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Abstract: For wellbore stability issues induced by drilling operations in natural gas hydrate-containing
reservoirs, wellbore stability research will focus on the mechanical properties of hydrate reservoirs.
According to the content of the research, the response relationship between the hydrate core and the
base physical property changes under different engineering parameters is established, and the law of
hydrate mechanical property changes with temperature and pressure is studied for various physical
properties. According to theoretical research and experimental data, it has been determined that:
hydrate core-resolved gas and transverse and longitudinal wave velocity have a positive correlation
with saturation and pressure and a negative correlation with temperature; a negative correlation
exists between resistivity and saturation. The hydrate core stiffness strength correlates positively with
saturation and adversely with temperature. Under the identical strain conditions, when saturation,
pore pressure, and temperature increase, the stress of the hydrate grows rapidly; there is a distinct
inflection point, and the hydrate does not form above a particular temperature. To prevent the
decomposition of hydrates and minimize disasters such as well wall instability and reservoir collapse,
it is possible to reduce reservoir in situ temperature and pressure fluctuations in accordance with
operational requirements.

Keywords: natural gas hydrate; mechanical properties; rock mechanics experiment; sandy sediment;
temperature and pressure conditions

1. Introduction

The rapid development of the world economy has brought about the huge devel-
opment of oil and gas resources. The development and utilization of new energy has
become an urgent strategic issue for the future development of all countries in the world.
Natural gas hydrate (hereinafter referred to as hydrate) has attracted worldwide attention
because of its huge reserves and its unique advantages of pollution-free combustion [1,2].
Hydrate is a crystalline compound formed by the combination of water and natural gas
under certain conditions, and its composition is mainly hydrocarbon gas. At present, it is
found from field sampling and observation that the formation of gas hydrate generally has
three conditions: low temperature and high pressure; an adequate continuous supply of
hydrocarbon gas and water; enough room to grow [3,4]. The discovered hydrate is mainly
distributed in continental margins and tundra, and about 27% of the land and 90% of the
ocean are potential areas for the existence of hydrate. Hydrate is widely regarded as an
ideal alternative energy source in the 21st century due to its high energy density, wide
distribution, large scale, shallow burial, and great resource potential [5]. Compared with
traditional oil and gas exploration and development, the particularity of hydrate drilling
lies in the harsh environment of hydrate drilling. Hydrate only exists in permafrost regions
and deep water areas, and the conditions of large water depths and low temperatures are
quite unfavorable to drilling operations. In order to prevent hydrate dissociation during
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drilling, the temperature and pressure in the wellbore must be strictly controlled; otherwise,
it will lead to complex downhole conditions [6,7].

In terms of hydrate research methods, the first is the hydrate experimental simulation,
including the experimental synthesis of hydrate and computer numerical simulation,
which is the main method to study the special properties of hydrate. The second is on-site
exploration techniques, which are mainly through geophysical, drilling coring, and logging
methods to investigate hydrate reservoirs in permafrost and marine areas [8,9]. From 1940,
some experts and scholars started with the failure mechanism of rock mechanics and solved
the collapse, diameter reduction, and fracture of borehole walls according to the theory of
borehole stability and instability and carried out a lot of research in theoretical analysis and
simulation experiments. In theoretical research, researchers in related fields began to study
the rock mechanics theory of drilling wellbore stability in the early 1980s. After nearly a
decade of systematic research, progress has been made in the following areas, including
the study of reservoir mineral composition and physical properties, which is the basis for
the study of wellbore instability mechanisms. Technical countermeasures for wellbore
stability were studied, and reasonable mud density and drilling technical measures were
determined [10-13]. In terms of artificial sample experiments, Hyodo et al. conducted
triaxial compression experiments on pure hydrate in 2002, and the results showed that the
mechanical properties of hydrate were easily affected by temperature, pressure, and strain
rate [14]. Subsequently, Clayton et al. used the modified Stokoe resonance device to perform
torsional and complete experiments on Leighton Buzzard sand and loose hydrate sediment
in a small strain range to analyze the effects of saturation and confining pressure on volume
modulus, shear modulus, and the damping of natural gas hydrate sediment [15]. Sun et al.
prepared hydrate sediment samples using Mongolia sand, hollow bricks as skeletons, and
tetrahydrofuran (THF) and obtained the strength curves of different samples before and
after decomposition through experiments. They believed that the greater the strength of
the sediment skeleton, the stronger the supporting effect on the strength maintenance of
hydrate after decomposition [16]. In a numerical simulation, Wang et al. used particle
flow software PFC3D for the first time to study the mechanical behavior of artificially
cemented sand, numerically simulated the triaxial compression experiment of two kinds
of cemented sand samples, and used the flexible wall boundary to carry out loading [17].
The results showed that the mechanical behavior related to cementing changed with the
evolution of the mesoscopic force chain. Jiang et al. used particle flow software PFCD
to generate compact and loose cuboid samples with a fixed pore ratio by the “stratified
under pressure method” and studied the influence of suction on the material strength of
the two samples [18].

This study used natural gas hydrate as the object of its theoretical and experimental
investigation, in light of the previous research developments. This establishes the response
relationship between the hydrate core and the mechanical properties under different sit-
uations, investigates the change in the mechanical properties of the hydrate reservoir at
different temperatures and pressures, and evaluates the evolution model of its mechani-
cal characteristics to give references for the exploration and development of natural gas
hydrate reservoirs.

2. Calculation Model of Hydrate Phase Equilibrium

Natural gas hydrate is a cage-like crystalline organic compound created under the
conditions of high pressure and low temperature from molecules of methane gas and water.
Some researchers have conducted extensive research on the phase equilibrium conditions of
natural gas hydrates, revealing the three main factors affecting the formation of natural gas
hydrates: the right amount of water molecules in methane gas to form a cavity structure;
specific temperature and pressure conditions, generally, high pressure and low temperature;
and the right amount of water molecules in methane gas to form a cavity structure. Among
the three factors that influence the production of natural gas hydrates, the high-pressure
and low-temperature environment plays a crucial role. Theoretically, the coexistence of
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natural gas hydrate-generating components in the gas phase or condensed hydrocarbons
does not necessitate the presence of free water, and solid natural gas hydrates can be created
only under certain pressure and temperature circumstances (i.e., high pressure and low
temperature). To ensure the success of the generation tests, it is required to accurately
forecast the temperature and pressure parameters during gas hydrate formation [19-23]. In
the process of drilling, the disturbance of the drilling fluid will change the temperature and
pore pressure of the hydrate reservoir; when the reservoir environment no longer meets the
phase equilibrium conditions of hydrate, the hydrate will decompose [24]. Therefore, the
phase equilibrium mathematical model of hydrate formation is established, which provides
theoretical guidance for the following research.

