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Abstract: A series of tri-axial shear tests were carried out to determine the stress and strain
characteristics, as well as the volume deformation of methane hydrate-bearing sediments during gas
hydrate dissociation. An innovative type of depressurization was adopted with a high-pressure and
low-temperature tri-axial apparatus. Results show that: (1) decrease in pore pressure during the shear
process may result in the failure of hydrate-bearing sediments, but they did not collapse completely
due to high effective confining pressure; (2) depressurization leads to the contraction of volumetric
strain and the ultimate deformation shows no difference compared to that prior depressurization;
(3) high saturation hydrate-bearing sediments were more sensitive to depressurization, which could
be due to the methane hydrate acting as a skeleton structure at some sites when the pore hydrates’
saturation is high.

Keywords: tri-axial shear test; hydrate-bearing sediments; depressurization; hydrate disassociation

1. Introduction

Natural gas hydrates (NGH) are cage crystalline compounds of natural gas and water, which are
stable under certain temperature and pressure conditions. With the discovery of gas hydrates in
permafrost regions and the deep ocean, there is great interest in NGH as a potential energy resource
for the 21st century. Estimates of natural gas amounts available from NGH are 9 × 1015 m3 and the
amount of organic carbon in it greatly exceeds that of any other source of the global carbon cycle [1].
Therefore, developing methods for the commercial production of natural gas from hydrate reservoirs is
attracting considerable attention. At present, four primary exploitation methods (depressurization, heat
injection, chemical injection, and CO2 displacement recovery) for NGH have been proposed, and the
depressurization method is the most promising technique for future production [2]. However, there
are still several issues to be studied regarding engineering and geological safety during exploitation.
One challenge to overcome is the possible seafloor subsidence or landslides brought about by a loss of
strength as hydrates dissociate from sediment [3]. In geophysics research investigating the strength and
rheology of pure methane hydrates, it was reported that methane hydrates are over 20 times stronger
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than ice at the same conditions and strain rate [4], highlighting the importance of understanding the
mechanical properties of natural hydrates.

Direct sampling requires sophisticated coring technology and subsequent laboratory tests may
destroy in-situ properties [5]. Masui et al. [6] conducted a series of tri-axial shear tests on NGH
with marine sediment samples. They proved that NGH can significantly increase strength and shear
modulus, and that there was no evidence that hydrate saturation had an effect on Poisson’s ratio.
In addition, core samples and laboratory synthesis samples exhibited similar mechanical properties.
Hyodo et al. [7] reported that different pressures and temperatures of hydrate-bearing sediment
formations do not change the strength of the generated methane hydrates. The frequently discussed
hydrate habits (pore filling, load bearing, and cementation) are related to hydrate saturation and can be
customized by different laboratory methods [8]. These results illustrate that laboratory measurements
of synthetic samples can solve the problem of hydrate extraction securely, effectively, and economically.

A conventional soil mechanics tri-axial shear apparatus to add a temperature and pressure
control device was invented to study the mechanical characteristics of hydrate-bearing sediments.
The sediment types [9], particle size [10], temperature [7], pressure (core pressure and confining
pressure) [11], and hydrate saturation [12] of the sediments were all previously analyzed. Robust and
consistent conclusions included: (1) Different sediment types can signally affect the deformation
behavior; (2) increasing fine content of sediments decreased both the initial stiffness and shear strength
of sediment samples; (3) pressure and temperature are related to hydrate stability, and pressure has an
extremely complex effect on the mechanical characteristics of hydrate-bearing sediments. The shear
strength increased with increasing confining pressure, but results might be different in high-pressure
(>10 MPa) situations; (4) the existence of hydrates can dramatically enhance strength. Based on these
results, sediment particles and experimental conditions selected in situ can obtain more meaningful
experimental results. In the actual production process, all parameters changed simultaneously.
The mutual relationships among the parameters in hydrate-bearing sediments require additional
studies. To meet the requirements of practical exploitation engineering, the study of mechanical
properties of hydrate-bearing sediments during simulated mining appear to be particularly important.

