figure 1. The schematic diagram of high-pressure low-temperature plane strain shear testing
apparatus.
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Figure 2. Grain size distribution of Toyoura and Tb.

2.2 Experimental Procedure

The experimental procedures can be divided into six steps: (1) Host sand preparation: wet host
sand with a certain moisture content was filled into the mold in about 12 layers, and filter paper was
covered at the upper and lower parts of the specimen. After that, the air inside the specimen was
expelled by a vacuum pump and maintained the confining pressure at 0.2 MPa at the same time. (2)
Hydrate generation: increased the pore pressure to 5.0 MPa by injecting methane into the specimen
and kept the effective confining pressure at 0.2 MPa during this process. After that, reduced the
temperature to 287.15 K to generated the hydrate. (3) Water saturation: water was injected from the
bottom of the specimen to displace the free gas, making the specimen to water-saturated state. (4)
Consolidation: the pore and confining pressure were increased to 10.0 and 13.0 MPa, respectively, to
perform the consolidation test. (5) Shear test: the drained shear test with a constant axial loading rate
was performed after consolidation. (6) Decomposition gas collection: decomposed the hydrate and
collected the decomposition gas by increasing the temperature, and the hydrate saturation was
calculated based on the volume of the decomposition gas. The specific experimental conditions are
shown in Table 1.

Table 1. Experimental parameters and conditions.

Test g(r)ls(; sgzg:?i?n prgszltllre prIe)::“fsre Temperatite  strain rate
(%) (MPa)  (MPa) K) (Yo/min)
1 To;;our 0 13.0 100 283.15 0.05
5 To;;our 0 13.0 10.0 283.15 0.5
3 To;;our 0 13.0 100 283.15 1
4 To;;our 116 13.0 100 283.15 0.05
5 Toyour 163 13.0 10.0 283.15 0.5

a
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5
6 Toyaour 124 13.0 100 283.15 1
7 TO};our 43.6 13.0 10.0 283.15 0.05
3 Toyaour 05 13.0 100 283.15 0.5
9 Toyaour 437 13.0 100 283.15 1
10 Tb 0 13.0 10.0 283.15 0.05
11 Tb 0 13.0 10.0 283.15 0.5
12 Tb 0 13.0 10.0 283.15 1
13 Tb 43.6 13.0 10.0 283.15 0.05
14 Tb 40.0 13.0 10.0 283.15 0.5
15 Tb 443 13.0 10.0 283.15 1
3. Results

3.1 Stress-Strain Behavior

The left portion of Figure 3 presents the stress-strain relationship of the host Toyoura sand and
the hydrate-bearing sediments with a low hydrate saturation under different strain rate. Under the
same strain rate, the existence of a small amount of hydrate can slightly increase the peak strength,
initial stiffness and residual strength of the hydrate-bearing sediments. With respect to volumetric
strain (where positive values indicate compression), all samples exhibit similar volumetric
compressive behaviors, except for the host Toyoura sand, which displays a more pronounced
volumetric compressive behavior at a strain rate of 0.05%/min. The strain rate shows slight effect on
the stress-strain curves of the host Toyoura sand and the hydrate-bearing sediments with a low
hydrate saturation. The right portion of Fig. 3 shows the stress-strain relationship of the host Toyoura
sand and the hydrate-bearing sediments with a high hydrate saturation. In this case, the peak
strength, initial stiffness, and residual strength of the hydrate-bearing sediments increase
significantly due to the existence of hydrate. And the stress-strain behavior of hydrate-bearing
sediments are also greatly affected by the strain rate. At a high strain rate (1%/min), the peak strength
and initial stiffness of the hydrate-bearing sediment are significantly increased. With regard to
volumetric strain, an increase in both hydrate saturation and strain rate facilitated volumetric
expansion behavior in the hydrate-bearing sediments.
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Figure 3. Stress-strain relationship of the hydrate-bearing sediments and host Toyoura sand under
different strain rate.