Hydrate is a kind of caged crystalline organic compound formed by methane gas
and water molecules under high pressure and low temperature. Therefore, the accurate
prediction of the temperature and pressure conditions of hydrate formation can ensure
the success of the formation experiment. The thermodynamic model of hydrate generally
includes two parts: the hydrate phase and its co-existing water-rich phase. Taking water
as the reference material, the phase equilibrium of hydrate is analyzed, and the chemical
potential g of water in the hydrate phase (B phase) is introduced as the reference state.
When the hydrate phase is in equilibrium, the equation is as follows [25]:

2 N
A#H:ﬂﬁ_ﬂH:RTzviln<l_ 29@') (1)
i=1 j=1
Ciif:
R
+ .
f=ad @)
J
i

where T refers to the hydrate preparation temperature (unit: K); V; refers to number of type
I pores per unit of water molecules in the hydrate phase; 6;; refers to the occupancy of the
guest molecule j in type i pores; C;; refers to the Langmuir constant of the guest molecule j
in i-type pores; f refers to the fugacity of the guest molecule j in each phase; N, refers to
the number of components in the miscible phase that can form hydrate.

The equation of each phase of the hydrate formation stage is as follows:
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where 1, refers to the chemical potential of water in a water-rich phase; f, refers to the
fugacity of water in the water-rich phase; uJ, refers to the chemical potential of pure water;
£ refers to fugacity of pure water.

In addition, the chemical potential difference equation of water is as follows:

Po — 1Y Dpw /T AHy + AC,(T — Ty)
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From Equations (3) and (4), the phase equilibrium conditions equation of hydrate can
be expressed as [26,27]:
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where Ay refers to the chemical potential difference between the empty hydrate lattice
and pure water at standard conditions; Ty refers to temperature under standard conditions,

To = 273.15 K; P, refers to the pressure under standard conditions, Py = 0.1 MPa; AHy
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refers to the specific enthalpy difference between the empty hydrate lattice and pure water;
AV refers to the specific tolerance difference between the the empty hydrate lattice and
pure water; AC, refers to the specific heat tolerance difference between the hydrate lattice
and pure water. In addition, In ( fw/ fg,) = In xy, xy refers to the mole fraction and activity
coefficient of water in the water-rich phase.

Therefore, the phase equilibrium temperature can be calculated according to the
above steps when the pressure conditions are known. The phase equilibrium pressure
at different temperatures was obtained by solving the above model, and the phase state
curves of temperature and pressure under the conditions of the phase equilibrium of
hydrate were established. As shown in Figure 1, pressure and temperature can be set to
establish a temperature and pressure environment suitable for hydrate and promote the
rapid formation of hydrates.

Pressure, MPa
50 -

_ phase
equilibrium
40
30 Natural gas
1 hydrate
20 4
10 - Natural
] gas&water
e
[ | T L T T T 1
240 250 260 270 280 290 300 310

Temperature, K

Figure 1. Phase equilibrium curve of hydrate.

3. Simulation Experiments
3.1. Preparation of Hydrate Sediment

The mechanical characteristics of a hydrate reservoir can directly reflect the stability
of the reservoir, and the experimental study can provide theoretical data guidance for the
exploitation of hydrate. Therefore, hydrate core preparation with different components,
water depth, and saturation is carried out, and physical parameters such as the saturation
and permeability of the hydrate samples are tested. Meanwhile, the response relationship of
hydrate’s mechanical properties under different conditions is studied, which is to provide
theoretical data guidance for wellbore stability [28-30].

Based on marine site exploration, sediments act as the deposit carrier of marine
gas hydrate. Their complex pore structure also plays an important role in controlling
the formation and deposit of hydrate, and the size, shape, and components of sediment
particles affect the growth of hydrate. Among them, the table of the particle size of common
marine sedimentary layer rock and soil is shown in Table 1.
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Table 1. Particle size classification table of marine sediment.

Sediment Particle Size Particle Size Range

um
Clay <4
Extremely fine 4~8
. Fine 8~16
muddy silt Medium 16~31
Coarse 31~63
Extremely fine 63~125
Fine 125~250
Sandy Medium 250~500
Coarse 500~1000
Extremely coarse 1000~2000
Gravel >2000

Gas hydrate rock samples in the South China Sea were obtained during the deep-water
engineering survey in the northern part of the South China Sea in recent years, and the
data and distribution comparison of stratigraphic particle size distribution in the area were
obtained by testing the gas hydrate rock samples, as shown in Table 2.

Table 2. Particle size distribution of rock samples from cruise LW2-H4-1B/1C.

Sample Med.ian
Sampling Number Depth Par.tlcle D16 D25 D75 D84
m Size pm pm pum um
pm
LW2-H4-1B-01 100 21.72 4941 8.202 42.21 55.77
LW2-H4-1B-03 120.2 14.44 3.636 5.948 30.36 41.62
LW2-H4-1B-04 120.5 13.01 3.192 5.132 28.74 39.60
LW2-H4-1B-05 122 12.56 3.146 5.02 27.88 38.24
LW2-H4-1C-01 118 15.59 3.732 6.227 32.52 44.62
LW2-H4-1C-03 120 10.83 2.89 4.621 24.30 33.54
LW2-H4-1C-04 121 14.58 3.631 5.984 30.75 42.22
LW2-H4-1C-05 122 12.66 3.203 5.234 27.53 37.70
LW2-H4-1C-06 123 13.07 3.375 5.492 27.54 37.49

According to the comparison of the particle size distribution of the LW2-H4-1B/1C
rock samples, it can be found that muddy silt sediment/sandy sediment is absolutely
dominant in the marine hydrate reservoir, and the sedimentary particle size is mostly
distributed in the range of 1~200 um. In order to ensure a thorough experimental test,
it has been determined that 120-180 m (80-120 mesh) quartz sand will be used for the
simulation experiment of sandy sediment, while kaolin with a diameter of less than 5 m
and quartz sand with a diameter of less than 50 m will be mixed in a specific proportion for
the simulation experiment of muddy silt sediment.

