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Abstract

Abstract

The development of society has increased the demand for energy consumption year by year, and
the exploitation and utilization of new energy are urgent and necessary. At present, a large number
of natural gas hydrates have been found in permafrost and marine sediments around the world. It
has been estimated that the carbon content in the natural gas hydrate is about twice the sum of the
carbon content in all currently proven fossil fuels (including coal, oil, and natural gas), so it is a
promising energy resource in the future. The ultimate aim of this thesis is to provide an

experimental basis for the realization of safe and efficient exploitation of natural gas hydrate.

Firstly, before realizing the safe exploitation of natural gas hydrate, it is necessary to study the
influence mechanism of different factors on the mechanical properties of hydrate-bearing
sediments by the laboratory's mechanical experiments. Sediments have various stress conditions
in the natural gas hydrate reservoir. However, most of the current studies about the mechanical
properties of hydrate-bearing sediments under general stress conditions and then established
corresponding constitutive models. The failure of hydrate-bearing sediments under plane strain
conditions is always accompanied by significant local strain and eventually formed a clear shear
band. Even under the same experimental conditions, the stress-strain relationship of hydrate-
bearing sediments is different in the triaxial shear and plane strain shear experiments. Moreover,
the local strain may cause changes in the local permeability of the reservoir, which can also affect
the gas production efficiency. As in the plane strain experiment, the failure of the specimen is
affected by the development of the shear band. In particular, the angle and thickness of the shear
band are considered to be related to the strength of the specimen. The study of the development

of the shear band is helpful to understand the development process of the shear band in different
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stress-strain stages and to establish the relationship between the development of the shear band

and the stress-strain in the future.

Secondly, to the long-term accurate prediction of the changes in the mechanical properties of
natural gas hydrate reservoirs, the time dependence of hydrate-bearing sediments must also be
considered. The shear rate dependence experiment is an effective method to study the time
dependence of materials, but only a few relevant research results have been reported. The shear
rate dependence characteristics of the hydrate-bearing sediments under plane strain conditions
have also been studied in this thesis. The research results will help to introduce time parameters
into the constitutive model of hydrate sediments in the future, and then achieve long-term accurate

prediction of the mechanical characteristics of natural gas hydrate reservoirs.

Finally, understanding the decomposition characteristics of hydrates in the sand is the basis for
developing methods to improve gas production efficiency. Therefore, the effect of the content of
fine particles on the decomposition characteristics of hydrates in the sand under local thermal
stimulation conditions has been studied firstly. And then considering the mechanical properties of
the reservoir are closely related to the decomposition properties of hydrates, under different stress
conditions, the stress-strain relationship of hydrate-bearing sediments and the decomposition
characteristics of hydrates during local thermal stimulation and depressurization have been
studied. The experimental results are helpful to understand the interaction mechanism between
the decomposition of hydrates and the stress-strain behavior of sediments under different

conditions.

The content of this thesis as follows:

In chapter 1, the research background about the natural gas hydrate has been introduced. The

current exploitation progress of natural gas hydrate and the related problems were also reviewed.
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And then the mechanical properties and the decomposition characteristics of hydrate-bearing

sediments have been discussed. Finally, the aim and organization of this thesis were shown.

In chapter 2, it has shown the image information and some basic physical properties of the
experimental materials that used in this thesis. And then, with the plane strain shear tests on the

host sand and hydrate-bearing sediment, the development of the shear band has been studied.

In chapter 3, the shear rate-dependent characteristics of hydrate-bearing sediments have been
studied. After confirming that hydrate-bearing sediment also has shear rate-dependent
characteristics under plane strain conditions, three different shear rates have been selected to study

the effects of hydrate saturation and fines content on shear rate dependence.

In chapter 4, the decomposition of hydrate in sands has been studied. Firstly, the decomposition
characteristics of hydrate-bearing sediments with different fine particle contents by local thermal
stimulation were researched. And then, combined with different stress conditions, the
decomposition characteristics of hydrate in the sediments by local thermal stimulation and

depressurization have been studied.

In chapter 5, the summary of this thesis and future work has been shown.
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Chapter 1 Introduction and literature reviews

Chapter 1 Introduction and literature reviews

1. Introduction

Energy consumption is increasing year by year with the development of society, while traditional
fossil energy still occupies the leading position of the world's energy structure, the development

and utilization of new energy resources is urgent and necessary [Chong, Z. R et al., 2016a].

After the discovery of a large number of natural gas hydrates that exist in permafrost and marine
sediments were reported, more and more related researches have been studied [Sloan, E. D. 1998].
The natural gas hydrate has been considered a promising energy resource. However, disputes
about the environmental impact, engineering problems, and geological disaster risks of the

exploitation of natural gas hydrate also cannot be ignored.

The exploitation of natural gas hydrates is accompanied by engineering and geological risks
[Lijith, K et al., 2019]. The decomposition of natural gas hydrates may cause uneven settlement
of the seafloor, which in turn triggers submarine landslides. Changes in the stress conditions of
natural gas hydrate reservoirs may also cause engineering accidents such as wellbore instability.
Besides, the massive uncontrollable decomposition of natural gas from the reservoirs that enter
the ocean and atmosphere will damage the marine ecological environment and the atmospheric
ozone layer. Therefore, it is particularly important to study the mechanical properties of natural
gas hydrate-bearing sediments and to accurately predict the mechanical behavior of natural gas

hydrate reservoirs during exploitation activities.
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On the other hand, traditional exploitation technologies cannot be directly applied to the
exploitation activities of natural gas hydrate resources. Some new exploitation methods, such as
depressurization method, thermal stimulation method, and inhibitor injection method, have been
proposed [Chong, Z. R et al., 2016a]. All of these methods require the natural gas hydrate to be
decomposed in the reservoir before the natural gas resources are extracted. The decomposition of
natural gas hydrate in the reservoir and the migration of decomposed gas and water are needed to
be studied to improve the efficiency of natural gas hydrate exploitation. At present, there is still a
big gap between the exploitation rate of natural gas hydrate and commercial requirements.
Depressurization is an economical exploitation method, while thermal stimulation can increase
the rate of natural gas hydrate production. Studying the decomposition characteristics of hydrates
in sediments under different test conditions is the basis for the development of efficient methods

for the exploitation of natural gas hydrates.

In this chapter, section 2 introduces the research background of this research. The natural gas
hydrate, the exploitation of natural gas hydrate, the mechanical properties of hydrate-bearing
sediments, and the decomposition characteristics of hydrate sediments are explained in detail.

Section 3 shows the aim and organization of this thesis.
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2. Research background

2.1 Natural gas hydrate

Figure 1-1. The image of NGH [Siazik et al., 2017; Macdonald et al., 2005; Winters et al.,
2011; Miller et al., 2015; Zhang et al., 2015; Xie, Y et al., 2020].

Natural gas hydrate (NGH), also referred to as fiery ice, is a clathrate crystal formed by gas
(mainly methane gas) and water at low temperature and high pressure [Sloan, 1998]. Figure 1-1
shows the image of NGH. Figure 1-2 shows the crystal structure of methane gas hydrate. Methane
gas molecules and water form a cubic structure, there are two dodecahedron and six
tetradecahedron (12 pentagonal faces and two hexagonal faces) water cage structures in each unit
cell (5'26%). Methane gas molecules are located in the cage structure composed of water molecules.
The general composition of methane gas hydrate is CH4*5.75H,0, that is, one mole of methane
hydrate is composed of one mole of methane and 5.75 moles of water, but this ratio depends on
the number of methane molecules in the various cage structures of the water lattice. As shown in
Figure 1-3, one cubic meter of methane hydrate can be decomposed into 168 cubic meters of

methane gas at a standard state (273.15 K and 1 atm).
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Dodecahedron

Figure 1-2. The crystal structure of methane gas hydrate (modified from [Bohrmann and Torres,
2006] and [Palodkar and Jana, 2019] ).

The stable existence of natural gas hydrate requires a low-temperature and high-pressure
environment, and a large amount of natural gas hydrate has been found in permafrost and marine
sediments around the world. Figure 1-4 shows the temperature and pressure conditions in the
areas where permafrost and seabed NGH are stable. Compared with methane hydrate, NGH
(mixed hydrate) can remain stable with higher temperature and lower pressure, so NGH exists in

a wider area whether in permafrost or deep seabed sediments.

NGH distribution area is shown in Figure 1-5. It can be seen that a large amount of natural gas
hydrate exists in marine sediments [ Klauda and Sandler, 2005]. It has been reported that the NGH
in the deep sea marine sediments is estimated to outnumbers that in the permafrost by more than
2 orders of magnitude. Natural gas resources contained in NGH are about 1000 to 5000 trillion
cubic meters [Chong et al., 2016a]. Figure 1-6 compares the estimated amounts of different

resources, it can be seen that NGH is a future energy resource with considerable reserves.
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164 m?

Methane hydrate Methane gas Water

Figure 1-3. One cubic meter of methane hydrate contains about 164 cubic meters of methane gas

at a standard state (modified from [Kvenvolden, 1993)).

At present, with the rapid development of society, the consumption of energy is increasing year
by year, and the energy demand is also increasing. NGH is a low-carbon, renewable and clean
energy. It burns fully and does not leave behind pollutants. Exploit NGH resources safely,

efficiently, and sustainably is very meaningful and necessary.

Figure 1-4. Permafrost and marine conditions and hydrate stability zone ([Sloan .,2008; Holder
et al ., 1984; Birchwood et al., 2005; Chong et al., 2016a]).
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Figure 1-5. Global volume distribution of methane in the natural gas hydrate. (a) all seafloor

locations; (b) seafloor depths of <3000 m ([Klauda and Sandler, 2005]).
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Figure 1-6. Summary of resource estimates (Modified from [Chong et al., 2016al).
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2.2 Exploitation of natural gas hydrate

Due to the specific geological conditions of NGH reservoirs, traditional exploitation methods for
fossil energy cannot fully satisfy the successful exploitation of NGH. Some new exploitation
methods have been proposed to obtain natural gas from the NGH reservoirs. At present, there four
different methods have been most discussed: depressurization method, thermal stimulation
method, chemical inhibitor injection method, and gas (carbon dioxide) replacement method [Xu
and Li, 2015]. Figure 1-7 shows the schematic diagram of different proposed NGH exploitation

methods.

Temperature (deg C)

o Hydrate Field Location
............ CH, hydrate + 30 wt% MEG

— — — CO, Hydrate Phase Equilibrium

fydrate Fnase cquiliprium

> H

Figure 1-7. The schematic diagram of different proposed NGH exploitation methods [Chong et
al., 2016a]. (MEG is the abbreviation name of the inhibitor: mono-ethylene glycol)

The depressurization method has been considered to be a mostly economic exploitation method
[Moridis et al., 2009]. Figure 1-8 (left) shows the principle diagram of the depressurization

method. NGH usually exists in the marine sediments at a depth of several hundred meters to
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several kilometers below the seafloor. By reducing the pressure of the NGH reservoir, the NGH
can be decomposed directly, and then extract the natural gas from the production wellbore at the
same time. The biggest advantage of the depressurization method is that it does not require
continuous excitation, and it is suitable for large-area NGH exploitation at a low cost. On the
other hand, this method has some special requirements for the geological environment of NGH
reservoirs. For example, when the NGH reservoir with low permeability and the temperature-
pressure conditions are far away from the phase equilibrium line of NGH, the depressurization
method is no longer economical. Furthermore, it cannot meet the requirements of sustainable and
efficient production of the NGH. Finally, the depressurization method changes the pressure
conditions for the NGH reservoirs, so that the decomposition of the NGH may more easily cause

geological disasters such as irregular submarine subsidence and submarine landslides.

Depressurization [hermal stimulation

Figure 1-8. The schematic diagram of depressurization and thermal stimulation mehtods[Cui et
al.,2019].

The principle diagram of the thermal stimulation method is shown in Figure 1-8 (right). This
method can increase the temperature of the NGH reservoirs and then increase the decomposition

efficiency of NGH. At present, a variety of thermal stimulation ideas have been reported such as
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heat fluid injection [Li et al., 2008; Sakamoto et al., 2004], electromagnetic heating [Wang et al.,
2018a], microwave heating [He et al., 2010], etc. The thermal stimulation method improves the
decomposition efficiency of NGH without greatly changing the pressure condition of the
reservoirs. It is very important for the efficient exploitation of NGH. However, the biggest
problem of the current thermal stimulation method is that it does not solve the problem of heat

utilization efficiency well, and more related research needs to be done.

CO, injection CH, production

Permeable overburden

Impermeable CO, hydrate cap

Natural gas hydrate zone

Figure 1-9. The schematic diagram of the carbon dioxide replacement method ([Sun et al.,
2019)).

The chemical inhibitor injection method is always combined with the thermal stimulation or
pressurization method, which is essentially a means to improve the decomposition efficiency of
NGH [Urdahl et al., 1995]. As shown in Figure 1-7, carbon dioxide hydrate and methane gas
hydrate have different phase equilibrium curves. Under the same temperature conditions, the
pressure required for methane gas hydrate to remain stable is higher than that of carbon dioxide

hydrate. Therefore, under certain conditions of temperature and pressure, while methane gas
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hydrate is decomposed, carbon dioxide hydrate can be formed and remain stable. Figure 1-9
shows the schematic diagram of the carbon dioxide replacement method. The disadvantage of this
method is that it will increase the expenditure, and the inhibitor may cause environmental
pollution. Table 1-1 summarized the advantages and disadvantages of different exploitation

methods.

Table 1-1. The advantages and disadvantages of different exploitation methods[Rossi et al.,
2019; Yang et al., 2017].

Method Advantages Shortcomings
Thermal stimulation Camseecychoy Bihcieney IO_W
Fast effect Oaly local heating

Don’tneed a continuous trigger
Depressurization Low cost
Suitable for large-scale mining

Tempreature limitations
Located in the pressure balance boundary

Costis expensive
Inhibitor injection Can reduce the initial energy input Slow
Pollute the environment

Deposit stability

i Effici is low
Carbon dioxide storage (CIency 15 fow

Gas replacement

Table 1-2. Summary of filed production tests of NGH|[Jianliang, 2020, Yin et al., 2018].

Production Cumulative gas Average gas
Location Time Method duration production volume production rate
(day) (m®) (m’/day)
Mar 2002 Thermal stimulation 5 515 103
Mallik (Permafrost) Apr 2007 Depressurization 1 830 830
Mar 2008 Depressurization 55 13,200 2400
Ignik Sikumi §
(Permafrost) May 2012 Gas replacement 38 24.210 637
Nankai Trough Jan_ 2013 Depressm‘.Lzat!on 6 120,000 20.000
(Marine) April 2017 Depressurization 12 35,000 2917
June 2017 Depressurization 24 200,000 8333
Shenhu Area May 2017 Depressurization 60 300.000 5000
(Marine) April 2020 Depressurization 30 861.400 28,700

10
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Some exploitation methods have been applied in the field production tests of NGH, and
successfully obtained the natural gas. Table 1-2 summarizes the current NGH field production
tests, it can be found that the depressurization method has been widely adopted. At the same time,
it must be noted that the current exploitation efficiency is still far from the requirements (340,000
m3/day) of commercial exploitation [Sloan Jr, 2003]. Figure 1-10 shows the proposed road map
of different countries for the development of NGH resources. It can be seen that long-term field
production tests and commercial production have been put on the agenda. However, before that,
some necessary research needs to be done to ensure that the NGH can be exploited efficiently and

safely. Next, the research progress of these two points will be explained separately.