Figure 4 shows stress-strain relationship of the hydrate-bearing sediments (Toyoura and Tb) and
the host sand (Toyoura and Tb). From the left portion of Fig. 4, the presence of fine particles reduced
the initial stiffness and facilitated the volume compression behavior of host Tb sand. Volumetric
compression was found to be most significant at a strain rate of 0.05%/min, consistent with the results
obtained for the host Toyoura sand. The right portion of Fig. 4 compared the stress-strain behavior
of hydrate-bearing sediments (Toyoura and Tb) with a high hydrate saturation. The peak strength,
initial stiffness, and volumetric strain of hydrate-bearing sediments with fine particles also have
strong strain rate dependent. However, under the same strain rate conditions, the presence of fine
particles reduce the initial stiffness and volume expansion effect of the hydrate-bearing sediments.
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Figure 4. Stress-strain relationship of the hydrate-bearing sediments (Toyoura and Tb) and the host
sand (Toyoura and Tb).

3.2 Effects of Hydrate Saturation

The influence of hydrate saturation on the strain rate dependence of hydrate-bearing sediments
is further discussed in this part. Figure 5 presents the variation in the peak strength, the strain rate-
dependent parameter, secant Young’s modulus (E50), and the residual strength of hydrate-bearing
sediments and host Toyoura sand at different strain rates. The strain rate-dependent parameter m, is
commonly used to quantify the sensitivity of material strength to strain rate. It represents the slope
of the relationship between material strength and strain rate in a log-log coordinate system [29]. In
Figure 5a, unlike host Toyoura sands, the peak strength of hydrate-bearing sediments significantly
increases with the increase of strain rate. And this phenomenon becomes more pronounced with the
increase of hydrate saturation. For instance, when the hydrate saturation is approximately 40%, the
peak strength of the hydrate-bearing sediment increases by 10% with a change in strain rate from
0.05%/minute to 0.5%/minute, while it increases by only 4% when the hydrate saturation is
approximately 15%. The sensitivity of peak strength of hydrate-bearing sediments to strain rate
increases with the increase of hydrate saturation can also be observed from Figure 5b. Additionally,
E50 significantly increases with the increase of strain rate when the hydrate saturation is high (40%).
The residual strength only increases with the increase of hydrate saturation, regardless of the strain
rate.
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Figure 5. Variation in (a) the peak strength, (b) the strain rate-dependent parameter, (c) the secant
Young’s modulus (E50) and (d) the residual strength of hydrate-bearing sediments and host Toyoura
sand at different strain rate.

At a low hydrate saturation, hydrate exists on the pore and surface of sediment particles with
little bridging of the sediments. With the increase of hydrate saturation, hydrate may also cover
sediment particles to form clusters and play a load-bearing role [27]. The presence of hydrates can
hinder the relative motion of sediment particles during shearing. Under high strain rate conditions,
the sediment particles trapped within the hydrate structure may not have enough time to flip or move
to adjacent locations. As a result, the stiffness and strength of the hydrate-bearing sediment are
enhanced. Especially for sediments with high hydrate saturation, the cementation effect of hydrate is
stronger, and the hydrate that plays a load-bearing role itself may also have higher strength at a high
strain rate [32]. The shear resistance of sediments is mainly affected by the hydrate that fills in the
meniscus and pores, so the strain rate dependence of the hydrate itself may be the main reason for
the strain rate dependence property of hydrate-bearing sediments [33]. In addition, it is also found
that ice, which has similar physical properties to hydrates, also has a certain strain rate dependence
[34].

Figure 6 shows the schematic diagram of the shear band angle measurement method and the
shear band angle results of hydrate-bearing sediments and host Toyoura sand at different strain rates.
For host Toyoura sand, the angle of the shear band increases significantly when the strain rate
changes from 0.05 %/min to 0.5 %/min. For the hydrate-bearing sediments with a low hydrate
saturation, the strain rate has no effect on the shear band angle, and when the strain rate is greater
than 0.05 %/min, the shear band angle of the hydrate-bearing sediments is smaller than that of the
host Toyoura sand. When the hydrate-bearing sediments with a high hydrate saturation, the angle of
the shear band increases significantly, but the strain rate also has no significant effect on it. This
implied that when the sediment contains hydrate, the angle of the shear band is independent of the
strain rate. However, the hydrate saturation and the shear band angle of the sediments cannot be
simply described by a positive correlation, because they may have opposite laws under different
strain rates.
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Figure 6. The schematic diagram of shear band angle measurement method (left) and the shear band

angle results of hydrate-bearing sediments and host Toyoura sand at different strain rate (right).