The basic information on experimental materials is shown in Table 3. The sandy sedi-
ment is composed of 120~180 um quartz sand, and the muddy silt sediment is composed
of kaolin with a diameter of less than 5 um and quartz sand with a diameter of less than
50 um in a certain ratio (2:1). Firstly, the quartz sand of different particle sizes is screened by
standard sieves. Secondly, the screened quartz sand (clayey powder sand) is directly loaded
into the preparation kettle according to a certain ratio. Finally, the sand is compacted by
loading axial pressure in the preparation kettle according to the experimental requirements,
and the hydrate-containing cores are prepared by passing methane gas after compaction.
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Table 3. Basic information sheet of experimental materials.

Material Name Main Information

Methane gas Gas purity > 99%
Si0,: 52.82%;
Fe; O3 Storge temp: 2-8 °C;
Silt content: 0.02%;
Ignitionloss: 0.2%
Si0;: 52.82%;
Fe; O3 Storge temp: 2-8 °C;
Silt content: 0.02%;
Ignition loss: 0.2%
IL: 0.04%;
A1203Z 43.90/0,'
Si0;: 52.82%;
Fe;03: 2-8 °C;
Ca0: 0.25%;
MgO: 0.19%;
K202 0.330/0;
NaZO: 0.280/0,'
TiOZZ 1.09%
The level: Level 1;
Electrical conductivity < 0.1 us/cm

Quartz sand 120~180 um

Quartz sand 0~50 pm

Kaolin 0~5 pm

Deionized water

According to the research content, the preparation of hydrate cores occurs with dif-
ferent components (muddy silt hydrate, sandy hydrate), water depths (300 m, 600 m,
900 m, 1200 m), temperatures (2 °C, 4 °C, 8 °C, 12 °C), pressures (5 MPa, 10 MPa, 12 MPa),
and saturation (0~40%)/abundance (0~100%). Two experiments were conducted for each
condition, and the results were averaged to ensure the accuracy and representativeness of
the experimental results. The experimental schedule for core preparation and parameter
testing is shown in Table 4.

Table 4. Experimental schedule for core preparation and parameter testing.

Type Experimental Conditions (Hydrate Saturation/Abundance + Temperature + Pressure)
Sandy core Saturation 5% Saturation 15% Saturation 25% Saturation 35%

2°C,5MPa 2°C,5MPa 2°C,5MPa 2°C,5MPa

2°C,10 MPa 2°C,10 MPa 2°C,10 MPa 2°C,10 MPa

2°C, 12 MPa 2°C,12 MPa 2°C,12 MPa 2°C,12 MPa
4°C,5MPa 4°C,5MPa 4°C,5MPa 4°C,5MPa

Quartz sand with 4°C, 10 MPa 4°C, 10 MPa 4°C,10 MPa 4°C, 10 MPa
sand mass: 80 g 4°C,12 MPa 4°C,12 MPa 4°C, 12 MPa 4°C,12 MPa
48 groups 8 °C, 5 MPa 8 °C,5MPa 8 °C,5MPa 8 °C, 5 MPa

8 °C, 10 MPa 8 °C, 10 MPa 8 °C, 10 MPa 8 °C, 10 MPa

8°C, 12 MPa 8°C, 12 MPa 8°C, 12 MPa 8°C, 12 MPa

12 °C, 5 MPa 12 °C, 5 MPa 12 °C, 5 MPa 12 °C, 5 MPa

12 °C, 10 MPa 12°C, 10 MPa 12 °C, 10 MPa 12°C, 10 MPa

12°C, 12 MPa 12°C, 12 MPa 12°C, 12 MPa 12°C, 12 MPa

Muddy silts core Abundance 20% Abundance 40% Abundance 60% Abundance 80%

2°C,5MPa 2°C,5MPa 2°C,5MPa 2°C,5MPa

2°C, 10 MPa 2°C, 10 MPa 2°C, 10 MPa 2°C, 10 MPa

2°C,12 MPa 2°C,12 MPa 2°C,12 MPa 2°C,12 MPa
Quartz sand + 4°C,5MPa 4°C,5MPa 4°C,5MPa 4°C,5MPa
kaolin plus sand 4°C,10 MPa 4°C,10 MPa 4°C, 10 MPa 4°C,10 MPa
mass: 80 g 4°C,12 MPa 4°C,12 MPa 4°C,12 MPa 4°C,12 MPa
48 groups 8 °C, 5 MPa 8 °C,5MPa 8°C,5MPa 8 °C, 5 MPa

8 °C, 10 MPa 8 °C, 10 MPa 8 °C, 10 MPa 8 °C, 10 MPa

8°C, 12 MPa 8°C, 12 MPa 8°C, 12 MPa 8°C, 12 MPa

12°C,5MPa 12 °C, 5 MPa 12 °C, 5 MPa 12 °C, 5 MPa

12 °C, 10 MPa 12 °C, 10 MPa 12 °C, 10 MPa 12 °C, 10 MPa
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3.2. Experimental Principle of Natural Gas Hydrate Parameters
3.2.1. Principles of Acoustic Testing

Acoustic logging technology is one of the most essential geophysical logging tech-
niques. As distinct strata types or genesis have different mineral compositions, organi-
zations, and structures, leading to variances in the strata’s elastic mechanical properties,
different strata exhibit different acoustic propagation velocities, attenuation laws, and
frequency characteristics. On the basis of the ideal elastomer theory in elastodynamics, it is
assumed that the cores in the prepared kettle satisfy the following conditions: the cores
of natural gas hydrate are continuous, homogenous, homogeneous, and fully elastic solid
objects. The experiment measured and recorded the following acoustic properties of gas
hydrate cores: longitudinal wave velocity and transverse wave velocity. The tests were
conducted by loading the cores with the gas hydrate triaxial experimental system, and then
measuring the transverse and longitudinal wave time differences as well as the transverse
and longitudinal wave velocities of the gas hydrate cores with an acoustic measurement
instrument. Following is the equation for transverse and longitudinal wave velocity:

h h

S T A ©
i h

Vp_tp—tpo = Atp @)

where V), refers to the transverse wave velocity of the natural gas hydrate core, m/s; Vs
refers to the longitudinal wave velocity of the natural gas hydrate core, m/s; h refers to the
height of the gas hydrate core, m; Atp refers to the time difference of the transverse waves
in the gas hydrate core, s; At the longitudinal wave time difference of the gas hydrate core, s.