COMPLETED | FUTURE

Figure 1-10. The proposed road map of different countries for the development of NGH
resources[map courtesy of the US Geological Survey; Chong et al., 2016a].

11
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2.3 Mechanical properties of hydrate-bearing sediments

The success of different exploitation methods in field production tests has verified the possibility
of large-scale commercial exploitation of natural gas hydrate resources. However, due to the
special geological environment of NGH reservoirs, the exploitation of NGH may cause a series
of geological disasters. The realization of commercial exploitation requires a deeper
understanding of the mechanical properties of hydrate-bearing sediments to ensure the safety of
exploitation. Table 1-3 lists some of the risks associated with the exploitation of NGH. To avoid
the risk of exploitation activities, laboratory experiments and numerical calculations of the

mechanical properties of hydrate-bearing sediments are necessary.

Table 1-3. Hydrate exploitation risks [ Yang ef al., 2017].

Accident Consequence Cause
Block pipeline i i} § : Gather temperature-pressure field changes in
Kill line Pipeline pressure-out affect production —
Block subsea blowout preventer ‘Well centrol problems Gailier ietpemtiis-predsitie. feld ehanges in
hydrate
Destroy th ide b d subsea productis s <
es. 0y The guide base and subsea production Drilling rig equipment damage Cold work
equipment
Deep thermal fluid into the shalllow hydrate formation ~ Decomposition to kick or lost circulation Drilling interzone
Hole enlargement. casing deformation. flattening, e : i G
Decomposition result in borehole wall instability wellhead wellhead wellhead settlement. even wall The drilling result in hydrate decomposition is
out of control
collapsed
Hydrate change drilling fluid wall-building properties Cause blowout and sidewall instability Reduce annulus pressure decomposition

2.3.1 Laboratory experiments

The low-temperature and high-pressure triaxial shear apparatus are widely used to study the
mechanical properties of methane hydrate-bearing sediments, and through which the effects of

many different test conditions have been studied.

Hyodo et al., [2013] conducted a series of triaxial shear tests on synthetic methane hydrate-

bearing sediments. It has been found that the increase in methane hydrate saturation increased the

12
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stiffness and shear strength of the hydrate-bearing sediments, and a high hydrate saturation also
resulted in the more significantly shear dilation behavior. Besides, the stiffness and failure
strength of the hydrate-bearing sediments were also increased under a higher effective confining
pressure or lower temperature. Wang et al., [2017] conducted triaxial shear tests with different
effective confining pressures on hydrate-bearing sediments obtained from the Pearl River Mouth
of China. The test results showed that the shape of the stress-strain curves of all samples can be
described by hyperbolic. During the shearing process, the hydrate-bearing sediments exhibited

three different stages: elastic, elastic-plastic, and the end plastic stage.

There are some studies [Li et al., 2018; Soga et al., 2006; Waite et al., 2009; Yun et al., 2007] that
found that the effect of the methane hydrate on the mechanical properties of hydrate-bearing
sediments was different with the range of the hydrate saturation. Figure 1-11 shows the possible
mechanisms controlling the stiffness and shear strength of hydrate-bearing sediments. It can be
found that when the hydrate saturation was very low, hydrate particles mostly existed in the pores
of sediment particles. By preventing the relative movement of the sediment particles, the hydrate
can slightly increase the shear strength of the hydrate-bearing sediments. When the hydrate
saturation was between 25% and 40%, the hydrate not only existed between the pores of the
sediment particles but also a small amount of hydrate was attached to the surface of the particles.
In this case, the effect of hydrate on the shear strength of hydrate-bearing sediments was more
significant. Furthermore, during the shear test, the hydrate on the surface of the sediment particles
was detached, and the hydrate particles in the pores may also be crushed, which then resulted in
the dilation behaviors. When the hydrate saturation was very high, such as 80%, the hydrate
formed a new structure around the sediment particles, which wrapped the sediment particles. In
this case, the stiffness and shear strength of the hydrate-bearing sediments were increased

significantly [Lijith et al., 2019; Waite et al., 2009; Yun et al., 2007].

13
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Hydrate saturation Low Intermediate High Very high
S, =0% S,y = 25-40% S0 = 80% S, = 100%

hicrit) h
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Figure 1-11. Possible mechanisms controlling the stiffness and shear strength of hydrate-

bearing sediments [Waite et al., 2009].

The content of fine particles and the shape of sediment particles also affected the mechanical
properties of methane hydrate-bearing sediments [Hyodo et al., 2015; Hyodo et al., 2017;
Kajiyama et al., 2017]. Current marine core NGH sample analysis showed that NGH reservoirs
have unique characteristics in different locations, Such as the different particle size distribution

and hydrate saturation [ Yamamoto, 2015; J. Yoneda et al., 2017; J. Yoneda et al., 2018].

More importantly, through triaxial shear tests on synthetic and cored NGH samples, it was found
that the mechanical properties of hydrate-bearing sediments have significantly time dependence
characteristics. For example, the stiffness and shear strength of methane hydrate-bearing
sediments increased with the increase of the shear rate [Iwai et al., 2018; Miyazaki et al., 2017,
Miyazaki et al., 2011; J. Yoneda et al., 2018]. At present, there is no uniform standard for
mechanical testing of hydrate-bearing sediments, and the shear rates adopted by different

researchers are not consistent. Systematic research on the shear rate dependence of hydrate-

14
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bearing sediments can improve the accuracy of the prediction of the geomechanical behavior of

NGH reservoirs.

However, there are few studies on the time-dependent behavior of the mechanical characteristics
of hydrate-bearing sediments, and most of the experimental conditions were under triaxial
undrained conditions. Some geological disasters, such as submarine landslides, are plane strain
problems and testing under plane strain conditions has been considered important in the study of
geomechanical problems [Alshibli and Sture, 2000]. Therefore, studying different conditions
under plane strain conditions, such as different fine particle content (different particle size
distribution), hydrate saturation, is very important for the understanding of the shear rate

dependence properties of hydrate-bearing sediments.

2.3.2 Numerical calculation

Numerical calculation or simulation is an important and efficient means to predict the mechanical

behavior of the reservoir to design a safer and more efficient production strategy.

The models based on Mohr-Coulomb or Duncan-Chang theory, as well as the Critical State
models, have been revised to suit the description of the mechanical behavior of hydrate-bearing
sediments. Some assumptions have been proposed to simplify or describe the stress-strain
characteristics of hydrate-bearing sediments, and all of them have some limitations. Table 1-4
lists the assumptions and limitations of different models [Klar et al., 2010; Lijith et al., 2019; Lin

et al., 2015; Miyazaki et al., 2012; Pinkert, 2017; Uchida et al., 2012; Yu et al., 2011].

Mohr-Coulomb is a very classic theory describing the shear strength of soils. The models based
on this theory require relatively few parameters and are easily obtained from the triaxial shear

test. The problem is that this model incorporates the volumetric yielding of hydrate-bearing
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sediments and the changes in the cementation between hydrate and sediment particles during the
shearing process. Figure 1-12 shows the calculation based on the Mohr-Coulomb model and
experimental stress-strain results of hydrate-bearing sediments. It can be seen that the Mohr-
Coulomb model can well describe the stiffness and the peak shear strength of the hydrate-bearing
sediments changing with the hydrate saturation. However, the stress and strain in the elastic and

plastic phases are in a simple linear relationship, which is inconsistent with reality.
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Figure 1-12. The calculation that based on the Mohr-Coulomb model and experimental stress-

strain results of hydrate-bearing sediments [Klar et al., 2010].

The Duncan-Chang model is an incremental elastic model based on the hyperbolic stress-strain
relationship. This model also requires few parameters. Although many new parameters and
corrections have been introduced into the Duncan-Chang model, the model can not describe the
strain-softening and volumetric strain behavior of the hydrate-bearing sediments. Figure 1-13
shows the calculation based on the Duncan-Chang model and experimental stress-strain results

of hydrate-bearing sediments. It can be seen that the calculation results of this model match the
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experimental results very well, and the transition of the elastoplastic stress-strain relationship is
also similar to the actual situation. However, this model cannot describe the volumetric strain
behavior of hydrate-bearing sediments. The influence of hydrate saturation cannot be reflected in

this model either.
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Figure 1-13. The calculation that based on the Duncan-Chang model and experimental stress-

strain results of hydrate-bearing sediments [Yu et al., 2011].

Figure 1-14 shows the calculation based on the Critical State model and experimental stress-
strain results of hydrate-bearing sediments. It can be found that the critical state model can well
reflect the stress and strain characteristics of hydrate-bearing sediments, and the strain-softening
characteristics can also be described. The critical state model is an elastoplastic model, and which
can reflect the deformation mechanism of hydrate-bearing sediments, as well as the hardening,
softening, and dilatancy properties. However, this kind of model has many parameters. It is
difficult to obtain these parameters from the experiments, and the calculation process is also very

complicated.
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Figure 1-14. The calculation that based on the Critical State model and experimental stress-strain

results of hydrate-bearing sediments [Sdnchez et al., 2017].

As mentioned earlier, the time-dependent characteristics of the mechanical properties of hydrate-
bearing sediments are very important, but only a few models include this feature [Miyazaki et al.,
2008; Yoneda, J et al., 2008]. More relevant experiments need to be done to establish and modify
models that include time-dependent characteristics and then improve the accuracy of the model

for predicting the mechanical behavior of hydrate-bearing sediments.
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2.4 Decomposition characteristics of hydrate-bearing sediments

To obtain natural gas resources, NGH needs to be decomposed in the reservoir first.
Understanding the decomposition characteristics of NGH under different experimental conditions

is the key to improving gas production efficiency.

The depressurization method can reduce the pore pressure of the reservoir to decompose the
hydrate, and the decomposed natural gas can be transferred to the wellbore under the drive of the
high-pressure difference. In the initial stage of depressurization, the natural gas produced by the
decomposition of NGH near the wellbore can be quickly obtained, and the gas production
efficiency rapidly increases and reaches its peak. However, a large number of studies have shown
that the gas production efficiency of the depressurization method dropped rapidly after reaching
a peak in the initial stage, and eventually continued to produce natural gas at a very low efficiency
[Yu, Tetal.,2018; Konno, Yetal.,2010; Lu, Jet al.,2018; Walsh, M. R et al.,2009]. The following
factors may be the cause of this phenomenon. Since the transmission of pressure drop inside the
reservoir is limited by the permeability of the reservoir, especially in areas with a high content of
fine particles, the range of pressure drop transmission is significantly restricted. Moreover, since
hydrate decomposition is an endothermic reaction, the temperature around the decomposition area
gradually decreases during the exploitation process [Yu, M et al., 2018; Wang, Y et al., 2019]. The
decomposition gas may be formed hydrate again due to the low temperature and then block the
gas migration channel. Han, G et al., [2018b] have also shown that the depressurization method
can cause the migration of fine particles, which in turn affects the flow of gas and liquid in the
pores. All of these can reduce the efficiency of gas production. Increasing the pressure reduction
range can significantly improve the initial gas production efficiency, but the risk of wellbore

instability and large-area sand production will also increase [.Jin, G et al., 2018; ]. Moreover, this
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method cannot solve the problem of the continued decline of gas production efficiency in the later

stage of depressurization.

As an auxiliary means of exploitation, thermal stimulation is effective and necessary for
improving the decomposition rate of MGH and the gas production efficiency. Chong et al., [2016b]
introduced a framework to analyze the impact of thermal stimulation on energy recovery with
water-saturated marine hydrate sediments. [t emphasized the importance of thermal stimulation
on the rate of hydrate dissociation, as well as the significance of water management for effectively
recovering energy from oceanic methane hydrate deposits. Wan et al., [2018a] have studied the
character of the heat transfer during hydrate dissociation under thermal injection conditions, and
it was found that thermal stimulation can significantly increase the rate of hydrate dissociation
compared with only using the depressurization method. Sakamoto et al., [2004] performed a series
of experiments with a special bulk-scale experimental apparatus used to study the effects of heat
injection on hydrate decomposition, including the different well pressures and hydrate saturation
levels. It was found that the dissociation process of hydrate in gas hydrate reservoirs can be
divided into four steps: (1) part of the free methane gas is released due to heat stimulation; (2)
hydrate was reformed in the downstream zone resulting from the flow of water and free gas in the

porous media; (3) initiation of hydrate dissociation; and (4) completion of dissociation.

It can be found that the decomposition of NGH under different conditions is limited by the mass
transfer and heat transfer processes. Since the mechanical properties of hydrate-bearing sediments
are significantly affected by NGH, the decomposition of NGH cannot be completely separated
from the mechanical properties of sediments. Furthermore, the stress-strain behavior of the
sediments will affect the migration of gas and liquid in the pores, which in turn affects the

decomposition of NGH and the efficiency of gas production. Due to the construction of the
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wellbore, the sediments located in different positions of the reservoir are in different stress states.
Thermal stimulation and depressurization operations trigger the decomposition of NGH, which
affects the stress-strain behavior of sediments, and the deformation of sediments will in turn affect
the decomposition characteristics of NGH. Understanding the mechanics of hydrate-bearing
sediments and the decomposition characteristics of hydrates under different stress states is also
necessary to accurately predict the mechanical behavior of the reservoir during the exploitation

process and improve the efficiency of gas production.
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3. Aim and organization of this thesis

3.1 Aim of this thesis

Natural gas hydrate (NGH) is a clean and promising energy resource. Traditional fossil energy
resources are no longer meet the increasing demand for energy consumption. The ultimate aim of
this thesis is to provide an experimental basis for the realization of safe and efficient exploitation

of NGH.