Aoki et al. [13] designed a special pressure vessel to study the compaction of methane
hydrate-bearing sediment during the dissociation of methane hydrate. The vertical displacement,
temperature, and pore pressure were measured during the hydrate dissociation under depressurization
conditions. Results of the experiments showed that depressurizing performance for hydrate
dissociation was the major reason for final deformation. Hyodo et al. [7,14] studied the properties
of hydrate and/or its sand mixtures with a low temperature and high confining pressure tri-axial
compression apparatus. Results indicated that the degree of hydrate saturation can influence the
change in volume, and the different hydrate dissociation methods that are performed. It was found
that depressurization rate does not have a tremendous effect on the final deformation of methane
hydrate-bearing sediments, but the initial deformation rate increases with increasing depressurization
velocity. In addition, axial and volumetric strain will be enlarged by reducing pore pressure increases.
Hydrate interaction with sands is also strongly dependent on morphology and the way it forms.
Priest et al. [15] found that gas hydrate formed in sands using “excess water” and “excess gas”
technique exhibits a frame supporting and cementing behavior, respectively. Miyazaki et al. [16]
suggested that the stiffness of artificial methane-hydrate-bearing sediment affected by the type of
sand forming the skeleton of the specimens. Dai et al. [17] found that the hydraulically, thermally
and mechanically properties of hydrate-bearing sediments depend on hydrate saturation as well as
hydrate distribution and morphology.

Numerical simulations have also investigated these issues. Kimoto et al. [18] discussed a
chemo-thermo-mechanically coupled simulation method to research formation stability during
hydrate dissociation. Remarkable deformations were predicted in the dissociation process due to
changes in pore pressure, especially for the depressurization method. Rutqvist et al. [19] studied
the geo-mechanical response during depressurization. Simulation results indicated that the effective
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shear stress increased during depressurization, primarily due to increases in vertical effective stress as
opposed to horizontal effective stress. More experiments regarding the mechanical characteristics of
methane hydrate-bearing sediment under depressurization are required.

In this work, a series of tri-axial shear tests were carried out to investigate the mechanical
properties of methane hydrate-bearing sediments during dissociation using the depressurization
method. To do so, an innovative type of depressurization method was adopted.

2. Materials and Methods

2.1. Experimental Apparatus

To study the mechanical characteristics of methane hydrate-bearing sediments, high-pressure
and low-temperature tri-axial equipment was developed. The schematic diagram of the instrument
is shown in Figure 1. The specimen size was 50 × 100 mm and the core and confining pressures
were controlled within 30 MPa with an accuracy of ±0.1 MPa. The temperature was controlled by
a circulating fluid constant temperature system, which can be carried out in a range from 243.15 to
323.15 K with an accuracy of ±0.5 K. Both pressure and temperature were monitored by sensors.
Reconstituted methane hydrate-bearing sediments can be synthesized in situ. A two-way gas inflow
method was adapted to ensure sufficient gas injection. An axial loading system can provide a stable
load capacity of 250 KN with accuracy up to 1/1000th of the full-scale load. A cryogenic liquid
injection pump was used to provide and measure the injected water. To monitor variations in volume,
a piston pressure cell was adopted as a syringe pump to supply the confining pressure. The confining
pressure chamber was connected to the piston pressure cell and the volume change of the sample
was measured by the piston position. In addition, the gas quantity was recorded by a wet gas
flowmeter which supplied by Shanghai Kehormatan Industry Co. (Shanghai, China, BSD 0.5 type,
the measurement range of 0.005–0.5 m3/h, ±1%) and a video camera was employed to record the real
time gas production.
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Figure 1. Schematic diagram of the tri-axial shear testing apparatus. (1) computer; (2) data acquisition
system; (3) buffer tank; (4) methane gas bottle; (5) water pump; (6) thermal control pump; (7) stress
transducer; (8) temperature sensor; (9) displacement transducer; (10) specimen; (11) syringe pump;
(12) gas-liquid separator; (13) desiccant; (14) vacuum pump.
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2.2. Experimental Procedure and Test Conditions

2.2.1. Hydrate Formation and Water Substitution Process

Quartz sands collected from the cores of the South China Sea hydrate drilling area were chosen as
the host sediments in this study. The grain size dispersion of the host sand are shown in Figure 2 and
the porosity was approximately 35%.