3.2.2. Principle of Resistivity Testing

Resistivity logging is a traditional form of logging in oil fields. There are differences
in the electrical conductivity of different formation rocks, and there are also significant
differences in the resistivity of oil, gas, and water in the pores of the formation rocks;
therefore, the formation resistivity can be measured to evaluate and classify the formation
lithology and make determinations regarding oil and water formations, etc. To estimate
the gas hydrate saturation, academics in related fields have developed, based on standard
oil and gas resistivity logging, models suitable to gas hydrate reservoir resistivity logging,
such as the Alchian formula, double water model, Waxman-Smits model, etc.

Based on the conventional Alchian equation, the equation for water saturation S,y
in gas hydrate reservoirs was established based on the empirical equation between the
resistivity and pore fluid saturation in the reservoir as shown in Equations (8) and (9) [31,32].

aRqy "
Sw = (Rt(Pm) (8)
Rw = % 9)

where Rw refers to the reservoir water resistivity, (3-m; a refers to the lithology-related
lithology coefficient, about 0.6~1.5; m refers to cementation index; about 2; ® refers to the
reservoir porosity; Rt refers to the reservoir resistivity, (2-m; n refers to the saturation index;
L refers to the thickness of the reservoir, m; A refers to the reservoir cross-sectional area,
m2; R refers to the reservoir water resistance, Q-m.

Then, the saturation of the water in the reservoir is obtained from Equations (8) and
(9), and thus the saturation of the natural gas hydrate can be calculated as:

S, =1-Sg (10)
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where S), refers to the natural gas hydrate saturation.

3.2.3. Principle of Mechanical Characteristics Testing

The mechanical parameters of natural gas hydrate reservoirs are the most direct indica-
tor of reservoir stability and give direction for natural gas hydrate extraction. Throughout
the experiment, axial deformation, radial deformation, axial pressure, and surrounding
pressure data are collected. The axial pressure and surrounding pressure are then utilized to
determine the natural gas hydrate core partial stress, and the core strain may be determined
using the core axial deformation and the initial height value. The partial stress equations
are as follows:

Ude = Uaxial — Ucon (11)
where 0y, refers to the bias stress, MPa; 0,,;, refers to the axial pressure, MPa; o, refers to

the surrounding pressure, MPa.
The strain variables are calculated as follows:

lp =13.26 + hy (12)
Al=hg—h (13)
Al
E€nom = T (14)
0
Etrue = 11‘1(1 + Enom) (15)

where [j refers to the core height at 10 MPa of the axial pressure, mm; h refers to the axial
deformation of the core at 10 MPa axial pressure, mm; Al refers to the difference in the axial
deformation of the core before and after loading, mm:; / refers to the axial deformation of
the core at 30 MPa axial pressure, mm; €, refers to the nominal strain; €4, refers to the
real strain.

3.3. Evaluation Experiment of Hydrate Parameters
3.3.1. Experimental Device

The acoustoelectric and mechanical testing system for hydrate samples is depicted in
Figure 2. The preparation system, temperature regulation system, mechanical testing sys-
tem, acoustoelectric measurement system, fluid control system, and data acquisition control
system are the five major components of the acoustoelectric and mechanical testing system
for natural gas hydrate rock samples. This system is capable of the following operations.

Figure 2. The acoustoelectric and mechanical testing system of hydrate samples.
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a. Natural gas hydrate cores can be prepared by adding water and gas to the prepa-
ration kettle, and the experimental phenomena in the kettle can be observed and
photographed during the preparation process;

b.  The preparation of gas hydrate cores with certain saturation by controlling the
amount of water and gas injected;
c. The measurement of changes in the acoustoelectric parameters during gas hy-

drate generation;
The preparation of gas hydrate cores under specific temperature and pressure conditions;

e. The measurement of the mechanical strength of gas hydrate cores by means of
pressure regulation systems;
f. The measurement of resolved gas volumes after the complete decomposition of gas

hydrate cores.

Figure 3 illustrates the triaxial mechanical test system. The whole test device consists
of four parts: a loading system, a specimen synthesis system, a temperature and pressure
control system, and a measurement system. These four systems correspond to the functions
of axial stress loading measurement and control, circumferential pressure value measure-
ment and control, specimen temperature and test temperature measurement and control,
equipment monitoring, data recording, etc. The axial loading system can provide an axial
load of 0~1000 kN, a loading strain rate of 0.001~6 mm/min, a pore pressure range of
0~140 MPa, a temperature of —30~150 °C, a dynamic frequency of 10 Hz; experimental
accuracy: pressure 0.01 MPa, liquid volume 0.01 cc, deformation 0.001 mm; clamping core
sizes available: 1 inch, 1.5 inch, and 2 inch. In the process of the triaxial compression test,
the mechanical parameters such as temperature, surrounding pressure, and strain can be
collected and saved by a computer in real time. The apparatus can test hydrate cores for
uniaxial compression, triaxial compression, elastic modulus, Poisson’s ratio, and tensile
strength. Computers can capture and store mechanical characteristics such as temperature,
circumferential pressure, and strain in real time during a triaxial compression test.

Figure 3. Triaxial mechanical testing system.

3.3.2. Experimental Methods

The natural gas hydrate preparation process mainly includes five processes: sand
filling, preparation kettle cooling, preparation kettle pressurization, evacuation, and prepa-
ration kettle injection. Sand filling provides the basis for gas hydrate core preparation;
preparation kettle cooling controls the temperature inside the preparation kettle in the
temperature range of gas hydrate generation; preparation kettle pressurization brings the
pressure inside the preparation kettle to the pressure range of gas hydrate generation;
evacuation is required to avoid the influence of air inside the preparation kettle on the
gas hydrate preparation process; under suitable temperature and pressure conditions, the
preparation kettle is filled with methane gas and deionized water for gas hydrate prepara-
tion. After the hydrate cores are prepared, the following parameter evaluation experiments
will be conducted according to the purpose of the study.
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(1) Hydrate physical property parameter evaluation experiments:

a. gas hydrate core parameters testing. The physical parameters are monitored
during core preparation. The temperature and pressure parameters of the core
in the preparation kettle are monitored from the beginning of the experiment,
and the data measurement and acquisition of resistivity, acoustic, axial pressure,
circumferential pressure, and axial deformation are also turned on. After in-
stalling the upper-end cover of the preparation kettle, connect the inlet pressure
monitoring, acoustic emission, and camera connection lines to the relevant
interfaces on the higher-end cover. Connect each monitoring instrument to the
mechanical testing system’s data acquisition control model in order to monitor
and record the cores’ temperature, pressure, resistance, and experimental test
phenomena. Following the preparation of the gas hydrate cores, the cores are
mechanically evaluated in triaxial compression studies. Conduct mechanical
testing on the compression of the core. Keep the initial confining pressure and
axial pressure unchanged, close the methane gas cylinder valve and prepare the
gas injection pipeline valve, set the axial pressure loading rate in the data acqui-
sition and control system to 1 mL/min, and change the original axial pressure
value from 15 MPa to 1 mL/min. The axial pressure is set to 20 MPa~30 MPa
within the pressure limit of the experimental device for loading (the specific
axial pressure value depends on the actual situation), the core is compressively
deformed during the axial pressure loading process, the initial axial pressure
of 15 MPa is inputted in the control system for un-loading operation after the
loading is completed, and the rebound characteristics of the hydrate core after
deformation are measured after unloading. Variations in the mechanical pa-
rameters of each phase of the hydrate core are recorded by a computer, and the
stress, strain, and compression properties of the hydrate are then studied using
these data.