Considering the volumetric strain behavior of hydrate-bearing sediments with low hydrate
saturation is similar to that of host Toyoura sand (see Figure 3), Figure 7 only shows the contours of
the volumetric strain of hydrate-bearing sediments with a high hydrate saturation and host Toyoura
sand at the critical state stage [35]. Compared with the host Toyoura sand, the hydrate-bearing
sediments with a high hydrate saturation have more significant local volume expansion with the

increase of strain rate. This is consistent with the result in Figure 5 that the volume expansion of
hydrate-bearing sediments with high hydrate saturation is more pronounced with increasing strain
rate. Yoneda et al. [2016] found that the movement of sediment particles can compress as well as
dilate the sample in the shear band area, and the particle structure changes in the shear band position

were much more significant than that in the non-shear band position [36]. The presence of hydrates

makes the sediment more compact, and the relatively fast movement of sediment particles may tend
to dilate the sample under high strain rate conditions.
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Figure 7. The contours of volumetric strain of hydrate-bearing sediments with a high hydrate

saturation and host Toyoura sand at the critical state stage (positive values represent compression).
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3.3 Effects of Fine Particles

The influence of fine particles on the strain rate dependence of hydrate-bearing sediments is
further discussed in this part. The variation in the peak strength, strain rate-dependent parameter,
secant Young’s modulus (E50) and the residual strength of hydrate-bearing sediments (Toyoura and
Tb) and host sand (Toyoura and Tb) at different strain rate are shown in Figure 8. In Figure 8a, the
presence of fine particles slightly increases the peak strength of hydrate-bearing sediments, and this
is consistent with the previously reported findings by Kajiyama et al. (2017) [11]. Figure 8b compares
the results of triaxial shear tests and plane strain tests on the strain rate sensitivity of peak strength
for hydrate-bearing sediments. Although the strain rate sensitivity of peak strength for hydrate-
bearing sediments increases under both stress conditions, the magnitude of the increase is smaller
under plane strain conditions. In Figure 8c, compared to the hydrate-bearing sediments (Toyoura),
the hydrate-bearing sediments (Tb) exhibited a higher Eso and were less sensitive to changes in strain
rate. Additionally, the presence or absence of fine particles had no effect on the residual strength of
host sand and hydrate-bearing sediments in this study (Figure 8d).

Sdiments containing fine particles are more prone to the formation of bonded clusters, which
subsequently enhances the sediment's shear strength. Lei et al. (2017) also reported that even a small
number of fine particles can significantly affect the formation of hydrates in sediments, thereby
affecting their mechanical properties [15]. Based on this, a plausible explanation is that under low
strain rate conditions, the bonded clusters have enough time to move along with the sediment
particles as a cohesive unit, whereas under high strain rate conditions, the particles' motion must
overcome the resistance of the bonded clusters, leading to a greater shear strength.
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Figure 8. Variation in (a) the peak strength, (b) the strain rate-dependent parameter, (c) the secant
Young’s modulus (Eso) and (d) the residual strength of hydrate-bearing sediments (Toyoura and Tb)
and host sand (Toyoura and Tb) at different strain rate.

Figure 9 shows the shear band angle results of hydrate-bearing sediments (Toyoura and Tb) and
host sand (Toyoura and Tb) at different strain rates. For host Tb sand, the angle of its shear band
increases slightly with increasing strain rate, which is consistent with the results for host Toyoura
sand. However, the shear band angle of hydrate-bearing sediments first increases and then decreases
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with the increase in strain rate. This finding suggests that alterations in hydrate saturation and fines
content have the potential to impact the correlation between strain rate and shear band angle.
Previous studies have also shown that changes in the swelling angle and the complex cementation

mechanism between hydrate and sediment p

articles can affect the changes in the shear band angle.
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Figure 9. The shear band angle results of hydrate-bearing sediments (Toyoura and Tb) and host sand

(Toyoura and Tb) at different strain rate.

The contours of the volumetric strain of hydrate-bearing sediments and host Tb sand at the
critical state stage are shown in Figure 10. Compared the result of host Toyoura and hydrate-bearing
sediments (Toyoura) in Figure 7, under a higher strain rate, the local volumetric expansion area of
the host sand (Tb) and hydrate-bearing sediments (Tb) is slightly reduces and increases, respectively.
This means that the strain rate has little effect on the local volumetric strain of the samples (Tb)
regardless of hydrate presence. Additionally, the local volumetric strain expansion of the hydrate-
bearing sediments (Toyoura) is more significant than that of the hydrate-bearing sediments (Tb)

under all strain rate conditions.
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Figure 10. The contours of volumetric strain of hydrate-bearing sediments and host Tb sand at the

critical state stage.


https://doi.org/10.20944/preprints202304.0958.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 April 2023 doi:10.20944/preprints202304.0958.v1

12

4. Discussion

Based on the previous experimental results and earlier research findings, this section analyzes
the strain-rate dependence mechanism of the mechanical properties of hydrate-bearing sediments
under plane strain conditions.