All shear tests used a synthesized hydrate-bearing sediment. First, dried sand and a certain
amount of deionized water were mixed until the water dispersion was nearly uniform. The initial
mass ratio of water to sand was 1:11. Next, water-bearing sand was inserted into the sample model
(50 mm in diameter and 100 mm in height) and compacted with a tamper. After that, the vacuum
program was carried out to make the sample have initial stiffness and expel the air in the sand sample.
To exclude impacts of the sample synthesis, the formation of the hydrate-bearing sample was consistent.
Methane gas was gradually injected into the specimen while the confining pressure was gradually
increased to 10 MPa. During this time, the pore pressure was about 1 MPa lower than the confining
pressure and the temperature was maintained at 293.15 K for 24 h. Next, the temperature was lowered
to 275.15 K to synthesize the methane hydrate. These conditions were kept steady for four days, during
which time the water almost completely converted into hydrates. After the formation of methane
hydrate was complete, low-temperature (275.15 K) water was injected into the specimen to displace
the free methane gas until the sample was saturated. The water was injected into the bottom of the
sample at a pressure of 9 MPa, and at the same time the pore pressure at the top of the sample was
controlled at about 7 MPa. This process may last for 5 to 8 h. The saturation of methane hydrate was
measured by collecting the dissociated methane gas after the shear test. Finally, temperature, pore
pressure, and confining pressure were measured to determine the condition of samples.
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2.2.2. Shear Tests and Hydrate Dissociation Processes

An initial shear test was conducted under undrained conditions, keeping the confining pressure
at a pre-determined value and the temperature at 279.15 K. The loading rate in all of tests was set at
0.2% per min. The detailed experimental parameters and shear conditions are shown in Table 1.
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Table 1. Experimental parameters and shear conditions.

Test Name Temperature
(K)

Confining
Pressure (MPa)

Pore Pressure
(MPa)

Saturation
(%) Remarks

P1 279.15 10 8 0 Partially water saturated sand
P2 279.15 12 10 0 Partially water saturated sand
P3 279.15 14 12 0 Partially water saturated sand
P4 279.15 10 3 0 Water saturated sand
P5 279.15 12 3 0 Water saturated sand
M0 279.15 12 10 35.23 Shear without dissociation
M1 279.15 10 8→3 38.05 Shear 2.5%→shear under dissociation
M2 279.15 12 10→3 33.82 Shear 0.5%→shear under dissociation
M3 279.15 12 10→3 33.82 Shear 1.0%→shear under dissociation
M4 279.15 12 10→3 37.48 Shear 2.5%→shear under dissociation
M5 279.15 12 10→3 56.14 Shear 2.5%→shear under dissociation
M6 279.15 14 12→3 37.58 Shear 2.5%→shear under dissociation

For the depressurization shear test, after the formation of sample, axial loading was conducted.
At first, the specimen was sheared to an axial strain of 0.5% (1% or 2.5%) and then the depressurization
was conducted. The pore pressure gradually decreased to 3 MPa and subsequently remained constant.
During the entire experiment, the axial loading was applied continuously until the axial strain
increased to 15%. In addition, two drained shear tests on water saturated sand were carried out
for the comparison with the depressurization test. The first one under a confining pressure equal
to 10 MPa and pore pressure equal to 3 MPa, the second test under a confining pressure and pore
pressure equal to 12 MPa and 3 MPa, respectively.