Firstly, before realizing the safe and efficient exploitation of NGH, it is necessary to study the
influence mechanism of different factors on the mechanical properties of hydrate-bearing
sediments by the laboratory's mechanical experiments. And then establish the constitutive model
of the stress-strain relationship of hydrate-bearing sediments. Finally, according to different
exploitation conditions, predict the changes in the mechanical properties of the NGH reservoir
during the exploitation process to ensure the safety of exploitation. Sufficient laboratory research
is the foundation to ensure the safe exploitation of NGH. Sediments have various stress conditions
in the NGH reservoir. However, most of the current studies about the mechanical properties of
hydrate-bearing sediments under general stress conditions and then established corresponding
constitutive models. The failure of hydrate-bearing sediments under plane strain conditions is
always accompanied by significant local strain and eventually formed a clear shear band. Even
under the same experimental conditions, the stress-strain relationship of hydrate-bearing
sediments is different in the triaxial shear and plane strain shear experiments. Moreover, the local
strain may cause changes in the local permeability of the reservoir, which can also affect the gas

production efficiency.
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In chapter 2, the basic physical properties of the experimental materials in this thesis have been
introduced. Then studied the development characteristics of the shear band of hydrate-bearing
sediments in the plane strain shear test. Because in the plane strain experiment, the failure of the
specimen is affected by the development of the shear band. In particular, the angle and thickness
of the shear band are considered to be related to the strength of the specimen. The experimental
results are helpful to understand the development process of the shear band in different stress-
strain stages and to establish the relationship between the development of the shear band and the
stress-strain in the future. To the long-term accurate prediction of the changes in the mechanical
properties of the NGH reservoir, the time dependence of hydrate-bearing sediments must be
considered. The shear rate dependence experiment is an effective method to study the time

dependence of materials, but only a few relevant research results have been reported.

In chapter 3, the shear rate-dependent characteristics of hydrate-bearing sediments have been
studied. After confirming that hydrate-bearing sediment also has shear rate-dependent
characteristics under plane strain conditions, three different shear rates have been selected to study
the effects of hydrate saturation and fines content on shear rate dependence. The research results
will help to introduce time parameters into the constitutive model of hydrate sediments in the
future, and then achieve long-term accurate prediction of the mechanical characteristics of the

NGH reservoir.

Secondly, understanding the decomposition characteristics of hydrates in the sand is the basis for

developing methods to improve gas production efficiency.

In Chapter 4, due to the differences in the content of fine particles in different reservoirs, the effect
of the content of fine particles on the decomposition characteristics of hydrates in the sand under

local thermal stimulation conditions has been studied firstly. On the other hand, sediments located
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in different positions of the reservoir may be in different stress states due to the early wellbore
construction. Thermal stimulation and depressurization operations cause the decomposition of
hydrates, which will also affect the stress-strain behavior of sediments, and the deformation of
sediments will in turn affect the decomposition characteristics of hydrates. In other words, the
mechanical properties of the reservoir are closely related to the decomposition properties of
hydrates. Understanding the mechanics of hydrate-bearing sediments and the decomposition
characteristics of hydrates under different stress states is also very important to accurately predict
the mechanical behavior of the reservoir during the exploitation process. In the second part of
Chapter 4, under different stress conditions, the stress-strain relationship of hydrate-bearing
sediments and the decomposition characteristics of hydrates during local thermal stimulation and
depressurization have been studied. The experimental results are helpful to understand the
interaction mechanism between the decomposition of hydrates and the stress-strain behavior of

sediments under different conditions.
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3.2 Organization of this thesis

This thesis is composed of five chapters.

Chapter 1. Introduction and literature reviews

Chapter 2. Experimental materials and the development of the shear band

Chapter 3. Shear rate dependence characteristics

Chapter 4. Decomposition of hydrate in sands

Chapter 5. Summary and future work

The content of this thesis is as follows:

In chapter 1, the research background about the natural gas hydrate has been introduced. The
current exploitation progress of natural gas hydrate and the related problems were also reviewed.
And then the mechanical properties and the decomposition characteristics of hydrate-bearing

sediments have been discussed. Finally, the aim and organization of this thesis were shown.

In chapter 2, it has shown the image information and some basic physical properties of the
experimental materials that used in this thesis. And then, with the plane strain shear tests on the

host sand and hydrate-bearing sediment, the development of the shear band has been studied.

In chapter 3, the shear rate-dependent characteristics of hydrate-bearing sediments have been
studied. After confirming that hydrate-bearing sediment also has shear rate-dependent
characteristics under plane strain conditions, three different shear rates have been selected to study

the effects of hydrate saturation and fines content on shear rate dependence.
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In chapter 4, the decomposition of hydrate in sands has been studied. Firstly, the decomposition
characteristics of hydrate-bearing sediments with different fine particle contents by local thermal
stimulation were researched. And then, combined with different stress conditions, the
decomposition characteristics of hydrate in the sediments by local thermal stimulation and

depressurization have been studied.

In chapter 5, the summary of this thesis and future work has been shown.

Figure 1-15 show the organization of this thesis.
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Chapter 2 Experimental materials and the development of

the shear band

1. Introduction

The majority of the world's natural gas hydrate (NGH) resources exist in marine sediments. The
results of marine NGH exploration in recent years have shown that NGH reservoirs in different
sea areas have unique characteristics. For example, the occurrence mode of NGH in sediments,
hydrate saturation, and particle size distribution of reservoirs varied with location. To develop a
safe and efficient exploitation strategy with a wider range of adaptability, it is particularly
important to study the mechanical and decomposition characteristics of hydrate-bearing
sediments with different fine particle contents. The plane strain shear test can simultaneously
complete the study of the mechanical behavior and local strain characteristics of hydrate-bearing
sediments. Unlike the triaxial shear test, the generation of shear bands is an inevitable failure
mode under plane stress conditions [Khalid A Alshibli and Sture, 1999; White et al., 2020]. It has
been found that the thickness of the shear band was closely related to the particle size and density
of the sample. The failure theories such as Mohr-Coulomb (M-C), Roscoe [Roscoe K H., 1970],
and Arthur [Arthur J F R et al., 1977] related the angle of the shear band to the internal friction
and dilatancy angle of the sample. The higher porosity ratio and more significant particle crushing
in the shear band area can also affect the change of the local permeability of the sample. At present,
there are only a few studies on the mechanical properties of gas hydrate-bearing sediments under

plane strain conditions, but it has been found that the presence of hydrates will affect the
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properties of the shear band of the sediments [Kajivama et al., 2017; Yoneda et al., 2013]. In
different reports, the research stage of the shear band characteristics is quite different, which
makes it difficult to compare the research results. In addition, the angle and thickness of the shear
band may change during the shearing process. Studying the development of the shear band during
the shearing process is helpful for the comparison of different research results. And it can also
provide a date reference for the establishment of constitutive models containing the parameters

of the angle and thickness of the shear band.

Some basic information of the materials used in the experiment is introduced in this chapter,
including image information, material composition, particle size distribution, and permeability.
This information is very helpful to understand the mechanical behavior and decomposition

characteristics of the hydrate-bearing sediments in chapters 3 and 4.

In addition, the plane strain shear test results of hydrate-bearing sediments are also displayed. The
stress-strain curves of hydrate-bearing sediments under plane strain conditions and the
development characteristics of shear bands are also explained. In this study, a method combining
Particle Tracking Velocimetry (PTV) technology to measure the angle and thickness of the shear
band is proposed. With this method, it is possible to study the small changes in the angle and

thickness of the shear band during the shearing process.
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2. Experimental materials

2.1 Image information

In this study, three different materials named Toyoura, Tb, and Tc have been used as host sand.
Here, the “T” in the names Tb and Tc represents ‘Turbidite’, which was first proposed by Suzuki
et al., [2009]. The images of the experimental materials are shown in Figure 2-1. Both Tb and Tc
are composed of five different kinds of sand, namely No. 7 silica, No. 8 silica, R5.5 silica, Kaolin,
and MK-300 mica, respectively. Table 2-1 shows the composition of Tb and Tc. The microscopic
photographs of three different materials are shown in Figure 2-2 (a). Figure 2-2 (b) shows the
schematic diagram of the particle arrangement of the three host sands. Since fine particles can
occupy the pore spaces between large particles, the average pore size of Tb and Tc is much smaller

than Toyoura.

[oyoura

MIK-300 Kaolin

Figure 2-1. The images of the experimental materials.
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Table 2-1. The composition of Tb and Tc [Kajivama et al., 2017].

Name No. 7 silica No. 8 silica R 5.5 silica Kaolin MK-300 mica
Tb (%) 70 17 10 1 2
Tc (%) 30 55 7 3 5

Figure 2-2 (a).The microscopic photographs of Toyoura, Tb, and Tc [Kajiyama et al., 2017].

[oyoura

Figure 2-2 (b). The schematic diagram of the particle arrangement of Toyoura, Tb, and Tc.
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2.2 Basic physical properties

Since the materials used in this study are composed of different types of sand, some of their basic
physical properties are also different. Figure 2-3 shows the particle size distribution curves of
three different host sand. Here, the fine particle content (Fc) of the Toyoura, Tb, and Tc are 0%,
8.9%, and 22.9% respectively. The gray shaded part in Figure 2-3 represents the size distribution

range of NGH reservoirs in the Nankai Trough.
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Figure 2-3. The particle size distribution curves of Toyoura, Tb, and Tc (modified from [Kajiyama
etal.,2017]).

The density and specific heat capacity of different sands are shown in Table 2-2.

The permeability of the materials is calculated according to Formula (2-1):

_ oL ]
k=2 2-1)
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where £ is permeability (cm/s), O, L is the volume of water passing through the sample in time t
(cm?), the height of the sample (cm), respectively. And A, A, t, are hydraulic head (cm), cross-
sectional area (cm?), and measured time (s), respectively. The permeability of Toyoura, Tb, and
Tc is shown in Figure 2-4. It can be found that the permeability of Tc is far lower than that of the
Toyoura and Tb. As more fine particles may fill in the pores of Tc, the transport of the liquid

becomes difficult, and which reduces the permeability of the Tc.

Table 2-2. The density and specific heat capacity of different sands.

Density (p,) Specific heat capacity (c,)

Name .
ke/m (ke k)

Toyoura 2650 745
Kaolin 2618 841
MK.-300 mica 2700 865
No. 8 silica 2673 745
No. 7 silica 2661 754
RS5S5 2640 745
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Figure 2-4. The permeability of Toyoura, Tb, and Tc.
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3. The development of the shear band
3.1 Plane strain shear test

3.1.1 Experimental instrument

A high-pressure and low-temperature plane strain shear test apparatus has been adopted to study
the mechanical properties of methane hydrate-bearing sediments. The view of the experimental
apparatus is shown in Figure 2-5. The experimental apparatus was placed in the temperature-
controlled room, and the temperature was controlled by a temperature regulator within 273.15 K
to 303.15 K, with an accuracy of = 0.5 K. The operation of the experimental system was controlled

by an external computer.

Figure 2-6 shows the schematic diagram of the experimental instrument system. The size of the
specimen (a) was 80 mm (length) X 60 mm (width) x 160 mm (height). The water in the cell liquid
tank (j) can be injected into the pressure cell (b), and the cell (confining) pressure was controlled
by the confining pressure amplifier (k) with an accuracy of £ 0.1 MPa. The 60 mm x 160 mm
surface (surface g) of the specimen was bound by two confining plates (d), and the digital
camera (p) can record the picture information of this surface of the specimen during the
experiment through the observation window (c). The pore pressure of the specimen can be
controlled from 0 to 20.0 MPa by four different syringe pumps (e, f, g, h)with an accuracy of +
0.1 MPa. Through the methane gas cylinder (j) and syringe pumps (e) and (f), methane gas can
be injected into the bottom and top of the specimen at the same time. A compression loading
system (m and n) that could supply a loading capacity of 200 kN was installed. The axial strain
of the specimen can be measured by the displacement transducer (1). The temperature sensor (q)

on the diagonal inside the sample, which was used to measure the temperature of the specimen.
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Figure 2-7 shows the detailed position of the temperature sensor. It can be seen that the

temperature sensor was 30mm away from the bottom of the specimen.

Figure 2-5. The view of the experimental apparatus.
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displacement transducer; (m) load cell; (n) loading equipment; (o) pressur
thermocouple.

(q)
(30mm)

Figure 2-7. The height information of the temperature sensor.
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3.1.2 Experimental procedures

MH

Stable arca

L) Moist Toyoura sand filling
2 Mecthance hydrate generation
3 Water saturation
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(gas + water)
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Figure 2-8. the flowchart of the experimental procedures.

Figure 2-8 shows the flowchart of the experimental procedures. And the detailed description of

the experimental procedures is as follows.
® Methane hydrate-bearing sediment preparation

In this study, Toyoura sand was adopted as the host sand. (1) Toyoura sand and a certain amount
of water for target hydrate saturation were evenly mixed. (2) After the membrane with a grid
attached was installed to the mold, the moist Toyoura sand was divided into 12 layers and filled
into the mold. (3) Filter papers were applied to the upper and bottom surfaces of the specimen.
Two acrylic confining plates were fixed on the opposite side of the specimen to maintain plane
strain conditions. (4) A vacuum pump was used to remove free air from the inside of the specimen.
(5) Water was filled within the confining chamber after the cell was fixed. Syringe pumps were
adopted to inject water and gas into the apparatus. Methane gas could be injected into the
specimen from both the top and the bottom with two syringe pumps. By injecting water and

methane gas into the machine, the pore pressure and the cell pressure were increased to 5.0 MPa
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and 5.2 MPa gradually. During this period, the confining pressure was kept higher than the pore
pressure at all times. (6) The methane hydrate-bearing sediment was formed at 278.15 K and

under 5.0 MPa (pore pressure) for about 3 days.
®  Water saturation and consolidation

After the generation of the methane hydrate inside the specimen, water was injected from the
bottom of the specimen to replace the excess methane gas, making the specimen saturated with
water. And then gradually increased the pore pressure and confining pressure to 10.0 MPa and

13.0 MPa, respectively. Consolidation was conducted under this condition for about 1 hour.
®  Shear test and hydrate saturation calculation

The axial loading was applied to the specimen under drained conditions after the consolidation.
The shear strain rate here was 0.2 %/min, and the local deformation of the specimen was also

recorded by the digital camera at the same time.

The hydrate saturation (Syy) was defined as for formula (2-2):

Syn(%) = 22 % 100 (2-2)

vy
Where Vyy is the volume of the methane hydrate and V}, is the total pore volume of samples.
During the sample preparation time, the initial water ratio of the moist sand was calculated based
on the target hydrate saturation. Formula (2-3) defines the initial water ratio (W;nitiq1):

(Smy/100)-Vyp
Winitiat = = s - A (2-3)

Where pyp is the density of methane hydrate, and pyy = 0.912 (g/cm?®) was adopted. A is
the water content of individual methane hydrate molecules (CH4 * 6H,0O). The molar mass of
methane hydrate (M) is 124.0 g/mol. Through simple calculations the value of A can be got

(A=108/124x100=87.1 %); m is the quality of dry sand.
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After the shear test, the hydrate saturation of the synthesized methane hydrate-bearing sediments

would be calculated using the total collected methane gas volume [Li et al., 2018].

L/164

Suu (%) = vy

x 100% (2-4)

Where L is the total volume of methane gas collected from the decomposition of the specimen

in the standard state.

The experimental conditions are shown in Table 2-3.