b. After the acoustic, electrical resistance, strain, and generation phenomena data
acquisition of the gas hydrate cores is completed, the hydrate core decomposition
test phase is conducted, in which the volume of the consumed natural gas (analytical
gas for natural gas hydrate decomposition) is measured using the drainage method,
and the experimental setup is restored to its pre-experimental initial position after
the measurement is completed in preparation for the next experiment.

c. Repeated group experiments were conducted. After the completion of the
experimental parameter test, the temperature in the kettle was raised without
venting the analyzed gas to make the hydrate decompose, and then the tem-
perature was lowered to re-generate the hydrate for the parameter test after
the decomposition was completed. If the physical parameters of the hydrate
measured for the second time are basically the same as those measured for the
first time, the exhaust operation will be continued.

(2) Hydrate mechanical properties test experiment:

After the hydrate core is prepared, it is wrapped in a 0.5 mm-thick rubber sleeve. The
vent hole of the triaxial mechanical test system is opened, and hydraulic oil cooled to the set
temperature is injected into the pressure chamber. When the hydraulic oil is continuously
discharged from the venting hole, the pressure chamber has been filled with hydraulic oil.
Close the air vent and turn on the thermostatic bath to control the oil temperature. Once
the preparation is complete, the core is placed between the upper and lower pressure pads
at a low temperature and then quickly placed into the pressure chamber of the triaxial
system and secured to the positioning pins at the base of the pressure chamber to keep the
specimen upright and stable. According to the experimental conditions, circumferential
pressure is applied to compress the specimen to the pre-stressed state. After compressing
the core, the desired parameters were set for triaxial compression experiments. During the
experiment, the stress—strain curve and the experimental data are recorded. At the end of
the experiment, the axial load and the surrounding pressure are removed. The shape of
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the specimen after damage was recorded and documented. The experimental process of
specimen preparation and parameter evaluation is carried out strictly in accordance with
the above steps, and the obtained experimental data had good repeatability.

3.4. Experimental Results
3.4.1. Hydrate Saturation

For the sandy sediment, the relationship between the hydrate saturation and the
volume of the resolved gas under the same temperature and different pressure conditions
was compared. The variation of the resolved gas with hydrate saturation under different
pressure conditions of 2 °C, 4 °C, 8 °C, and 12 °C is shown in Figure 4.
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Figure 4. Relationship between analytical gas and saturation of hydrates (a) The test temperature is
2 °C; (b) The test temperature is 4 °C; (c) The test temperature is 8 °C; (d) The test temperature is 12 °C.

It can be found from the graphs that the variation patterns of the resolved gas vol-
ume with hydrate saturation are similar in the three conditions; the resolved gas volume
increases with hydrate saturation at the same temperature and constant pressure, and
the resolved gas volume increases with pressure at the same temperature and saturation.
However, under the same conditions, the variation and inhomogeneous generation of
hydrate components at high pressure can affect the pore connectivity, making some of the
aqueous solutions not fully reacted, resulting in the irregular and non-linear amplitude of
the curve change. No hydrate is produced at 8 °C, 12 °C, and 5 MPa.

For the muddy silt sediment, the relationship between hydrate saturation and the
volume of resolved gas under the same pressure and different temperatures is compared.
The variation of the resolved gas with hydrate saturation under different temperatures of
5 MPa and 12 MPa is shown in Figure 5.



Energies 2022, 15, 8958

12 0f 23

40,000 35,000
o -
E 35,000 g L
R4 5 30,000
% 30,000 )
o 50 35000 |
- —_—
S 25000 B
g £ 20000 F
= 20,000 =z
g g 15.000 —#— 2°C, 10 MPa
& 15,000 = 2°C,
s 10,000 ®= 2°C. 5MPa o 10.000 —e— 4:C. 10MPa
— B
E —®— 4°C, SMPa § 8°C, 10MPa
= 5000 o 5000 —a— 12°C, 10MPa
b =
0 0
0.00% 2000% 40.00%  60.00%  $0.00%  100.00% 000% 2000% 4000%  60.00% gpQp% 100.00%
abundance abundance
(a) (b)

35,000
&
5 30,000
o
o
025000
[}
]
£, 20000
<
g 15 r::,»”ﬂ
< 15.000 —®—2°C, 12MPa
]
o 10,000 —®— 4°C, 12MPa
]
= §°C. 12MPa
_O' 5000 —&— 12°C, 12MPa
-

0

0.00%  20.00%  40.00%  60.00%  80.00% 100.00%
abundance

(c)

Figure 5. Relationship between analytical gas and abundance of hydrates (a) The test pressure is
5 MPa; (b) The test pressure is 10 MPa; (c) The test pressure is 12 MPa.

It can be found from the figure that the variation pattern of the resolved gas volume
with hydrate saturation is similar in the three conditions; the resolved gas volume increases
with the increase in hydrate saturation at the same temperature and constant pressure, and
the resolved gas volume increases with the increase in temperature at the same pressure
and saturation. No hydrate is produced at 8 °C, 12 °C, and 5 MPa.

3.4.2. Hydrate Resistivity

For the sandy sediment, the resistivity data of cores with different particle sizes,
temperatures, pressures, and saturation were analyzed and tested. It can be found that the
resistivity of the cores with different temperatures, pressures, and saturation varied to a
certain extent, as shown in Figure 6.