2.2.3. Saturation Calculation of Hydrates

Here, the Ghiassian method [20] was used to calculate the hydrate content (hydrate saturation)
of the sample. It is assumed that per unit volume methane hydrate will produce 164 unit volume of
methane gas and 0.87 unit volume of water. The formula for calculation of hydrate saturation is:

Sh(%) =
Vh
Vν
× 100 (1)

where Sh is the hydrate saturation, Vh is the volume of gas hydrate, and Vv is the pore volume.
For the single stage tri-axis shear experiment, the sum of collected methane gas during the whole

experiment is L0, so the initial hydrate saturation is given by:

Sh0(%) =
L0/164

Vν
× 100 (2)

where Sh0 indicates the initial hydrate saturation.
For the multistage tri-axial shear test, the gas volume of the methane hydrate decomposition

collected by the first depressurization stage was L1, and the gas volume collected by the second
depressurization stage was L2. After the whole test, the total gas volume was L3. The hydrate saturation
of the first stage is:

Sh1(%) =
(L0 − L1)/164

Vν
× 100 (3)

The hydrate saturation of the second stage is,

Sh2(%) =
(L0 − L1 − L2)/164

Vν
× 100 (4)

And the hydrate saturation of the third stage is:

Sh3(%) =
(L0 − L1 − L2 − L3)/164

Vν
× 100 (5)
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3. Results and Discussion

3.1. The Geotechnics of Methane Hydrate-Bearing Sediments Dissociated by the Depressurization Method

Figure 3 shows variations in axial strain, deviator stress, and volumetric strain under the
depressurization method and the drained shear test of water saturated sand.
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Figure 3. Relationships of deviator stress, volumetric strain, pore pressure, and methane
hydrate saturation to axial strain of methane hydrate-bearing sediments dissociated by the
depressurization method.

For the M1, in the initial stages (axial strain from 0 to 1%) of the shear process, the axial strain
and deviator stress show an approximately linear relationship, and no significant volume deformation
was discovered. The same phenomenon can be found in Hyodo [14]. When the axial strain is
between 1 and 2.5%, the volume of the specimen decreased slightly and the axial strain dependency
was manifested as an elastic deformation. The initial stages of shear were undrained behavior, so
less variation in volumetric strain was observed. Depressurization was carried out when the axial
strain reached 2.5%. As pore pressure was reduced, the deviator stress decreased as the axial strain
increased, and the volume also began to decrease considerably. At the beginning of depressurization,
the reduction of pore pressure was due to the free water draining from the specimen. The dissociation
of methane hydrate occurred when the pore pressure was less than 4.73 MPa (phase equilibrium
pressure at 279.15 K). At this stage, the pore pressure decreased substantially and continued axial
loading resulted in a decline in deviator stress with an increase of axial strain. This implies that
failure may occur when pore pressure is reduced during the shear process. For the P4, the effective
confining pressure was 7 MPa throughout the whole shear process and the stress-strain relationship
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of P4 sample shows a strong strain hardening phenomenon. There is no obvious inflection point in
the deviator stress line and the stiffness of pure sand sample is similar to that of hydrate-bearing
sediments. Although the effective confining pressure of pure sand sample (P4) is much greater than
that of hydrate-bearing sediment, the hydrate-bearing sediments sample exhibits higher mechanical
strength. Comparing the two samples, we found that the response of hydrate-bearing sediments
after partial hydrate decomposition is similar to that of the water saturated sand under the same
effective confining pressure. This phenomenon was more significant after the dissociation of hydrate
in large quantity at the later stage of the experiment. The final volume of M1 shrinks more than
P4 can be observed from the relationship of volumetric strain and axial strain. This may be the
result of dissociation of methane hydrate. Hyodo [21] and Li [14] also reported that the methane
hydrate-bearing sediment would fail when it dissociates under an axial load between the failure
envelops for methane hydrate-bearing sediment and pure sand. When the pore pressure dropped
to 3.0 MPa and then remained stable, the deviator stress rose slowly with the increase of axial strain
and the speed of volume deformation gradually slowed down. This suggests that the hydrate-bearing
specimen did not completely collapse, due to the high effective confining pressure. The phenomenon
of strain hardening was clearly observed later in the shearing process.