Table 2-3. Experimental conditions.

_ ; Hydrate Saturation  Confining Pressure  Pore Pressure Temperature Shear Rate
Test Void Ratio (%) (MPa) (MPa) (K) (%o/min)
1 0.711 0 13.0 10.0 278.15 0.2
2 0.706 371 13.0 10.0 278.15 02

3.1.3 Particle tracking velocimetry technology

The particle tracking velocimetry (PTV) is a non-contact measurement of the velocities and
trajectories of moving targets. The schematic diagram of PTV technology is shown in Figure 2-
9. As shown in Figure 2-9, a series of reference points are drawn on the membrane attached to
the surface of the specimen. The digital camera records the images of different shearing test stages
and then obtains the displacement increment by comparing the position changes of the reference
points before and after deformation. Finally, the velocities and trajectories of the reference point

movement can be calculated [ Yoneda et al., 2013].
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Figure 2-9. The schematic diagram of PTV technology [Yoneda, J, 2011].

In this study, the reference points to be tracked were the position of the intersection of the grid
drawn on the membrane. Figure 2-10 shows the PTV analysis area in this study. The size of the
full PTV analysis area is 60 x 140 mm and the smallest analysis element size is 2 x 2 mm. To
reduce the boundary effect, the measurement area of the shear band is the center part of the PTV
analysis area with the size of 44 x 124 mm. The intersection of the grid on the membrane can

move with the deformation of the specimen. According to the position information before and
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after the movement of the intersection of the analysis element, the local strain increment of the

specimen can be calculated.

60 mm

PTV Area :
60 mm * 140 mm
4 mm

Shear band

analysis area:
160 mm 44 mm * 124 mm

Analysis Element Unit :
4 mm * 4 mm

Figure 2-10. The PTV analysis area.

The strain in the horizontal (x) and vertical ()’) direction are obtained according to Formula (2-5)

and (2-6), respectively:

Oy

£o= — 3 2-5)
Jy

&= =3 (2-6)

Where & is the strain in the horizontal (x) direction, u is displacement in the horizontal (x)

direction. & is the strain in the vertical () direction, v is displacement in the vertical () direction.

The shear strain and volumetric strain can be calculated by formulas (2-7) and (2-8), respectively:
= — (& ﬁ) 2-7
yyx (ax + ay ( )
&= &t & (2-8)
Where y,x and ¢, are shear strain and volumetric strain, respectively.
The maximum shear strain is obtained by formula (2-9):
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Ymax = \/(Ey - Ex)z + Vyx2

where Juax is the maximum shear strain.

3.2 Development of the shear band

3.2.1 Stress-strain behavior
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Figure 2-11. Stress-strain relationship of host sand and hydrate-bearing sediment.

Figure 2-11 shows the stress-strain relationship of host and hydrate-bearing sediment. It can be

found that the hydrate-bearing sediment showed higher stifftness and strength. The volumetric

strain of the hydrate-bearing sediment gradually changed from compressive to dilative during the

shearing process, while the host sand only showed compressive behavior. These are consistent

with previous reports [Kajiyama et al., 2017; Yoneda et al., 2013]. Previous studies have shown

that the appearance of shear bands was accompanied by the failure of the specimen in the plane
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strain shear experiment [Khalid A Alshibli and Sture, 1999; Finno et al., 1997]. To study the
development of the shear band, seven different stages during the shearing test were selected as
the object of analysis (as shown in Figure 2-11). They are: (1) the starting point; (2) the point
before the peak; (3) the peak point; (4) the point where the principal stress difference drops fastest
after the peak; (5) the point where the principal stress difference begins to maintain stability; (6)

The point where the principal stress difference remains stable; (7) The ending point.

3.2.2 Localized deformation

Figure 2-12 shows the image information of the host sand and the hydrate-bearing sediment
sample at different shear stages. The clear shear band can only be observed after the principal
stress difference of the samples reached the peak. To make it easier to observe the development
of the shear band, Figure 2-13 shows the contours of maximum shear strain (yma) of the host sand

and hydrate-bearing sediment at different shear stages.

For the host sand, before the principal stress difference reaches the peak (stage 2), the localization
of the shear strain of the sample is not significant, and then a clear shear band was gradually
formed. The ymax in the central area of the shear band is higher than in other areas. For the hydrate-
bearing sediment, similarly, the clear shear band gradually formed after the peak strength (stage
3). However, compared with the host sand, the area with high ymax (red area) in the shear band of
hydrate-bearing sediment is wider. Yoneda et al., [2013] found that the shear band of the hydrate-
bearing sediment had a larger ymax than that of the host sand. And the shear band of the hydrate-
bearing sediment was narrower and appeared earlier. It was reported that the cementation of
hydrates on sediment particles was responsible for these results. Kajivama et al., [2017] also
found that the clear shear band of the host sand and hydrate-bearing sediments appeared after the

peak strength. From Figure 2-13, it can be found that the thickness and angle of the shear band
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may change in different shear stages. Previous studies [Khalid A Alshibli and Sture, 1999; K. A.
Alshibli and Sture, 2000; Hutchinson and Tvergaard, 1981; Miihlhaus and Vardoulakis, 1987]
have simply assumed that the shear band has a constant angle and thickness, and the angle and
thickness measurement position of the shear band were also not uniform in different works of
literature. This may make it difficult to compare the results of different studies. It is necessary to
develop a method to measure the small changes in the angle and thickness of the shear band and

to study the development of the shear band in different shear stages.
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3.2.3 Measurement of the angle of the shear band

It has been found that under plane strain conditions, the maximum shear strain (ymax) at the shear
band position is much greater than that of other regions [K. 4. Alshibli and Sture, 2000; Finno et
al., 1997]. In this study, the same phenomenon can also be observed from Figure 2-13. Such, it

can be separated the shear band by selecting the area with a higher value of Ymax.

r

~

- . . l” -~ 0
Tracking point fmax (7o)

PTV analysis

Shear band arca

[

Figure 2-14. Example of ymax result in the PTV analysis area.

Figure 2-14 shows an example of ynax result in the PTV analysis area, the ymax values for different
tracking points in the original image can be obtained by PTV technology. The ymax values of the
tracking points in the PTV analysis area were mapped through different colors in the right of
Figure 2-14, and it can be found that the ymax values of the traction points that in the shear band
were much larger than other areas. If the tracking points in the shear band area can be accurately
extracted, and then perform a linear fit to these tracking points, the inclination of the fitted line

can be regarded as the angle of the shear band.
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Figure 2-15. Schematic diagram of the acquisition process of the shear band angle.

Figure 2-15 illustrates the process of obtaining the angle of the shear band in more detail. As
shown in Figure 2-15 (a), when the minimum value of ymax is set to 0%, all tracking points for
PTV analysis can be obtained. Performing a linear fitting on these points can get a nearly
horizontal straight line with an inclination angle of 9.5°. Figure 2-15 (b and c) show the minimum
value of ymax are set to 30% and 50%, respectively. At this time, only tracking points with Ymax
greater than or equal to 30% (Figure 2-15 b) and 50% (Figure 2-15 c) were selected. Similarly,
the inclination angle of the line fitted by these points can be obtained as 48.9 and 49.6°,

respectively. In this way, by controlling the minimum value of yma, We can get a series of
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inclination angle values. Figure 2-15 (d) shows the relationship between the setting of the
minimum value of ymax and the inclination value of the fitted line of the selected point. It can be
found that when the minimum of ymax is greater than a certain value, the inclination angle of the
fitted line remains steady. In this study, the average value of the inclination angle that remains
steady in the final stage is considered as the angle of the shear band. This method can reduce the
random errors, and facilitate the observation of the subtle changes in the shear band inclination
during the shearing process. However, it must be noted that this method is not suitable for the
bifurcation shear bands. At the same time, this method is also not applicable when comparing the

angles of the shear bands of different samples with small differences.

3.2.4 Measurement of the thickness of the shear band

Since the shear band is not an ideal straight line, and it is difficult to identify the edge of the shear
band, measuring the thickness of the shear band is considered a very tricky matter, although it is
very important. Khalid A. Alshibli et al., [1999] developed a method to measure the thickness of
the shear band and verified its effectiveness. In this study, the same method was used to obtain

the boundaries of the shear band.

There are 10 columns of tracking points in the analysis area of the shear band, and each column
contains 36 tracking points. By formulas (2-10) and (2-11), the relative horizontal (x) and vertical
(y) displacement of adjacent tracking points in the column can be calculated.
Rxy = (Xpyq — xp) — (x;1+1 = Xp) (1=<n<35) (2-10)
Ry, = 41 =) = Oner =) (1 Sn<35) (2-11)

where the Rx,and Ry, are the relative displacements between the tracking points n and (n+1) in x

and y-direction. (X, ¥n) » (xn,yn)and (X541, Yne1) » (Xne1, Yne1) is the initial and during
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the shearing process’ coordinates of tracking points n and (n+1) in the column.

|

| PO T T S TR W E 2

0 5 10 15 20 25 30 35 40
Row

(a) The relative displacement result of
one of the columns.

A

Starting row

(b) The calculated start and end points
of the shear band in the actual picture.

Figure 2-16. The schematic diagram of the boundary calculation process of the shear band.

Figure 2-16 shows the schematic diagram of the boundary calculation process of the shear band.
Figure 2-16 (a) shows the calculation result of one of the columns. Since the relative displacement

(x and y direction) of the tracking point located at the shear band position was much larger than
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other positions, the start and end positions of the shear band can be determined. Figure 2-16 (b)
shows the calculated start and ending points of the shear band in the actual picture. Finally, the
thickness of the shear band can be obtained by the formula (2-12). Here, the average of all

calculated shear band thickness was used as the final thickness of the shear band.

T = <y1—y2)+tan9(xz—x1>l (2-12)

secH

where T and 6 are the thickness and inclination angle of the shear band, respectively. (x4, y;) and

(x,,y,) are the coordinates of the starting and ending points of the shear band.

3.2.5 The development of the shear band

Through the previously introduced method of measuring the angle and thickness of the shear band,
Figures 2-17 and 2-18 show the variations in the angle and thickness of the shear band of the host
sand and hydrate-bearing sediment during the shearing process, respectively. Since the boundary
of'the shear band only can be accurately obtained after the principal stress difference of the sample
reaches the peak value (peak strength), the starting point of the measurement of the angle and
thickness of the shear band here was after the sample reached the peak strength. The four different
shearing positions are shown in Figures 2-17 and 2-18 correspond to stages 4 to 7 in Figure 2-

13, respectively.
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Figure 2-17. The variations in the angle of the shear band of the host sand and hydrate-bearing

sediment during the shearing process.

From Figure 2-17, it can be found that the angle of the shear band of the hydrate-bearing sediment
is higher than that of the host sand during the shearing process. Yoneda et al., [2013] also reported
that the shear band of the methane hydrate-bearing sediment was steeper than that of the host sand.
Regardless of the hydrate-bearing sediment or the host sand, after the sample reaches the peak
strength, the measured shear band angle changes with the axial strain in the same law. The angle
of the shear band of the sample first increased, then remained constant, and finally decreased
slightly. It should be noted that the starting measurement of the angle of the shear band
corresponds to the position where the principal stress difference (01-03) of the sample dropped
the fastest after reaching the peak value, and the shear band has not yet fully formed. Such, a
measurement method adopted in this study may cause a certain measurement error due to the lack

of sufficient target tracking points.
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Figure 2-18. The variations in the thickness of the shear band of the host sand and hydrate-bearing

sediment during the shearing process.

From Figure 2-18, it can be found that the thickness of the shear band of the hydrate-bearing
sediment is smaller than that of the host sand. However, as the axial strain increases, the thickness
of the shear band changes in the same way for the two different samples, first decreasing and then
increased slightly. Similarly, the measured value of the starting point of the thickness of the shear
band here may also cause a certain measurement error due to the lack of target tracking points.
For the latter part of the shearing stage, the measured value of the thickness of the shear band

increased slightly, which may also be caused by the fact that the shear band is not ideally straight.

Figure 2-19 shows the schematic representation of specimen shearing. When analyzing the shear
band of the sample under plane strain shear conditions, as shown in Figure 2-19, it is generally
assumed that the sample is divided into two rigid parts A and B by the shear band. Part B moves
along the edge of part A at a fixed angle (6r). Figure 2-20 shows the displacement vectors on the
observation plane of hydrate-bearing sediment at the end of the shear test (stage 7) in this study.

In Figure 2-20, part A is subdivided into two parts, A_1 and A_2. It can be found that because
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part A is not completely rigid, the displacements of parts A_1 and A_2 are quite different. The
A_2 part has a clear tendency to shift to the lower right, which causes the shear band to no longer
be ideal straight. At the same time, since the measurement value of the angle of the shear band is

an average value, the shift of the A_2 part may cause the angle of the shear band to become smaller.

Figure 2-19. The schematic representation of specimen shearing ([Khalid A Alshibli and Sture.,

19997).

In summary, the shear band gradually develops completely after the principal stress difference of
the sample reached its peak. The development of the shear band is closely related to the change
in the strength of the sample. When the principal stress difference remains constant after the peak
(residual strength), the angle of the shear band also almost remained constant. This implies that
the angle of the shear band is closely related to the residual strength. In the later stage of the shear
test, since the two parts of the sample separated by the shear band cannot be completely regarded
as a rigid body, the shear band was no longer an ideal straight line and finally resulted in the

change in the angle and thickness measurement of the shear band. Generally, the researcher may
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choose the stage near the peak strength or the end of the shear test as the research stage of the
shear band characteristics. It can be seen that near the peak strength, the shear band has a larger

angle and smaller thickness.

Shear band

Figure 2-20. The displacement vectors on the observation plane of the hydrate-bearing sediment

at the end of the shearing test.
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4. Conclusion

Chapter 2 has shown the image information and some basic physical properties of the
experimental materials that used in this thesis. And then, with the plane strain shear tests on the
host sand and hydrate-bearing sediment, the development of the shear band has been studied. The

following conclusions can be get:

(1) The permeability of Tc is far lower than that of the Toyoura and Tb.

(2) The hydrate-bearing sediment showed higher stiffness and strength. The volumetric strain of
the hydrate-bearing sediment gradually changed from compressive to dilative during the shearing

process, while the host sand only showed compressive behavior.

(3) The angle of the shear band of the hydrate-bearing sediment is higher than that of the host

sand during the shearing process.

(4) Regardless of the hydrate-bearing sediment or the host sand, after the sample reaches the peak
strength, the measured shear band angle changes with the axial strain in the same law: the angle
of the shear band of the sample first increased, then remained constant, and finally decreased

slightly.