Due to the fact that the resistivity of hydrate is substantially lower than the resistivity
of the core skeleton, the graph demonstrates that the resistivity of the core reduces with
increasing hydrate saturation under varied temperature and pressure circumstances. The
resistivity of the cores ranged between 1300 (3-m and 1700 ()-m under the experimen-
tal conditions of temperature and pressure. This differs from the previously reported
resistivity variation pattern of hydrates, in which researchers discovered that in hydrate
reservoirs saturated with water, the hydrate resistivity increased with increasing hydrate
saturation. This is because the resistivity of hydrates is significantly greater than that of
aqueous solutions; hence, the resistivity of hydrates increases with increasing saturation.
In the investigations of this thesis, hydrate cores of a specific saturation were created using
quantitative aqueous solutions, and the addition of aqueous solutions led the cores’ resis-
tivity to decrease significantly. Additionally, during the process of generating hydrate of a
particular saturation, the aqueous solution in the core is consumed, which increases the
core’s resistance. Eventually, the water solution in the core is consumed, filling the core’s
pores with methane gas and hydrate and stabilizing the core’s resistivity. The methane
resistivity is greater than the hydrate resistivity, and as the hydrate saturation grows, the
volume of methane gas in the pores of the core decreases, resulting in the phenomenon of
the decreasing resistivity of hydrate cores with increasing saturation.
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As for muddy silt hydrate, the resistivity data of cores with different particle sizes,
temperatures, pressure, and saturation are analyzed and tested, and it can be found that
the resistivity of cores with different temperatures, pressures, and saturation has certain
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According to the analysis, the resistivity of the core lowers as the hydrate saturation
increases under varying temperature and pressure circumstances. This is because the

30.00% 35.00%
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resistivity of hydrate is substantially lower than that of the core skeleton. When the
hydrate mass abundance is between 20% and 80%, the resistivity of the core fluctuates
between 0 (2-m and 1000 ()-m. Similar to sand-based hydrates, the changes in the resistivity
variation patterns of muddy silt hydrates compared to earlier hydrate-related studies have
similar causes.

3.4.3. Hydrate Wave Velocity

For the sandy sediment, the transverse and longitudinal waves of the cores in the kettle
were measured by the hydrate sample testing device, and the transverse and longitudinal
wave data were measured experimentally after calculation and processing. The wave speed
of cores with different temperatures and pressures has a certain variation pattern, as shown
in Figure 8.
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Figure 8. Variation of wave velocity with saturation (a) Transverse wave, temperature is 2 °C;
(b) Transverse wave, temperature is 8 °C; (c) Longitudinal wave, temperature is 2 °C; (d) Longitudinal
wave, temperature is 8 °C.

Transverse and longitudinal wave velocities rise with the increase in hydrate saturation
under the same temperature and pressure. The transverse wave velocity ranges from
2500 to 3500 m/s, and the longitudinal wave velocity ranges from 1000 to 1900 m/s
when the saturation is between 0% and 40%. In general, the range of wave velocity does
not change greatly under varied temperature and pressure settings; under conditions of
equal temperature, experimental cores with higher pressure have greater transverse and
longitudinal wave velocities.

As for muddy silt hydrate, the same experimental procedure as above for sandy
hydrate is used. The wave speed of cores with different temperatures and pressures has a
certain variation pattern, as shown in Figure 9.
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Figure 9. Variation of wave velocity with abundance (a) Transverse wave, pressure is 5 MPa; (b) Trans-
verse wave, pressure is 10 MPa; (c) Longitudinal wave, pressure is 5 MPa; (d) Longitudinal wave,

pressure is 5 MPa.

According to the analysis, the transverse and longitudinal wave velocities increase
with the increase in hydrate saturation at the same temperature and pressure. The trans-
verse wave velocity ranges from 3000 to 4500 m /s when the mass abundance is between
20% and 40%, while the longitudinal wave velocity ranges from 1200 to 2500 m/s when the
mass abundance is between 20% and 80%. In general, the range of wave velocity does not
vary greatly under varied temperature and pressure settings; under conditions of equal
temperature, experimental cores with a higher pressure exhibit greater transverse and
longitudinal wave velocities.

The sandy hydrate system reflects higher transverse and longitudinal wave velocity
under the same temperature conditions when the pressure is higher, and the transverse
wave velocity of the hydrate system of the sandy system is greater than the longitudinal
wave velocity under the same saturation; the sound velocity of the core increases with the
increase in pressure and decrease in temperature, and when the pores of the core are filled
with hydrate, the sound velocity decreases. Both the transverse and longitudinal wave
velocities of the hydrate cores of a muddy silt system increase with mass abundance; under
the same temperature, pressure, and saturation, the transverse wave velocity is greater
than the longitudinal wave velocity.

3.4.4. Stress-Strain Curves of Cores at Different Temperatures

Figure 10 shows the stress—strain curves of sandy sediment cores at different temper-
atures when the hydrate saturation is 5% and the pore pressure is 5 MPa, 10 MPa, and
12 MPa, respectively.
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Figure 10. Core stress—strain curves at different temperatures (saturation 5%) (a) The test pressure is
5 MPa; (b) The test pressure is 10 MPa; (c) The test pressure is 12 MPa.

The analysis of the graph reveals that the stiffness and strength of sandy hydrate
cores drop significantly as the temperature rises. Additionally, the gas hydrate will not
form at pressures of 5 MPa and temperatures of 8 °C and 12 °C. When the temperature
is 2 °C, the partial stress of sandstone hydrate cores in the small strain range (axial strain
1%) is 1.9 MPa, 2.8 MPa, and 3.2 MPa, respectively, at different pore pressures; when the
temperature is 4 °C, the partial stress of sandstone hydrate cores in the small strain range
(axial strain 1%) decreases to 1 MPa, 1.5 MPa, and 2.1 MPa.

Figure 11 shows the stress—strain curves of a muddy silt sediment core at different
temperatures when the abundance is 20% and the pore pressure is 5 MPa, 10 MPa, and
12 MPa, respectively.

The analysis of the graph indicates that the stiffness and strength of muddy silt hydrate
cores diminish significantly as the pressure increases. When the pressure was 5 MPa, the
stresses in the small strain region (axial strain 1%) of the muddy silt hydrate cores at
different temperatures were 0.23 MPa and 0.11 MPa, respectively, and their peak strengths
were 0.65 MPa and 0.55 MPa, followed by the strain softening of their cores. When the
pressure reaches 10 MPa, the partial stresses in the small strain range (axial strain 1%) of
the muddy silt hydrate cores at different temperatures are 0.27 MPa, 0.17 MPa, 0.10 MPa,
and 0.06 MPa, and the peak strengths are 0.75 MPa, 0.7 MPa, 0.68 MPa, and 0.55 MPa,
followed by strain softening in its sandstone core. At 12 MPa, the partial stresses in the
small strain range (axial strain 1%) of muddy silt hydrate cores at different temperatures
are 0.5 MPa, 0.3 MPa, 0.25 MPa, and 0.06 MPa, and their peak strengths are 0.70 MPa,
0.62 MPa, 0.70 MPa, and 0.62 MPa, followed by the strain softening of their cores.
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Figure 11. Core stress—strain curves at different temperatures (abundance 20%) (a) The test pressure
is 5 MPa; (b) The test pressure is 10 MPa; (c) The test pressure is 12 MPa.