Firstly, the mechanical properties of hydrate itself exhibit high strain-rate dependence. The
strain-rate dependence parameter m of pure hydrate samples can reach 0.46 [32], which means that
their strain-rate sensitivity far exceeds that of hydrated sediment samples. Hydrate itself may
dominate the strain-rate dependence of the hydrated sediment samples (m = 0.12) [29]. Previous
experimental results have shown that the saturation of hydrates is positively correlated with the
strain-rate sensitivity of hydrated sediment samples, which confirms this point (Figure 5b).

As the saturation of hydrates increases, some hydrates may replace the positions of sediment
particles and support the sediment structures [37,38]. This portion of hydrates can significantly
increase the strain rate dependence of the entire sample, due to its own high strain rate sensitivity. In
addition, during the shearing process, as particles move, some of the hydrates existing between
particle pores can also be filled between particles. This not only prevents particles from further
movement, but also increases the strain rate dependence of the hydrate-bearing sediments. Under
high strain rate conditions, the movement of sediment particles becomes more difficult due to the
higher binding force of hydrates, which easily leads to stress concentration. During the shear process,
microcracks are further formed, resulting in an increase in the volume expansion effect of the sample.
Besides, the hydrates that lose their cementing effect during the shear process stagnate on the surface
of sediment particles, which also increases the local volume expansion effect of the sample [39].

Filling fine particles among sediment reduces the pore size between sediment particles and
thereby may affects the morphology of hydrates [40-42]. Previous studies have found that even a
small amount of fines in sediments can significantly affect the mechanical properties and transport
response of hydrate-bearing sediments. Hydrates tend to form in the pores of coarse-sediments
without fines, without changing the sediment structure. When the pores between sediment particles
are occupied by fines, hydrates tend to displace sediment particles due to the higher capillary
pressure, leading to the formation of segregated hydrates [15]. The hydrates in the pores contribute
little to the mechanical properties of sediments, and only when the sediment particles are compressed
and displaced, this portion of hydrates significantly affects the strength of the sediments. This also
explains why the presence of fines only affects the peak strength, not the residual strength, of hydrate-
bearing sediments. Furthermore, in this study, it was found that the presence of fines does not affect
the strain rate sensitivity of the peak strength of hydrate-bearing sediments. This also implies that
the strain rate dependence of hydrate-bearing sediments is more influenced by the content of
hydrates in sediments than by their morphologies. Microscopic experiments under similar conditions
need to be conducted to directly observe the effects of hydrate and fine particles content on the
internal structure changes of hydrate-bearing sediments under different strain rate conditions, and
further clarify the mechanism of the strain rate dependence of the mechanical properties of hydrate-
bearing sediments.

5. Conclusions

In this study, a series of plane strain shear tests at different strain rates were performed, and the
influence of hydrate and fine particle contents on the strain rate dependence of hydrate-bearing
sediments has been studied. Based on the experimental results, following conclusions can be
achieved:

(1) With an increase in hydrate saturation, the stress-strain behaviors of hydrate-bearing
sediments are significantly affected by the strain rate, particularly in sediments that lack fine particles.
Under plane strain conditions, the strain rate sensitivity of the mechanical properties of hydrate-
bearing sediments is lower than that under triaxial conditions.

(2) The peak strength and Eso of hydrate-bearing sediments with high hydrate saturation increase
with an increase in strain rate, regardless of whether or not they contain fine particles. However, the
presence of fine particles reduces the strain rate dependence of Eso for hydrate-bearing sediments.
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The residual strength of hydrate-bearing sediments is primarily controlled by the hydrate saturation
and is independent of the strain rate.

(3) Hydrate-bearing sediments with high hydrate saturation have larger shear band angles, and,
the angle of the shear bands can also be influenced by the combined effects of fine particles and strain
rate.

(4) An increase in hydrate saturation or the presence of fine particles both lead to a reduction in
the degree of local volume expansion of hydrate-bearing sediments.
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