(5) The thickness of the shear band of the hydrate-bearing sediment is smaller than that of the
host sand. However, as the axial strain increases, the thickness of the shear band changes in the

same way for the two different samples, first decreasing and then increased slightly.
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Chapter 3 Shear rate dependence characteristics

1. Introduction

Studying the mechanical properties of natural gas hydrate-bearing sediment under different
conditions, and then accurately predicting the mechanical behavior of the reservoir during the
exploitation of natural gas hydrates, is extremely helpful for the safe and sustainable exploitation

of natural gas hydrate resources.

Previous researchers have reported the mechanical properties study results of hydrate-bearing
sediments synthesized in the laboratory and in-suit sore samples [Hyodo et al., 2013; Lijith et al.,
2019; Yoneda et al., 2017]. It has been found that temperature, effective confining pressure,
hydrate saturation, etc. have significant effects on the stiffness and shear strength of hydrate-
bearing sediments. Some related constitutive models [Klar et al., 2010; Lin et al., 2015; Miyazaki
et al., 2012] have also been proposed to describe the stress-strain relationship of hydrate-bearing
sediments under different conditions. In particular, some researchers have found that the stress-
strain relationship of hydrate-bearing sediments showed significant time-dependent
characteristics [Miyazaki et al., 2008; Miyazaki et al., 2011; Yoneda et al., 2008]. For example,
under high shear rate conditions, hydrate-bearing sediments have higher stiffness and strength.
Different shear rates may be chosen by different researchers according to laboratory conditions
when studying the mechanical properties of hydrate-bearing sediments. If the influence of shear
rate on the experimental results is neglected, the relevant constitutive model may lose accuracy

in predicting the mechanical behavior of natural gas hydrate reservoirs. In addition, the previous

71



Chapter 3  Shear rate dependence characteristics

studied on the shear rate dependence of hydrate-bearing sediments were all under triaxial
conditions. However, under the plane strain condition, the failure mode of the sample is quite
different from that under the triaxial condition. Some geological problems, such as submarine
landslides, are more closed to plane strain conditions [K. A. Alshibli and Sture., 2000]. Therefore,
it is very necessary to study the shear rate dependence characteristics of hydrate-bearing

sediments under plane strain conditions.

In this chapter, to ensure that relevant research can be carried out safely and efficiently, firstly,
plane strain shear tests were done on host sand samples and methane hydrate-bearing sediments
(hydrate saturation was about 40%) under different shear rates conditions. After determining that
methane hydrate-bearing sediments had significant shear rate dependence characteristics under
plane strain conditions, three appropriate shear rates based on the results were selected to study
the influence of other experimental conditions on the shear rate-dependent characteristics. Here,
the hydrate saturation and fine particle content were chosen as the variable for the experiments.

The specific research system in this chapter is shown in Figure 3-1.
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2. Shear rate-dependent characteristics

2.1 Shear rate-dependent characteristics under plane strain conditions

2.1.1 The experimental instrument

(q)

‘. I T (30mm)

|
1 F

(0)

(a) Specimen: (¢) observation window; (d) confining plate; (¢) lower syl
pump for water;(f) lower syringe pump for gas; (o) pressure gauge; (q)
thermocouple;

Figure 3-2. The schematic diagram of the main part of the experimental instrument.

The schematic diagram of the experimental instrument has been shown in Section 4.1 of Chapter
2. Figure 3-2 only shows the schematic diagram of the main part of the experimental instrument.
Only thermocouple A at the bottom was used to obtain the temperature information of the sample

during the experiment.

2.1.2 Experimental procedures

First, Toyoura sand was mixed well with water for the target hydrate saturation (Syz = 50%), and

the moist sand was filled into a mold with the membrane in 12 layers. After that, the effective
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confining pressure of the sample was set to 0.2 MPa, and the temperature was reduced to 287.15
K by the air conditioner. Methane gas was injected into the sample through pumps, and the pore
pressure and confining pressure were gradually increased to 5.0 MPa and 5.2 MPa, respectively.
During this process, the effective pressure of the sample was constantly maintained at 0.2 MPa.
This temperature-pressure condition was kept constant for three days to generate the hydrate.
Once the methane hydrate was formed, the excess gas in the pore space of the sample was replaced
by water to get the water saturation condition. For the pure sand sample, all procedures were the
same except there was no hydrate generation step. The pore pressure and confining pressure were
gradually increased to 10.0 MPa and 13.0 MPa, respectively after the sample reached water
saturation, and then the consolidation test was performed. The axial loading was applied to the
specimen under drained conditions. The hydrate saturation was also calculated based on the total

amount of decomposition gas measured after the experiment.

2.1.3 Experimental conditions

Table 3-1. Experimental conditions.

Hydrate Confining Pore Temperatur Shear
Void Ratio . ressure e Rate
Test saturation p Pressure -
(()/0) (MPH) (ma) (K) (OA]/lI]_ll])
S1 0.685 0 13.0 10.0 278.15 0.05
S2 0.658 0 13.0 10.0 278.15 0.1
S3 0.657 0 13.0 10.0 278.15 0.5
S4 0.696 0 13.0 10.0 278.15 1
Ml 0.655 43.6 13.0 10.0 278.15 0.05
M2 0.694 41.2 13.0 10.0 278.15 0.1
M3 0.685 42.0 13.0 10.0 278.15 0.5
M4 0.717 437 13.0 10.0 278.15 1

The detailed experimental conditions of this section are shown in Table 3-1.
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2.1.4 Stress-strain relationship
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Figure 3-3. The stress-strain results of hydrate-bearing sediments and host sand samples with

four different shear rates.

Figure 3-3 shows the stress-strain results of hydrate-bearing sediments and host sand samples
with four different shear rates. As for the host sand samples, under different shear rate conditions,
the relationship between the principal stress difference (o1-03) and the axial strain (g,) of the
sample did not change significantly. The volumetric strain (&) of host sand samples was
dominated by shear compression, and the volumetric compression strain becomes smaller, as the
shear rate increased. As for the hydrate-bearing sediments, under a higher shear rate, the initial
(01-03) of the sample increased faster. The volumetric strain of the hydrate-bearing sediments was
initially dominated by slight shear compression, followed by volume expansion for all shear rate
conditions. Besides, the volumetric dilatancy behavior of hydrate-bearing sediments becomes

more significant in the final shear stage with the increase of shear rate. Compared with the host
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sand samples, the stress-strain relationship of the hydrate-bearing sediments is more significantly

affected by the shear rate.

2.1.5 Strength and stiffness

Peak strength is an important parameter when measuring the mechanical properties of hydrate-
bearing sediments. And the peak strength of hydrate-bearing sediment is related to many factors,
such as effective confining pressure, hydrate saturation, and temperature. To better compare the
influence of shear rate on the peak strength of hydrate-bearing sediments from different studies,
the experimental conditions of different researchers are shown in Table 3-2. In all studies, the

hydrate saturation was about 40%, and the host sand was Toyoura sand.

Table 3-2. Comparison of experimental conditions of different researchers.

Effective
Test . Pore . Gas
Temperature confining Drainage

Researchers type pressure L hydrate

N (K) pressure (MP2) condition * tohe

(MPa) w
This study pl“‘?“' 278.15 3 10.0 drained methane
strain
Miyazaki et L -

al. (2017) triaxial 278 1 8.0 drained methane
Iwai, H et al. . . carbon
(2018) triaxial 274 2 10.0 undrained dioxide

Figure 3-4 shows the relationship between the peak strength (01-03)max and shear rate from this
study and other works of literature. It can be found that the (01-03)max of the pure sand sample is
not affected by the shear rate under all experimental conditions. On the contrary, the (G1-03)max of
hydrate-bearing sediment always increases with the increase of shear rate. To compare the

sensitivity of the (01-03)max 0f the sample to the shear rate under different experimental conditions,
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the slopes of the fitted line of the relationship between (01-03)max and shear rate are also marked.
Formula 3-1 shows the form of the fitted line:
Apeak = k xlogy0(Ce) (3-1)

where gpear i the peak strength (01-03)max, £ is the slope of the fitted line, and C. is the shear rate.

Slope =0.82

This study_

Iwai H et al. (2018)

Slope =0.64

T Slope =0.81

&

Miyazaki et al. (2017)
TR | . L L1 |

001 01 1
Shear rate /%/min

Figure 3-4. The peak strength (01-03)max of hydrate-bearing sediments and host sand samples.

The slope of the fitting line of the relationship between the (01-03)max and shear rates in this study
is consistent with the result reported by Miyazaki et al., [2017]. This means that under plane strain
conditions the peak shear strength of the methane hydrate-bearing sediments also has shear rate-

dependent properties.

From Figure 3-3, it can be found that in the final stage of shearing, although the axial strain
continues to increase, the principal stress difference and volumetric strain of the specimen remain
unchanged. This stage is called the critical state. In this study, the residual strength was obtained
in the critical state [Schofield and Wroth, 1968]. The specific location to obtain the residual

strength is shown in Figure 3-5. And Figure 3-6 presents the relationship between the residual
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strength and shear rate of two different samples in this study. It can be seen that the residual
strength of the host sand and hydrate-bearing sediment did not be affected by the shear rate. The

presence of methane hydrate increased the residual strength can also be observed.

Residual strength

Axial strain /%

Figure 3-5. The schematic diagram of obtaining the residual strength.

Host sand

Hydrate-bearing sediments

Shear rate /%/min

79



Chapter 3 Shear rate dependence characteristics

Figure 3-6. The relationship between the residual strength and shear rate of host sand samples

and hydrate-bearing sediments.

The secant Young’s modulus (Esp) can be regarded as an index to measure the difficulty of elastic

deformation of a material [ Duncan and Chang, 1970]. The Es) can be obtained by Formula 3-2:

Eso = (dpear)/2 (3-2)

&q
where the Esis the secant Young’s modulus, gpea is the peak strength (01-03)max, and & is the
axial strain corresponding to the half of peak strength. Figure 3-7 shows the schematic diagram
of obtaining the secant Young’s modulus. Figure 3-8 shows the secant Young’s modulus (£39) of
hydrate-bearing sediments and host sand under different shear rates. It can be observed that the
Esp increased with the rise in shear rate for hydrate-bearing sediments. This implies that a high
shear rate leads to a higher stiffness for hydrate-bearing sediments. This behavior is attributed to
the grains in the hydrate-bearing sediment, which gets densified and their relative movement was
limited in the high shear rate. As for the host sand, no obvious difference in the E5) was observed

at different shear rates.

(a1
([l
-~

v

)

-y

L
L,
g]

o))

)

w

o
=

o]

o

D

=
=
[al)

Axial strain /%

Figure 3-7. The schematic diagram of obtaining the secant Secant Young’s modulus (£3p).
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Figure 3-8. The Secant Young’s modulus (E59) of hydrate-bearing sediments and host sand

under different shear rates.

2.1.6 Localized deformation

Firstly, the specimen images of the host sand and hydrate-bearing sediments with shear rates of
0.05 %/min and 0.5 %/min during the shearing tests are shown in Figures 3-9 and 3-10. From
Figures 3-9 and 3-10, it can be found that the shear band gradually appeared with the increase in
axial strain for all cases. However, the clear shear band appeared at different axial strains and the
appearance characteristics of the shear band seem also affected by the type of the samples and the

shear rates.
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0.05 %/min 0.1 %/min 0. 5 %/min 1 9%/min

—— [Host sand

Hydrate-bearing sediments

Shear Rate/ %/min
Figure 3-11. The shear band angle of (a) host sand and (b) hydrate-bearing sediments at different

shear rates. (¢) The angle of the shear band of host sand and hydrate-bearing sediments at different

shear rates [Wu et al., 2020].

Considering the complexity of the shape of the shear band, the method reported by other
researchers [Khalid A Alshibli and Sture, 1999] was used to measure the angle of the shear band
here. In this study, after the sample experienced peak strength (01-03)max, the location where (01-
03) decreased faster was selected to measure the angle of the shear band. A similar research

method can also be found in previous reports [Kajivama et al., 2017; J. Yoneda et al., 2013]. It
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should be noted that the angle here is an average value, as the shear band is not an ideal straight
line. Figure 3-11 shows the shear band angle of the host sand and hydrate-bearing sediments. It
can be observed that the shear band angle of the hydrate-bearing sediments was around 57.7° and
no remarkable change was seen in the angle with an increase in the shear rate. Besides, there was
a slight increase in the shear band angle of the host sand at a higher shear rate (from 52.3° to
56.3°), and the shear band angle of pure sand samples was lower than that of the hydrate-bearing
sediments at all shear rates in this study. It has been reported that the shear band angle tends to
increase with higher hydrate saturation [Yoneda, J et al., 2013]. The effect of the dilation angle
and cementation mechanisms of hydrate with the sand may result in a complex shear band angle
prediction [Soga et al., 2006; Vaid et al., 1981; Waite et al., 2009]. It has been reported that the
angle of the shear band (6,) was related to the internal friction angle (¢») [Roscoe, K. H., 1970],

as presented by Formula (3-3):
1
04 = % + 3 bm (3-3)

Based on this expression, it can be inferred that within the shear rate range of this study, the

internal friction angle at the failure of hydrate-bearing sediments can be regarded as a constant.
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Figures 3-12 and 3-13 show the contours of the maximum shear strain of the host sand samples
and hydrate-bearing sediments during the shear test, respectively. In the case of host sand samples,
at a higher shear rate (0.5 %/min), the localized strain concentration appeared earlier. Conversely,
as for the hydrate-bearing sediments, the significant local strain concentration (shear band) occurs
at an axial strain of about 10% at a shear rate of 0.5 %/min, and 8% at a shear rate of 0.05 %/min.
besides, the shear rate also has different effects on the large shear strain contour (ymax > 40%)
distribution of the two types of specimens. In the case of hydrate-bearing sediments, at a low
shear rate (0.05 %/min), the large shear strain contours appeared not only in the interior of the
shear band (45% < ymax < 50% in this study) but also around the shear band. As the shear rate
was increased to 0.5 %/min, the large shear strain contour became more concentrated inside the
shear band. As for the host sand samples, at the two different shear rates, the large shear strain

contours were observed around the shear band.
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Figure 3-14. The appearance position of the clear shear band of hydrate-bearing sediments under

different shear rates.

Figure 3-14 shows the appearance position of the clear shear band of hydrate-bearing sediments
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under different shear rates. As for the hydrate-bearing sediment under the shear rate of 0.05%/min,
the clear shear band appeared after the peak strength closely. However, the appearance of the clear
shear band of hydrate-bearing sediment under the shear rate of 0.5%/min more late after the
sample reached the peak strength. It seems that the higher shear rate delayed the appearance of
the shear band. Previous studies [Desrues et al., 2004; Lade et al., 2014; Kajivama et al., 2017]
have found that for non-cemented sands, the appearance of clear shear bands may occur before
the sample reaches its peak strength. For cemented sand and hydrate-bearing sediments, the shear
band appeared after the sample reached its peak strength. It has been reported that cementation in
the sand delayed the appearance of shear bands. Based on this, the possible reason for the
appearance of the shear band has been delayed under a higher shear rate is that the cementation
in the sand specimens restricts the movement of the particles more significantly under a high shear

rate.