3.2. Influence of the Stress States at the Start of Depressurization

Figure 4 shows the relationship between axial strain, deviator stress, pore pressure, and volumetric
strain under various shear conditions. For specimen M2, the depressurization was carried out when
the axial strain reached 0.5%. For specimen M3, a similar operation was performed when the axial
strain reached 1.0%. Specimen M0 and P2 belonged to the regular tri-axial shear test and the pore
of specimen P2 filled with N2. All specimens were under the same temperature (279.15 K) and
confining pressure (12.0 MPa) conditions. The hydrate saturation of M0, M2, and M3 were 35.23,
33.82, and 33.82%, respectively. The curves of stress-strain show that different shear test conditions
exhibit diverse characteristics. In the case of M0, short compaction stage, elastic stage, yield stage,
and long plastic stage were observed in that order. Yan [22] reported a similar result with tri-axial
compressive tests on samples of natural gas hydrate-bearing sediment, but the peak strength was
not obvious in those experiments. The deviator stress of specimens M2 and M3 decreased during
the depressurization process. Since M2 and M3 began at different axial strain rates, their stress states
coincided at the beginning of decompression. In the case of M2, the depressurization process started at
the axial strain of 0.5% and the stress of hydrate-bearing sediment was lower than the failure stress.
In the case of M3, the stress of specimen close to the failure stress but also lower than the failure
stress while the axil reached 1%. This implies that depressurization may result in the destruction of
hydrate-bearing sediment even if the specimen stress is less than the failure stress. When the pore
pressure was stabilized, specimens M2 and M3 exhibited the same residual stress. In addition, both
of M2 and M3 are very close to the stress-strain relationship of water saturated sand samples (P5)
in the same conditions. Similar to the work of Li [12], the stress state during dissociation had no
significant relationship to the residual strength of the dissociated specimen. For the variation in volume,
depressurization results in the contraction tendency of volumetric strain because the pore water and
methane gas were drained by the release of pore pressure. The increment of effective confining pressure
induced the re-compaction of hydrate-bearing sediment after the hydrates’ dissociation. The ultimate
deformation was not obvious between the hydrate-bearing sediments M2 and M3.
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Figure 1. Tissue transglutaminase 2 (TG2) and cystic fibrosis transmembrane conductance (CFTR)
modulation by probiotics administration in vivo. CFTR (A) and TG2 (B) expression levels were
evaluated in the small intestine of Balb/c fed third-generation gluten-free mice, treated (Glia) or
not treated (CTRL) with gliadin, in the presence or absence of P1 or P2, at both mRNA (left panels)
and protein (right panels) levels. Histograms represent mean ± standard deviation (SD) of triplicate
sample; **** p < 0.0001; ** p < 0.01; ns = not significant; β-actin was used as loading control in the
immunoblots.

Moreover, our data also show that the two probiotic formulations were able to restore,
at least in part, the physiological protein levels of CFTR (Figure 1A, right panel), while
no major effects were observed at mRNA levels (Figure 1A, left panel). Further studies

Figure 4. Deviator stress, volumetric strain, pore pressure, hydrate saturation and axial strain
tendencies of the various specimen under different shear conditions.