3.4.5. Stress—Strain Curves of Cores at Different Pressures

Figure 12 shows the stress—strain curves of sandy sediment cores under different
pressure conditions when the hydrate saturation is 5% and the temperature is 2 °C, 4 °C,
8 °C and 12 °C, respectively.

16 T T 16 T T T T T
5%, 2°C, SMPa -~ 5%,4°C, SMPa
S14F 5%, 2°C, 10MPa 4 5%, 4°C, 10MPa
5%, 2°C. 12MPa 5%, 4°C, 12MPa
%12 - 1 %12 F 1
2 8
210 1 10 - 4
>3 o
2 gl ] 2 L ]
5 5°
o =
= 6 4 e 4
5 5
oy J a ]
2 g 4
0
0 2 4+ 6 8 10 0 2 4 6 3 10
Axial strain/% Axial strain/%
(a) (b)
16 T T T T T 16 T T T T
5%, 8°C, 10MPa -~ 5%, 12°C, 10MPa
‘gf: 14 5%, 8°C, 12MPa %‘2 14 © 5%, 12°C. 12MPa
‘%12 r 1 S22 J
& ]
.3 10 e .3 10 | b
o o
.g s - ] .g s b ]
§ 6 F - g 6 1
8 st Jr 8 B
L - 4 - s -
4 et it 4 et P
g 2d¥Y ol N
2k .--a-"'-ﬁy . 2 F -~ et ettt e
""ﬁ::"""”'ﬂ 4_“_,_,,::-:’_.__,,‘..—.
o L™ , ; . : o Lasey . s . :
1] 2 8 10 0 2 8 10

4 6 4 6
Axial strain/% Axial strain/%

(0) (d)

Figure 12. Core stress—strain curves at different temperatures (saturation 5%) (a) The test temperature is
4 °C; (b) The test temperature is 4 °C; (c) The test temperature is 8 °C; (d) The test temperature is 12 °C.
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As depicted in the graph, the stiffness and strength of sandy sediment cores increase
significantly with increasing pressure. When the pressure is 10 MPa, the small strain
range (axial strain 1%) sandstone hydrate core partial stresses at different temperatures are
2.1 MPa, 0.9 MPa, 0.3 MPa, and 0.2 MPa; when the pressure is 12 MPa, the small strain
range (axial strain 1%) sandstone hydrate core partial stresses increased to 2.4 MPa, 2 MPa,
0.9 MPa, and 0.3 MPa at different temperatures, respectively.

Figure 13 shows the stress—strain curves of muddy silt sediment cores under different
pressure conditions when the abundance is 20% and the reservoir temperature is 4 °C and
12 °C, respectively.
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Figure 13. Core stress—strain curves at different pressures (abundance 20%) (a) The test temperature is
4 °C; (b) The test temperature is 4 °C; (c) The test temperature is 8 °C; (d) The test temperature is 12 °C.

As seen in the graph, the stiffness and strength of the muddy silt sediment cores rise
significantly as the pressure increases. At 5 MPa, the stresses in the small strain region
(axial strain 1%) of the muddy silt hydrate cores at different temperatures were 0.23 MPa
and 0.11 MPa, and the peak strengths were 0.65 MPa and 0.55 MPa, followed by the strain
softening of the cores. When the pressure reaches 10 MPa, the partial stresses in the small
strain range (axial strain 1%) of the muddy silt hydrate cores at different temperatures
are 0.27 MPa, 0.17 MPa, 0.10 MPa, and 0.06 MPa, respectively, and the peak strengths are
0.75MPa, 0.7 MPa, 0.68 MPa, and 0.55 MPa, respectively, after which strain softening occurs
in the core. When the pressure is 12 MPa, the partial stresses in the small strain range (axial
strain 1%) of the clayey silt hydrate cores at different temperatures are 0.5 MPa, 0.3 MPa,
0.25 MPa, and 0.06 MPa, respectively, and the peak strengths are 0.70 MPa, 0.62 MPa,
0.70 MPa, and 0.62 MPa, respectively, followed by the strain softening in the cores.

By observing the experimental results, it can be seen that the stresses in sandy hydrate
and muddy siltstone cores rise rapidly with the increase in saturation and pore pressure
and the decrease in temperature, and there are obvious inflection points. For sandy hydrate
cores, the influence of saturation on the strain hardening and strain softening of the sandy
hydrate cores is large, and the stiffness and strength show a significant increase with the
increase in saturation. For muddy silt hydrate cores, there is a significant increase in the bias
stress of muddy silt hydrate cores with increasing hydrate mass abundance under the same
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strain conditions. In the low-temperature environment, as the temperature decreases, the
hydrate core strength then increases, and the strain softening trend gradually decreases. As
the prepared hydrate cores are occupied by ice inside a certain space, when the temperature
is slightly higher, the ice particles in the hydrate will melt, leading to a decrease in the
strength of the whole hydrate core.

4. Evolutionary Model of Hydrate Mechanical Properties with Temperature-Pressure
Variation

Current tests have shown that ambient temperature and pore pressure have significant
effects on the rigidity and strength of natural gas hydrates. In other words, the stiffness and
strength of sediments containing hydrates will increase significantly as the temperature and
pore pressure decrease. The strength of sediments containing hydrate is largely determined
by the combination of the strength of the hydrate and the strength of the cementation at the
interface of the hydrate particles and the soil particles.

4.1. Evolutionary Model Principles

The mechanical properties of hydrate-bearing sediments in the formation are inti-
mately connected to temperature and pressure conditions, grain size, and saturation. The
project establishes a model for the evolution of the mechanical properties of hydrate-bearing
sediments with temperature and pressure on the basis of the theory of continuum damage
mechanics, introduces temperature and pressure parameters that can account for the ef-
fects of temperature and pore pressure, determines the elastic model of hydrate-bearing
sediments, and obtains the evolution law of hydrate-bearing mechanical properties with
temperature and pressure. The model is constructed as follows:

o o

E=—=—1———
E EI-D) (16)

where: ¢ is the strain: E is the apparent modulus of elasticity; E is the actual modulus of
elasticity of the material, and both E and E are fourth-order tensors; is the effective stress,
second-order tensor; and D is the damage variable and is a scalar.