Figures 3-15 and 3-16 show the contours of the volumetric strain of the host sand and hydrate-
bearing sediments with shear rates of 0.05 %/min and 0.5 %/min. In this study, the local volume
expansion and compression of the specimen during the shear test were analyzed separately with
the PTV technique, as it has been reported that volume compression and expansion
simultaneously exist at the shear band area under plane strain shear tests [ Kato and Nakata, 2015].
In the case of the host sand (see Figure 3-15), the compression behavior is more significant at a
lower shear rate (0.05 %/min). When the shear rate was increased, the shear band area showed
obvious expansion behavior. On the contrary, for the hydrate-bearing sediments (see Figure 3-
16), under the two different shear rate conditions, more significant local expansion behavior can
be observed. Especially for the higher shear rate condition (0.5 %/min), the area of local
expansion was wider, and the local compression behavior was almost not observed. Yoneda et al.,

[2013] reported that the existence of methane hydrate in the pore spaces results in a marked
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increase in the dilative volumetric strain in the shear band. From Figures 3-15 and 3-16, it can be
found that the increase in shear rate can significantly improve the local volume expansion
behavior of the samples, especially for the hydrate-bearing sediments. This implies that under the
higher shear rate, the relative movement of particles tends to increase the pore space inside the
sample, which in turn causes the local volume of the sample to expand. The possible explanation
is that at a higher shear rate, the movement type of the particles was restricted, the structure
reorganization between the particles became difficult, and the fine particles did not have enough

time to fill the newly created pores, causing local volume expansion.

= Compression

£,

Expansion

- Compression

P
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Figure 3-15. Contours of the volumetric strain of host sand samples with a shear rate of (a)

0.05 %/min and (b) 0.5 %/min.
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Figure 3-16. Contours of the volumetric strain of the hydrate-bearing sediments with a shear rate

of (a) 0.05 %/min and (b) 0.5 %/min.

2.1.7 Shear rate-dependent mechanism of hydrate-bearing sediments

Table 3-3 summarizes the shear rate-dependent characteristics of hydrate-bearing sediments.
Since the mechanical properties of host sand specimens are independent of the shear rate, it
implies that hydrates play an important role in the shear rate dependence of sediments. Based on

the mechanism that hydrates enhance the mechanical properties of sediments, Yoneda, J et al.,
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[2018] suggested considering the shear rate-dependent mechanism of hydrate sediments from two
aspects. The first is the hydrate itself, and the second is the friction mechanism between the
hydrate, pore fluid, and sediment particles. And this shear rate dependence has been considered

as the viscous behavior of hydrate-bearing sediments.

Table 3-3. Summary of the shear rate dependence characteristics of hydrate-bearing sediments.

Hydrate-beari Peak Residual Global vol tri
Yo .e earing ea esicua Stiffness obal vo 'ume rie Shear band (Local deformation)
sediment strength strength strain
® Angle: x

More significant ® Appearance: be delayed under a higher shear rate;

Plane strain shear g < & volumetric i .

. ; AT
(This study) expansion under a ® Maximum shear strain:

higher shear rate ® Volumetric strain: more significant volumetric expansion under a

higher shear rate;

Triaxial shear

+: positive dependence; x: independence; *: no information;

Triaxial shear test results: [Miyazaki, K et al., 2011 and 2017; Iwai, H et al., 2018; Yoneda, J et al., 2018]

sand

Figure 3-17. Schematic of different morphologies of hydrate-bearing sediments in this study. (a)
The hydrate cemented sand particles; (b) The hydrate particles in the pore space of the sand

particles; (c¢) Hydrate and sand particles formed clusters;

The structure of pure methane hydrate is similar to ice, and the shear rate dependence
characteristics of the pure methane hydrate are more significant than that of ice [Hawkes and
Mellor., 1972; Jones et al., 1997; Durham et al., 2003]. Under a low shear rate, the grain

boundaries diffusion or cracking in ice, and during the shearing process, the local high pressure
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generated by the contact points of the grains may melt the ice, resulting in lower strength and
stiffness [Dillon and Andersland., 1967]. The shear rate dependence mechanism of the pure
methane hydrates may be similar to the ice, but due to the stronger thermodynamic stability of
the hydrate under high-pressure conditions, the high pressure melting phenomenon may not occur
in the methane hydrate. Frozen sand also has shear rate-dependent characteristics. Under the
condition of low shear rate, the creep behavior of the ice, and the melting water produced by the
local high pressure has sufficient time to migrate within the specimen eventually resulted in the
decrease in the strength and stiffness of frozen sand [Parameswaran., 1980]. According to the
results of previous studies [ Yoneda, J et al., 2016; Kato, A et al., 2016], the preparation method of
the hydrate-bearing sediments used in this study, most of the hydrates and sand particles were
cemented, and a small number of hydrates existed in the pore space between the sand particles or
formed clusters structure with sand particles. Figure 3-17 shows the schematic of different
morphologies of hydrate-bearing sediments in this study. Figure 3-18 shows the tomographic
image and the related conceptual model of the structure of the hydrate-bearing sediments. Even
under stable conditions, a liquid layer of several microns between the hydrate and the sand
particles has been observed [Chaouachi, M et al.,2015]. It has been assumed that if the liquid that
trapped between the hydrate and the sand particles was drained during the shearing process, the
movement of the liquid layer may also cause the shear rate-dependent characteristics of the
sample [ Yoneda, J et al., 2018]. Based on the above analysis, the following explains the possible

mechanism of shear rate dependence of hydrate-bearing sediments under plane strain conditions:

Peak strength and stiffness: Under a lower shear rate condition, the hydrate that cemented with
sand particles or existed in the pore space of the sand particles may have lower strength and
stiffness due to the grain boundaries diffusion or cracking. And the clusters composed of hydrate

and sand particles have sufficient time to turn over and move, it did not cause great resistance to
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the movement of the surrounding particles. The irregularity of the shear band shape is also

considered to be related to the movement of the clusters [ Yoneda, J et al., 2016].

Py ‘:;‘ % L 3 b Squirt flow of water due
e e s R - to a passing elastic wave

\\
N

/

Layer of water remaining at grain

surface and  in particular near

intergranular contact points

Figure 3-18. The tomographic image (a) and the related conceptual model (b) of the structure of
the hydrate-bearing sediments [Chaouachi, M et al., 2015].

Residual strength: The residual strength of hydrate-bearing sediments was independent of the
shear rate in this study. In the final stage of the shearing test, the strain of the specimen is
concentrated in the shear band area, and the residual strength is closely related to the angle and
friction characteristics of the shear band area. The angle of the shear band was independent of the
shear rate in this study, and the friction characteristics of the shear band area are related to the
hydrate saturation, effective confining pressure, particle size, and shape, etc., independent of the
strain rate, so the residual strength was not affected by the shear rate. As mentioned in Chapter 2,
the angle of the shear band remains almost unchanged when the sample reaches the stage of
residual strength. Since the internal friction angle is directly related to the angle of the shear band
[Alshibli, K. A, and Sture, S.,2000], it can also be said that the internal friction angle of the sample
is independent of the shear rate. Previous studies have also found that within a certain strain rate
range, although the peak strength of the soil increased with the increase of the strain rate, the

internal friction angle was independent of the strain rate [Stafford, J, and Tanner, D., 1983].
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Volumetric strain: The volumetric strain of the hydrate-bearing sediment was affected by the
movement of the sand particles inside the sample. Under the condition of high shear rate, the
movement mode of the sand particles was restricted, and the particle structure did not have enough
time to complete the reorganization, resulted in more significant volumetric expansion; The
cementation of the sand particles by the hydrate and the hydrate filled in the sand pores can also
make the volumetric expansion effect of the sample more significant under the condition of high

shear rate.

Shear band: Previous studies have found that due to the cementation of hydrates on sand particles,
the appearance of shear bands may be delayed [Kajiyama et al., 2017]. Under the condition of a
high shear rate, the movement of cementation particles was restricted, which may be the reason

for the delayed appearance of shear bands.
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2.2 The effects of hydrate saturation and fines content

Current research on core samples and field tests has found that the hydrate saturation and fine
particle content conditions in different regions have great differences [Moridis et al., 2011; J.
Yoneda et al., 2018]. In this section, the influence of hydrate saturation and fines content on the
shear rate dependence of hydrate-bearing sediments under plane strain conditions has been

studied.

2.2.1 Experimental conditions

Table 3-4. Experimental conditions.

Test Sand SIE;It)l]l(:::itzn (i’(:']:il:li:'::g Przg::re Tenmeagice  SMex lilate
(%) (MPa) (MPa) (K) {%@imin)

1* Toyoura 0 13.0 10.0 278.15 0.05
2% Toyoura 0 13.0 10.0 278.15 0.5

3* Toyoura 0 13.0 10.0 278.15

4 Toyoura 11.6 13.0 10.0 278.15 0.05

5 Toyoura 16.3 13.0 10.0 278.15 0.5

6 Toyoura 124 13.0 10.0 278.15 1

T* Toyoura 43.6 13.0 10.0 278.15 0.05
8* Toyoura 42.5 13.0 10.0 278.15 0.5
9% Toyoura 437 13.0 10.0 278.15 1

10 Tb 0 13.0 10.0 278.15 0.05
11 Tb 0 13.0 10.0 278.15 0.5

12 Tb 0 13.0 10.0 278.15 1

13 Tb 43.6 13.0 10.0 278.15 0.05
14 Tb 40.0 13.0 10.0 278.15 0.5

15 Tb 443 13.0 10.0 278.15 1

* The experimental results already have been shown in section 2.

Based on the experimental results in section 2, three different strain rates (0.05 %/min, 0.5 %/min,

1 %/min) were selected to study the effect of hydrate saturation and fine particle content on shear
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rate-dependent characteristics. The hydrate saturation was about 0%, 15%, 40%, respectively. As
for the content of fine particles, only Toyoura (fines content = 0%) and Tb (fines content = 8.9%)
were selected for comparison experiments. The specific experimental conditions of the

experiments are shown in Table 3-4.

The experiments with * in the experiment serial number have been shown in section 2, here as
the comparison group. In this section, the size and unit of the Particle Tracking Velocimetry

(PTV) analysis are shown in Figure 3-19.

> of the original

< 160 mm

The size of the PTV analysis
arca: 60 > 140 mm

The unit of the PTV

analysis: 5 X 5 mm

Figure 3-19. The size and unit of the PTV analysis.

2.2.2 Stress-strain relationship

Figure 3-20 shows the stress-strain relationship of the host sand (Toyoura) samples and hydrate-
bearing sediments (Toyoura) under different shear rates. As mentioned earlier, the principal
strength difference versus axial strain curve of host sand (Toyoura) was not affected by the shear
rate, but the volumetric strain compression (positive means compression and negative means

expansion) of the host sand (Toyoura) was decreased under a higher shear rate. As for hydrate-

97



Chapter 3 Shear rate dependence characteristics

bearing sediments (Toyoura) with a hydrate saturation of about 40%, the principal strength
difference of the samples increased with the increase of the shear rate. And with the increase of
the shear rate, the volumetric expansion effect of the hydrate-bearing sediments (Toyoura) was

significantly increased in the later period of the shear test.
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Figure 3-20. Stress-strain relationship of the host sand (Toyoura) samples and hydrate-bearing

sediments (Toyoura) under different shear rates.

When the hydrate saturation was about 15%, the shear rate had little effect on the stress-strain
relationship of the hydrate-bearing sediments (Toyoura). The stress-strain carves of hydrate-
bearing sediments with hydrate saturation about 15% almost the same under different shear rates.

Previous studies [Lijith et al., 2019] have found that the morphologies of methane hydrate in the
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sediments varied with hydrate saturation. When the hydrate saturation was very low, the hydrate
mainly existed on the surface of the particles and the pores between the particles. And at this
condition, the strength and stiffness of the hydrate-bearing sediments were not increased
significantly due to the presence of hydrate. The cementation effect between the hydrate and the
particles and the load-bearing morphology were increased with a higher hydrate saturation. Here
it was found that the shear rate dependence of the hydrate-bearing sediments (Toyoura) was more
significant under the condition of high hydrate saturation (Sh=40%). A possible explanation for
this phenomenon is that the hydrate-bearing sediments showed significant shear rate dependence
result from the cementation between the hydrate and the particles and the loading-bearing
morphology in the sample. As the cementation of hydrates on sediment particles or the loading-
bearing morphology in the sample can limit the movement and turnover of sediment particles
during the shearing process.

Figure 3-21 shows the stress-strain relationship of host sand (Toyoura and Tb) and hydrate-
bearing sediments (Toyoura and Tb) under different shear rates. From Figure 3-21 (left), it can
be found that the volumetric compression effect of the host sand (Tb) was more significant than
that of the Toyoura sand. The principal stress difference-axial strain curves of both Toyoura and
Tb host sand samples were almost not affected by the shear rate, and the volume compression of
them was reduced under a higher shear rate. As shown in Figure 3-21 (right), under the same
experimental conditions, the initial stiffness and final volumetric expansion effect of the hydrate-
bearing sediments (Tb) were lower than that of the hydrate-bearing sediments (Toyoura). Previous
studies [Kajivama et al., 2017] also reported that at a dense state, the hydrate-bearing sediments
with high fines content displayed a smaller initial stiffness. On the other hand, the hydrate-bearing
sediments (Tb) also showed shear rate dependence. The initial stiffness and principal stress

difference of the hydrate-bearing sediments (Tb) increased with the increase of the shear rate.
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Additional, marked volumetric expansion behavior of the hydrate-bearing sediments (Tb) can be
observed at a higher shear rate. Finally, regardless of whether the Tb sand contains hydrate or not,
its volume expansion strain was lower than that of the Toyoura sand sample under the same

conditions.
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Figure 3-21. Stress-strain relationship of the host sand (Toyoura and Tb) samples and hydrate-

bearing sediments (Toyoura and Tb).

2.2.3 Strength and stiffness

Figure 3-22 shows the peak strength (01-03)max Of the host sand (Toyoura and Tb) samples and
hydrate-bearing sediments (Toyoura and Tb) at different shear rates. It can be found that the peak

strength of Toyoura sand samples increased with the increase of the hydrate saturation, and only

100



Chapter 3 Shear rate dependence characteristics

when the hydrate saturation was high (Sh=40%), the peak strength of the hydrate-bearing
sediments (Toyoura) increased significantly at a higher shear rate. As for the Tb samples, the peak
strength of the host sand (Tb) was almost the same as that of the host sand (Toyoura), and it also
did not show the shear rate dependence. Under a high hydrate saturation, the peak strength of the
hydrate-bearing sediments (Tb) showed the same shear rate-dependent behavior as the hydrate-
bearing sediments (Toyoura). And the peak strength of the hydrate-bearing sediments (Tb) was

slightly higher than that of the hydrate-bearing sediments (Toyoura) with the same hydrate

saturation and shear rates.
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Figure 3-22. Peak strength (01-03)max of the host sand (Toyoura and Tb) samples and hydrate-

bearing sediments (Toyoura and Tb).