3.3. Influence of Hydrate Saturation

Figure 5 shows the deviator stress, volumetric strain, and axial strain tendencies for various
saturation levels of the methane hydrate-bearing sediments. The hydrate saturations of M4, M5,
and P2 were 37.48, 56.14 and 0%, respectively. In the initial shear stage, the sample with higher
methane hydrate saturation showed higher initial strength and plastic failure strength. For M4
and M5, the depressurization process all started at the axial strain of 2.5%. Compared to M4,
the depressurization had a larger effect on M5. The degree of stress reduction of M5 was larger
than that of M4, meaning that the damage caused by the decrease of pore pressure was an important
problem for the hydrate-bearing sediment with high saturation. Compared with P5, the stress-strain
relationship in the later stage of M4 is more similar to that of water saturated sand samples (P5) under
the same conditions. In addition, M5 saturation decreased faster as pore pressure decreased, and the
main stress-strain deformation behaviors were hardening and constriction.

Waite [23] reported that the effects of hydrate on the host sediment properties were closely related
to where the hydrate forms in the pore space. The three most common hydrate habits are pore filling,
load bearing, and cementation. Figure 6 shows a sketch of different hydrate habits. Pore-filling hydrate
may be naturally transformed into load-bearing hydrate when the hydrate saturation is greater than
25–40% [24,25]. As such, the methane hydrate acts as a skeleton structure at large saturation values.
When the depressurization process was performed, the disintegration of methane hydrate resulted in
structural instability of high saturation methane hydrate-bearing sediments and the volume decreased
tremendously. In contrast, most of the methane hydrate was in the pore space as pore-filling or
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cementation when saturation was low. The change in volume was more obvious for the high saturation
sample. Zhang et al. [26] reported that the shear strengths reduce more for a higher initial gas hydrate
saturation due to the stronger structural change, breakage of the linkage and cementation between gas
hydrate and soil grains.Energies 2018, 11, x 9 of 13 
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Figure 7 shows a schematic diagram of the mechanical influences of hydrate decomposition in the
sediments. When additional effective stresses are applied such as by wellbore drilling or sedimentation,
both the hydrate and sediment skeleton are loaded. In this case, the deviator stress of the sample will
increase with the axial strain. When the hydrate dissociates, the overall effective stresses decrease
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under zero straining condition and the sediment particles are unstable. This is followed by an instant
deformation to recover the reduced effective stresses. The deviator stress exhibits a decreasing trend
for a short period of time. After the sediment particles are repressed and rearranged, the deviator
stress increases again with increasing axial strain and presents a new correlation between the stress
and the strain.
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3.4. Particle Size of the Sediments after the Shear Tests

Figure 8 shows the particle size distributions of sediments before and after the shear tests and
Table 2 shows the median diameters after the shear tests. The median diameter of these specimens
was 0.1122 ± 0.0022 mm before the shear tests. The median diameter of the particle size of sediments
after the shear tests decreased with the increase in confining pressure, indicating that particle damage
was more obvious. It also implies that when the hydrates dissociated, sediment particles might be
rearranged and broken under high confining pressure, which could lead to a decrease in permeability
or increase in the amount of sand production. This may also explain that under high effective confining
pressure, the volume of the sample shrinks more significantly.
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Table 2. Median size of the specimens after the shear tests.

Specimens
Test Condition

Median Diameter (mm) Variation (mm)
Confining Pressure (MPa) Pore Pressure (MPa)

P1 10 8 0.1107 −0.0014
P2 12 10 0.1087 −0.0034
P3 14 12 0.0969 −0.0152
M1 10 8→3 0.1112 −0.0009
M4 12 10→3 0.1040 −0.0081
M6 14 12→3 0.0965 −0.0156

4. Conclusions

(1) During the shear process, pore pressure decreases may result in the failure of the hydrate-bearing
specimen, but it did not collapse completely due to the high effective confining pressure.

(2) The contraction tendency of volumetric strain was observed during depressurization and the
ultimate deformation showed no difference from prior to depressurization.

(3) The degree of stress reduction was greater during depressurization for the high saturation
hydrate-bearing sediments. This could be because the methane hydrate acted as a skeleton
structure when the pore hydrate saturation is large.
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