In order to describe the effect law of temperature and pore pressure on the mechanical
properties of hydrates, a state parameter was used to describe the temperature and pore
pressure conditions and the temperature-pressure condition parameter [33]:

Tog—T

0:
To

(17)
where: T is the ambient temperature; is the phase equilibrium temperature corresponding
to the hydrate when the pore pressure is p, which mainly describes the temperature when
the hydrate phase changes; is the reference temperature, which is taken as 273.15 K.

Assuming that the micro-element intensity of hydrate-bearing sediments obeys the
generalized Hooke’s law and obeys the statistical law of Weibull distribution, the probability
density model of its distribution can be obtained as [34]:

=55 e (2)"

It is assumed that the strength of the microelements of hydrate-bearing sediments
obeys the generalized Hooke’s law and obeys the statistical law of Weibull distribution.
During the loading process of the hydrate-containing sediments, their microelements are
destroyed sequentially according to their strengths, thus causing a continuous damage
process. The ratio of the number of damaged microelements to the total number of microele-
ments in this damage process is called the damage variable and can be expressed as [35]:

p-1-os(L)] w
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where: D is the damage variable, which represents the ratio of the number of damaged
microelements to the total number of microelements; F is the microelement strength of
the hydrate-bearing sediment; m and are the Weibull distribution parameter, which is con-
trolled by the material properties of the hydrate-bearing sediment and is closely related to
the sediment properties, hydrate content, surrounding pressure, temperature and pressure
conditions, etc.

This leads to the following model for the evolution of hydrate mechanical properties
with a temperature—pressure variation.

(aE+\/E§jgl+K2a+\/2§}/+2a—\/1§}03‘ ’

FO

0,=E¢, exp-{ - +2vo, (20)

where E is the modulus of elasticity, MPa; v is Poisson’s ratio of the soil; 03 is the test enve-
lope pressure, MPa; a is the material parameter.

In summary, the model is intended to establish the relationship between pressure and
temperature through the phase equilibrium model; combine the temperature and pressure
parameters to establish the relationship between temperature and mechanical parameters
(fitted with experimental data); establish the relationship between other parameters and
temperature and pressure conditions; and finally, obtain the model of the stress—strain
relationship affected by temperature and pressure.

4.2. Sandy Sediment

The peak strength, Poisson’s ratio, Young’s modulus, and bulk modulus of sandy
hydrate cores with temperature and pressure are shown in Figure 14.
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Figure 14. Variation of mechanical properties of sandy hydrate with temperature and pressure (a) Peak

Strength; (b) Poisson’s ratio; (¢) Young’s modulus; (d) Bulk modulus.

4.3. Muddy Silt Sediment

The peak strength, Poisson’s ratio, Young’s modulus, and bulk modulus of muddy silt
hydrate cores with temperature and pressure are shown in Figure 15.
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Figure 15. Variation of mechanical properties of muddy silt hydrate with temperature and pressure
(a) Peak Strength; (b) Poisson’s ratio; (¢) Young’s modulus; (d) Bulk modulus.

When the saturation/mass abundance is constant, the peak core strength tends to
decrease with increasing temperature and lowering pressure, as demonstrated by the
comparisons above. Under experimental settings, the peak strength of sandy hydrate
varies between 6.9 and 13.1 MPa, whereas the peak strength of muddy silt hydrate varies
between 0.77 and 1.5 MPa. Temperature and pressure have a bigger impact on the elastic
modulus than Poisson’s ratio. Under experimental conditions, Poisson’s ratio of sandy
hydrate ranged between 0.12 and 0.18, and Poisson’s ratio of muddy silt hydrate ranged
between 0.15 and 0.24; the elastic modulus of sandy hydrate ranged from 17.4 to 130.9 MPa,
and the elastic modulus of muddy silt hydrate ranged from 21.5 to 47.4 MPa. The sandy
hydrate bulk modulus varied between 45.3 to 393.9 MPa. The bulk modulus of muddy
silt hydrate varies between 3.7 and 11.1 MPa. Temperature and pressure variations have a
greater impact on the mechanical characteristics of sandy sediment.

5. Conclusions
Through the research, the conclusions were as follows:

1. At the same temperature, the hydrate core with the greater pressure has faster trans-
verse and longitudinal wave speeds. Under the same saturation, the transverse wave
velocity of sandy hydrate is greater than the longitudinal wave velocity; at a particular
particle size of quartz sand, both transverse and longitudinal wave velocities increase
with increasing saturation; the wave velocity of sandy hydrate is positively correlated
with pressure and negatively correlated with temperature. The transverse and lon-
gitudinal wave velocities of muddy silt hydrate cores increase with the increase in
mass abundance when the ratio of quartz sand and kaolinite is held constant; the
transverse wave velocity of muddy silt hydrate cores is greater than the longitudinal
wave velocity at the same temperature, pressure, and saturation; the influence on its
core acoustic wave velocity is small and does not exhibit a particular pattern in the
temperature and pressure range of the test.
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2. The resistivity of sandy hydrate cores varies little between 0% and 40% saturation,
and it reduces somewhat with increasing hydrate saturation; the resistivity of the
muddy silt hydrate cores decreases with increasing mass abundance. The resistivity
data at different temperatures and pressures demonstrate that the resistivity of cores
reduces as hydrate saturation increases and that the change trend is more regular,
which can be used as a data reference for reservoir exploration and the logging of
marine gas hydrate.

3.  For sandy sediment, as the saturation level rises, the core’s stiffness and strength
increase dramatically. For muddy silt sediment, the deviatoric stress of the muddy
silt sediment core increases dramatically as the hydrate mass abundance increases
under the same strain situation. With increasing saturation and pore pressure and
decreasing temperature, the stress of sandy and muddy silt increases rapidly under the
same strain situation, and there is a distinct inflection point; after reaching a specific
temperature, it does not form hydrate. Among them, saturation has a major effect
on the strain and strain of sandy sediment; as the saturation increases, its stiffness
and strength increase dramatically, although it has little effect on the hydration of
muddy silts. As the temperature drops, the free water in the hydrate sediment
crystallizes into icier particles. Due to the fact that a rise in ice particles can serve
as the specimen’s skeleton, thereby distributing the specimen’s external stress and
raising the cementation force between sediment particles, it is possible to increase the
core damage strength.
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