Figure 3-23 shows the residual strength of the host sand (Toyoura and Tb) samples and hydrate-
bearing sediments (Toyoura and Tb) at different shear rates. With the scope of the experimental
conditions in this study, the residual strength of the sample did not show a significant correlation
between the shear rate and the content of fine particles. Besides, the residual strength increased

with the increase of hydrate saturation.
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Figure 3-23. Residual strength of the host sand (Toyoura and Tb) samples and hydrate-bearing

sediments (Toyoura and Tb).
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Figure 3-24. Secant Young’s modulus (Esy) of the host sand (Toyoura and Tb) samples and

hydrate-bearing sediments (Toyoura and Tb).

Figure 3-24 shows the Secant Young’s modulus (Fs) of the host sand (Toyoura and Tb) samples
and hydrate-bearing sediments (Toyoura and Tb). As for the Toyoura sand samples, when there

was no hydrate (host sand) or the hydrate saturation was very low (Sh=15%), the Esp of the
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sample was not affected by the shear rate. And, compared with the host sand sample, the Es of
the sample with low hydrate saturation did not increase. When the hydrate-bearing sediments
(Toyoura) were at a higher hydrate saturation, the Es5y of the samples increased with the increase
of the shear rate, showing significant shear rate dependence. Under the same hydrate saturation
and shear rate conditions, the Esp of the samples of Tb in this study was lower than that of the
samples of Toyoura. Additionally, the Es¢ of the hydrate-bearing sediments (Tb) also showed shear
rate dependence, but the degree was less than that of the hydrate-bearing sediments (Toyoura)

with the same hydrate saturation.

2.2.4 Localized deformation

The contours of the maximum shear strain (Ymax) results of the host sands (Toyoura) and hydrate-
bearing sediments (Toyoura) with hydrate saturation of about 40% have been discussed
previously (see Figures 3-12 and 3-13). As a comparison, Figures 3-25 and 3-26 show the
maximum shear strain of the hydrate-bearing sediments (Tb) with hydrate saturation of about 40%
and the host sands (Tb) under the shear rate of 0.05 %/min and 0.5 %/min, respectively. Firstly,
whether it is the pure sand (Tb) or the hydrate-bearing sediment (Tb), under different shear rate
conditions, clear shear bands appeared after the axial strain reaches 12%. From Figure 3-285, it
can be found that for the hydrate-bearing sediment (Tb), under a higher shear rate, the area with
high ymax becomes slightly wider (red area). For the host sands (Tb), the shear rate has little effect
on the Ymax results (see in Figure 3-26). The high ymax area (red area) and the appearance time of
the shear band were almost the same in different shear rates. Figure 3-27 shows the appearance
position of the clear shear band of hydrate-bearing sediments (Tb) under different shear rates. It
can be found that the increase of the shear rate did not delay or advance the appearance of the

shear bands in hydrate-bearing sediments (Tb).
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Figure 3-27. The apparent position of the clear shear band of hydrate-bearing sediments (Tb)

under different shear rates.

Figures 3-28 and 3-29 show the contours of the final volumetric strain (&, positive means
compression, and negative means expansion) of host sand (Toyoura and Tb) and hydrate-bearing
sediments (Toyoura and Tb) under different shear rates. To observe the small volumetric strain
clearly, here the value of the volumetric strain was controlled within £20%. As shown in Figure
3-28, the shear rate has a greater impact on the local volume expansion effect of the hydrate-
bearing sediments (Toyoura). Under high shear rate conditions, the local volumetric expansion
area of the hydrate-bearing sediments (Toyoura) was wider, and the volumetric expansion in the
shear band was more significant. As for the host sand (Toyoura), the local volumetric expansion

only existed in the shear band area and it was almost unaffected by the shear rate.

106



Chapter 3 Shear rate dependence characteristics

0.05 %/min 0.5 %/min | %/min

Figure 3-28. Contours of the final volumetric strain of (a) host sand (Toyoura) and (b) hydrate-

bearing sediments with hydrate saturation of about 40% (Toyoura).

0.05 %/min 0.5 %/min [ %/min

Figure 3-29. Contours of the final volumetric strain of (a) host sand (Tb) and (b) hydrate-bearing

sediments with hydrate saturation about 40% (Tb).
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Differently, from Figure 3-29, it can be found that under a higher shear rate, the local volumetric
expansion area of the host sand (Tb) and hydrate-bearing sediments (Tb) with hydrate saturation
of about 40% was slightly reduced and increased, respectively. This means that the shear rate has
little effect on the local volumetric strain of the samples (Tb) with and without hydrates.
Additionally, comparing Figures 3-28 and 3-29, the local volumetric strain expansion of the
hydrate-bearing sediments (Toyoura) was more significant than that of the hydrate-bearing

sediments (Tb) under all shear rate conditions.

To sum up, due to the presence of fine particles, the shear rate dependence characteristics of the
host sand (Tb) and hydrate-bearing sediments (Tb) were affected significantly. As for the host
sands, the peak strength, residual strength, and Esy of the host sand (Tb and Toyoura) were not
affected by the shear rate. However, the local strain behaviors of the host sand (Toyoura) vary
with changes in shear rate. The local volumetric strain expansion of the host sand (Toyoura) was
more significant and the appearance of clear shear bands was also earlier under a higher shear
rate. The local deformation of the host sand (Tb) was not affected by the shear rate. As for the
hydrate-bearing sediments, under the same hydrate saturation, the peak strength of the hydrate-
bearing sediments (Toyoura and Tb) were similar and have the same shear rate-dependent
characteristics. But the £5) of the hydrate-bearing sediments (Tb) was lower than that of hydrate-
bearing sediments (Toyoura), the Esp of the hydrate-bearing sediments (Tb) also showed lower
shear rate dependence. The local deformation of the hydrate-bearing sediments (Tb) was also not

as significantly affected by the shear rate as in the hydrate-bearing sediments (Toyoura).

The presence of fine particles will increase the compactness of the sample and then affect the
movement of sediment particles during the shearing process. And the fine particles in the pore

space of the sediment can also affect the formation of the hydrates in sediments. Previous studies

108



Chapter 3  Shear rate dependence characteristics

[Lei and Santamarina, 2019] found that the sediment mechanical and transport responses were
controlled by the fine particles, even though most of the mass is sand in the sediment. Besides,
the fine particles can also affect the formation of the gas hydrate in the sediments. The generation
of the hydrate in the sediment that contained fines was displacive and segregated and it was easier
to generate the lenses-like structure [Lei and Santamarina, 2018]. Coarse sand samples are prone
to generate larger hydrate clusters [Yoneda et al., 2016] due to the larger pore size between
sediment particles, which in turn affects the migration mode of particles during the shearing
process. In the future, an experimental method that can observe the movement of particles inside
the sample needs to be adopted to determine the reason for the influence of fine particles on the

shear rate dependence of the hydrate-bearing sediments.
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3. Conclusion

Chapter 3 studies the shear rate dependence characteristics of methane hydrate-bearing sediments
under plane strain conditions. The host Toyoura sand and methane hydrate-bearing sediments
(Toyoura) with hydrate saturation of about 40% were first used to confirm the shear rate
dependence behaviors of different kinds of samples under plane strain conditions. And then the
effection of fine particle content and hydrate saturation on shear rate dependence has been studied.

Based on the experimental results, the following conclusions can be get:

(1) Compared with the host sand (Toyoura and Tb), the stress-strain relationship of the hydrate-

bearing sediments (Toyoura and Tb) is more significantly affected by the shear rate.

(2) The peak strength of the host sands (Toyoura and Tb) was not affected by the shear rate. On
the contrary, the peak strength of hydrate-bearing sediments (Toyoura and Tb) increased with the
increase of shear rate. This means that under plane strain conditions the peak strength of the

methane hydrate-bearing sediments (Toyoura and Tb) have shear rate-dependent properties.

(3) The presence of methane hydrate increased the residual strength of the hydrate-bearing

sediments, but the shear rate did not affect the residual strength of the hydrate-bearing sediments.

(4) The secant Young’s modulus (E5¢) of hydrate-bearing sediments (Toyoura and Tb) increased
with the increase of the shear rate, and no obvious difference in the Es5y was observed at different
shear rates for the host sand (Toyoura and Tb). Besides, under the same hydrate saturation and

shear rate conditions, the Esp of the samples of Tb was lower than that of the samples of Toyoura.

(5) As for the hydrate-bearing sediments (Toyoura) with hydrate saturation of about 40%, the
angle of the shear bands was not affected by the shear rate. And for the shear rate range used in

this study, the shear band angles of the hydrate-bearing sediment samples were larger than that of
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the host sand samples.

(6) The shear rate dependence characteristics of the hydrate-bearing sediments were more

significant with a higher hydrate saturation.

(7) The local deformation of the hydrate-bearing sediments (Tb) was also not as significantly
affected by the shear rate as in the hydrate-bearing sediments (Toyoura). As for the hydrate-
bearing sediments (Toyoura), the increase in shear rate can significantly improve the local volume
expansion behavior of the samples and the large shear strain contour became more concentrated

inside the shear band under a higher shear rate.
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Chapter 4. Decomposition of hydrate in sands

1. Introduction

Previous studies have shown that depressurization is an economically feasible method of natural
gas hydrate (NGH) exploitation [Kurihara, M et al., 2009; Moridis, G. J et al., 2009]. However,
the production efficiency of depressurization is limited by the permeability of the reservoir and
the regeneration of hydrates. Especially for areas with high fine particle content, the gas
production efficiency in the later stage of depressurization decreases sharply [Moridis, G. J et al.,
2011; Walsh, M. R et al., 2009]. Although the application of horizontal production wells has
greatly increased the efficiency of depressurization, the gas production rate still cannot meet
commercial exploitation needs [Jianliang, Y et al., 2020; Yu, T et al., 2019; Feng, Y et al., 2019].
Moreover, horizontal wells are more affected by the mechanical behavior of reservoir sediments,
and it is impossible to increase gas production efficiency by further increasing the magnitude of

depressurization [Jin, G et al., 2018;].

Thermal stimulation is necessary as an auxiliary exploitation method to improve the gas
production efficiency of NGH [Falser, S et al., 2012; Liu, Y et al., 2018;]. Considering the
different fine particle content of the reservoir, this chapter first studied the influence of fine
particle content on the hydrate decomposition characteristics in hydrate-bearing sediments under
local thermal stimulation conditions. On the other hand, sediments located at different locations

in the reservoir are in different stress states due to the early construction of the wellbore.
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Thermal stimulation and depressurization operations will cause the decomposition of hydrates,
which will affect the stress-strain behavior of sediments, and the deformation of sediments will
also affect the decomposition characteristics of hydrates at the same time. Understanding the
mechanic behavior of hydrate-bearing sediments and the decomposition characteristics of
hydrates under different stress states is also very important to accurately predict the mechanical
behavior of the NGH reservoir during the exploitation process. In the second part of this chapter,
under different stress conditions, the stress-strain relationship of hydrate-bearing sediments and
the decomposition characteristics of hydrates during local thermal stimulation and

depressurization have been studied.
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2. Decomposition of hydrates in sands

2.1 Local thermal stimulation

2.1.1 The experimental instrument

(q)-D(150 mm) mm

(q)- (120 mm) -
+—>

(q)- (60 mm) ; 60 mm
mm

(- (30 mm)

(r)(-20 mm) |

Figure 4-1. The schematic diagram of the sample part.

Figure 4-1 shows the schematic diagram of the sample part in this chapter. Four thermocouples
located on the diagonal inside the sample and distance the bottom surface of the sample are 30,
60, 120, and 150 mm respectively. The heating device is 20 mm away from the bottom surface of
the sample. There are two pressure sensors on the top and bottom of the sample to measure the
pore pressure of the sample during the experiment. A detailed introduction of the instrument can

be found in Chapter 2.

2.1.2 Experimental procedure and conditions
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Toyoura, Tb, and Tc were adopted as the host sediment. The percentage of fines contained (Fc) in

Toyoura, Tb and Tc were 0%, 8.9%, and 22.9%, respectively.
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Figure 4-2. The schematic diagram of the experimental process.
The experimental procedure as follows:

(1) Methane hydrate-bearing sediment preparation

A certain amount of water and dry host sand was mixed to obtain predetermined hydrate saturation.
After the membrane with a grid attached was installed to the mold, the moist sand was divided
into 12 layers and filled into the mold. Filter papers were applied to the upper and bottom surfaces
of the sample. Two acrylic confining plates were fixed on the opposite side of the sample to
maintain plane strain conditions. A vacuum pump was used to remove free air from the inside of
the sample and then water was filled within the confining chamber after the cell was fixed. Syringe
pumps were adopted to inject water and gas into the apparatus and to measure the changes in
specimen volume simultaneously. Methane gas could be injected into the sample from both the

top and the bottom with the two syringe pumps. During the methane gas injection, the pore
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pressure and the cell pressure were increased to 5.0 MPa and 5.2 MPa gradually. The confining
pressure was kept 0.2 MPa higher than the pore pressure at all times at this step. The methane

hydrate-bearing sediment was formed at 278.15 K and under 5.0 MPa (pore pressure) for 3 days.

(2) Water saturation and consolidation

Water would be injected from the bottom of the sample to replace the excess methane gas in the
sample after the generation of methane hydrate, making the sample saturated with water. After
that, the pore pressure and confining pressure were increased to 10 MPa and 13 MPa respectively

for consolidation.

(3) Thermal stimulation

Thermal stimulation was performed after the consolidation. As shown in Figure 4-1, the lower
syringe pump (fi) was closed during this period. The upper syringe pump (f2) was used to keep
the pore pressure within 10.0 MPa. Decomposed gas and water were collected and recorded at
the same time. The thermal stimulation condition was provided by the heater (r), which was kept
at 353.15 K during this process. And the laboratory environment temperature was kept at 278.15
K at all times. The temperature at the top position of the sample was considered to be consistent
with the ambient temperature and maintained at 283.15 K. The principal stress difference was
maintained at 0 MPa during the thermal stimulation test. The entire thermal stimulation process
lasted about 15 h. At the end of the heating experiment, the hydrate was heated to complete
dissociation and the total amount of the methane gas collected was recorded. The schematic
diagram of the experimental process is shown in Figure 4.2. Table 4-1 listed the experimental

parameters and conditions in this section.
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Table 4-1. Experimental parameters and conditions.

. Hydrate Confining Pore Initial Heating
Test Porosity Soono 8 5 E g EEa =
name Sand (%) saturation pressure pressure temperature temperature
(%0) (MPa) (MPa) (K) (K)
S1 Toyoura 39.2 319 13.0 10.0 283.15 353.15
52 Toyoura 399 0 13.0 10.0 283.15 353.15
Tbl Tb 40.2 36.7 13.0 10.0 283.15 353.15
Tb2 Tb 40.5 0 13.0 10.0 283.15 353.15
Tcl Tc 39.7 37.7 13.0 10.0 283.15 353.15
Tc2 Tc 40.2 0 13.0 10.0 283.15 353.15

2.1.3 Thermal stimulation results in sands

® Temperature variation of the host sand samples
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Figure 4-3. Temperature variation with time for different host sand samples.

As for the thermal stimulation experiment of host sand samples under the water saturation
conditions, the process of the temperature transfer inside the sample is simpler than that of
hydrate-bearing sediments. Figure 4-3 shows the temperature variation with time for different

host sand samples. It can be found that the temperature in the region (A and B) that is close to the
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heating surface increased significantly in the earlier time. Notably, the variation in temperature of
the different samples appeared to be consistent and there is no obvious difference observed. This
implies that the heat transfer characteristics of the different sediments used in this experiment
were similar under the water saturation conditions, despite having different particle size

distributions and mineral compositions.
® Thermal stimulation results of hydrate-bearing sediments

For thermal stimulation experiments, the decomposition methane gas was gathered by the upper
syringe pump (f; in Figure 4-1). As the hydrate saturation of the hydrate-bearing sediments was
similar, here the gas recovery factor was used to compare the decomposition efficiency of the
methane hydrate in the different sands. The gas recovery factor at time ¢ was calculated according

to Formula (4-1):

GPF = 2 X 100% -1
tc

where GPF is the gas recovery factor, V; and V, are the volumes of decomposition gas

accumulated at time ¢ and total cumulative volume, respectively.

Figure 4-4 shows the varied history of the temperature, pore pressure, and GPF of hydrate-
bearing sediment (Toyoura) during the thermal stimulation process. The decomposition process
of hydrate-bearing sediment (Toyoura) can be divided into four different stages according to the

variation of pore pressure, temperature, and GPF.
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Figure 4-4. The variation history of the temperature, pore pressure, and GPF of hydrate-bearing

sediment (Toyoura) during the thermal stimulation process.

In stage (1), it was observed that as the temperature gradually increased, the lower and upper pore
pressure remained constant, and the GPF was approximately linear over time. At this stage, only

a small amount of hydrate close to the heating surface was decomposed.

In stage (2), while the upper pore pressure of the sample was kept constant, the measured pore
pressure in the lower part first gradually increased, and then quickly decreased to a level equal to

the upper pore pressure. The temperature at C and D, which was relatively far away from the
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heating surface, was kept constant around 286.68 K (phase equilibrium temperature of methane
hydrate at 10 MPa). This may be caused by the balance between the heat transfer effect and the
endothermic effect generated by the dissociation of the hydrate. The GPF first increased slowly,
and then rose rapidly when the lower pore pressure decreased. This indicated that the gas/water
movement path inside the sample was not completely blocked. The slight increase of the pore
pressure in the lower part was probably caused by the large amount of decomposition gas
accumulating inside the sample due to the hindered migration of the gas/water. When the part that
blocks the gas/water passage is penetrated due to the increase in pressure difference and the

decomposition of hydrate, the lower pore pressure decreased and the GPF increased rapidly.

The change in pore pressure at stage (3) is like stage (2). However, the temperature at C and D
increased slightly at first, and then decreased to about 286.13 K. Further, the GPF first remained
unchanged, and then rapidly increased with a decrease of the lower pore pressure. The migration
of the decomposition gas was hindered, which led to the increase in the local pore pressure of the
sample and the decrease in gas production. The temperature variation implies that the gas
generated by the previous hydrate decomposition was likely to reform the hydrate on the upper
part of the sample, and blocked the gas/water migration channel again. Finally, in the same way,
when the area that blocked the gas/water passage was penetrated due to the increase in pressure
difference and the decomposition of the hydrate, the lower pore pressure decreased and the GPF

increased rapidly.

At the last stage, the measured pore pressure at the lower part first increased slowly and then
gradually decreased. The temperature changes at A and B were almost kept consent, and the
temperatures at C and D gradually increased and then kept consent. The gas production factor

rose slowly. During this stage, the hydrate might undergo the process of slow decomposition at
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the top position of the sample. Due to the lower temperature, the hydrate decomposes slowly, and
the regeneration of the hydrate also makes the decomposition gas transport difficult, raising the
local pore pressure. Unlike stages (2) and (3), in the final stage of hydrate decomposition, the

decrease of lower pore pressure was a slow process.

Figure 4-5. The variation history of the temperature, pore pressure, and GPF of hydrate-bearing

sediment (Tb) during the thermal stimulation process.

126



Chapter 4 Decomposition of hydrate in sands

Figure 4-6. The variation history of the temperature, pore pressure, and GPF of hydrate-bearing

sediment (Tc) during the thermal stimulation process.

Figures 4-5 and 4-6 show the varied history of the temperature, pore pressure, and GPF of
hydrate-bearing sediment (Tb and Tc) during the thermal stimulation process, respectively.
Compared with hydrate-bearing sediment (Toyoura), the variation of the pore pressure of hydrate-
bearing sediments (Tb and Tc) was less complicated. The lower pore pressure of hydrate-bearing
sediments (Tb and Tc) gradually increased and then decreased to 10 MPa during the thermal
stimulation experiment. The experiment results of GPF in hydrate-bearing sediments (Tb and Tc)

imply that the gas/water path had not been completely blocked throughout the heating process.
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The decomposition process of hydrates in Tb and Tc can be described similarly to the situations

of stages 1, 2, and 4 in hydrate-bearing sediment (Toyoura).
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Figure 4-7. The change of gas production factor to time for hydrate-bearing sediments (Toyoura,

Tb, and Tc).

The GPF changes of the three different hydrate-bearing sediments (Toyoura, Tb, and Tc) are
shown in Figure 4-7. It can be observed that before the GPF reached 34%, the GPF of the three
different samples increased similarly over time and then reduced by varying degrees when the
GPF was between 34% and 49%. Following that, the GPF of hydrate-bearing sediments (Tb and
Tc) had the same behavior over time, while MHBS (Toyoura) was more complicated. The total

gas production efficiency ratio was calculated according to Formula (4-2):

Viotal (4_2)

Rtotal t
total

where R is the total gas production efficiency ratio, Ve is the total volume of decomposition

gas, and t/1 1s the time required for the complete decomposition of hydrates. The resultant values
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of R for MHBS (Toyoura) / MHBS (Tb) / MHBS (Tc) were 0.89/1.07/1.30 (10* m3/h) ,

respectively.

As can be seen from the above results, the process of hydrate decomposition of hydrate-bearing
sediment (Toyoura) is more complex compared to hydrate-bearing sediments (Tb and Tc). A
comprehensive analysis of the characteristics of gas production and pore pressure variation, a
possible explanation can be proposed. Compared with the hydrate-bearing sediments (Tb and Tc),
the hydrate-bearing sediment (Toyoura) has a larger pore size between the sand particles. Such,
there is a greater chance of forming a larger hydrate mass in the pores of Toyoura sand. In the
initial stage of heating, the hydrate close to the heating surface was preferentially decomposed.
Due to the high temperature of the heating surface, the heat required for hydrate decomposition
can be immediately supplemented. Therefore, the initial hydrate decomposition rates were almost
the same in the three different samples. The hydrates far away from the heating surface were
affected by heat transfer and the self-protection effect of the hydrates [Belosludov et al., 2007],
making it difficult to decompose. These problems were more significant for the large hydrate
mass in the Toyoura sand. Besides, the regeneration of hydrates may also occur, resulting in the
discontinuity of gas production. As for hydrate-bearing sediments (Tb and Tc), the hydrated mass
in the pores of these samples was smaller and dispersed. These hydrate masses were easier to
decompose. Although hydrate-bearing sediments (Tb and Tc) also encountered blockage of the
gas transmission channel caused by hydrate regeneration, the overall continuity of the gas
production process was better than hydrate-bearing sediment (Toyoura). This is a possible
explanation of the experimental results, and other experiments need to be done to verify these

results.

2.2 Shear test with local thermal stimulation
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Considering that under different stress conditions, the decomposition of hydrate and the
deformation of the hydrate-bearing sediment will affect each other, in this section, the local
thermal stimulation experiments of hydrate-bearing sediment (Tc) under different axial stress

conditions was carried out.

2.2.1 Experimental procedure and conditions

strain rate (0,-03) (6,-03)

0.1%/min 4.14 MPa 4.14 MPa

jr; 1.5%,

Tc3

Markl1

start heating heating

strain rate

X S G1-0-
0.1%/min (61-05)

8.55 MPa
L 6.0% . _
J [ailure point
Te4
Mark?2

start heating heating ¢ _J= heating

Figure 4-8. The schematic diagram of local thermal stimulation with axial loading.

The experiment method of Tcl and Tc2 is already introduced in the previous section. In this
section, two different kinds of experiments were carried out. Firstly, the plane strain shear
experiment. The axial loading was carried out after the consolidation and the loading rate was set

to 0.1 %/min.
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Table 4-2. Experimental conditions.

. MH Shear Cell Pore Initial Heating
Test Porosity S 5 . : 5 . i L2
name Sand (%) saturation process pressure pressure temperature temperature

(%0) (MPa) (MPa) (K) K

Tcl Tc 39.7 377 o 13.0 10.0 283.15 353.15
Tc2 Tc 40.2 0 ” 13.0 10.0 283.15 353.15
Tc3 Tc 39.8 377 Mark1* 13.0 10.0 283.15 353.15
Tc4 Tc 39.5 323 Mark2* 13.0 10.0 283.15 353.15
Tcs Tc 3o.8 41.3 Mark3* 13.0 10.0 283.15
Tc6 Tc 39.6 0 Mark3* 13.0 10.0 283.15

*

Mark]: loading (1.5%) — fixed value loading under heating
Mark2: loading (6%) — fixed value loading under heating until the specimen was destroyed— heating without loading
Mark3: loading without heating

As for the local thermal stimulation tests with axial loading, the axial loading was also carried out
after the consolidation and the loading rate was also set to 0.1 %/min. The schematic diagram of
this experimental method is shown in Figure 4-8. As for Tc3, the specimen was first sheared to
1.5% of the axial strain, at this time the specimen had not yet reached the state of failure stress of
the host sand sample (Tc) under the same conditions. Then, while maintaining a constant axial
load, the thermal stimulus was applied simultaneously. The principal stress difference of Tc3 was
maintained constant throughout the entire heating process. In the case of Tc4, the sample was
firstly sheared to an axial strain of 6.0%. In this situation, the sample already passed the failure
point of the host sand (Tc), but not reached the failure point of hydrate-bearing sediment (Tc).
Similarly, the principal stress difference at this point was maintained and the heating process was
carried out. To protect the instrument from damage, the loading system was shut down when
significant cracks were observed in the specimen and the shear strength of the specimen was
completely lost. Although, the heating was continued until the end of the experiment. The detailed

experimental conditions are listed in Table 4-2.

2.2.2 Stress-strain and hydrate decomposition characteristics

Figure 4-9 shows the Stress-strain relationship of host sand (Tc) and hydrate-bearing sediments
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(Te) under different experimental conditions. Tc5 and Tc6 were the shear tests of hydrate-baring
sediment (Tc) and host sand (Tc) without heating. It can be found that the hydrate-bearing
sediment (Tc) has higher initial shear stiffness and shear strength. As for Tc3, after the initial
shearing stage (red line), the axial strain of Tc3 reached about 1.5%, and the principal stress
difference of Tc3 has not reached the peak strength of the pure sand sample (Tc6) under the same
conditions. The green line represents the stress-strain results of Tc3 during heating. The initial
shear test of Tc4 reached about 6% of the axial strain. At this time, the principal stress difference
of Tc4 was higher than the peak strength of the pure sand sample (Tc6) and lower than that of the
hydrate-bearing sediment (Tc5) under the same conditions. The orange line represents the stress-
strain results of Tc4 during the heating process. When the axial strain of Tc4 reached about 12%,
the principal stress difference of Tc4 suddenly dropped, which was caused by the failure of the
sample. And then the axial loading system was turned off. During the heating process, the samples
were in a drained and unsaturated condition due to the decomposition of hydrate. The instrument
cannot measure accurate sample volume variations under this condition. Therefore, Figure 4-9

do not show the volumetric strain of Tc3 and Tc4 during the heating process.
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Figure 4-9. Stress-strain relationship of host sand (Tc) and hydrate-bearing sediments (Tc) under

different experimental conditions.

Figure 4-10 shows the variation of the gas production factor (GPR) to time under local thermal
stimulation without principal stress difference (Tc1), with a small principal stress difference (Tc3),
and with a large principal stress difference (Tc4). It can be found that when the sample (Tc3) was
only subjected to a small principal stress difference, the gas production efficiency was similar to
the sample without a principal stress difference. Although the axial strain of the samples was
different at the beginning of the heating test, the initial gas production factor is not affected by

the previous shear process. For Tc4, the gas production factor a little decreased after the failure
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of'the sample. But for Tc1, when the gas production factor reached the same position (about 35%),
the gas production factor also a little decreased, so it cannot be confirmed that the gas production
factor was reduced here only due to the failure of the sample. When the gas production factor of
Tc4 reached about 50%, a long plateau appeared, while Tcl and Te3 also have a slight plateau at
the same position. The plateau duration of Tc3 was longer than Tc1, and Tc4 was the longest. It is
hard to explain the reason for the long plateau of gas production factor in Tc4. But the initial gas
production factor was not affected by the initial shear process can be confirmed. And during the
heat process, the sample was damaged by high axial loading, the gas production factor was not

be greatly reduced immediately.

5]

Figure 4-10. The GPR of hydrate-bearing sediments (Tc) under different axial loading conditions.

Figure 4-11 shows the changes in axial strain with the time of Tc3 and Tc4 during the heating
process. Since Tc4 had a greater axial loading during heating, its axial strain increased faster than
that of Tc3. Tc4 failed after the heating experiment was carried out for about 1.4 hours, and the

axial strain increased sharply. On the contrary, the axial strain of Te3 only increased a little during
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the heating process.
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Figure 4-11. The changes in axial strain with the time of hydrate-bearing sediments (Tc) during

the heating process.
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Figure 4-12. The GPR of hydrate-bearing sediments (Tc) under different axial loading conditions.

Figure 4-12 shows the temperature distribution inside Tc3 and Tc4 at different times during the
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heating experiment. Tc4 was destroyed after being heated for 1.4 h. It was observed that the
temperature at the lower part of Tc4 was much higher than 286.68 K, while the temperatures in
the upper regions are smaller than 286.68 K after 1.4 h of the heating experiment. This implies
that in this condition when the sample Tc4 was destroyed, only the hydrate in the lower part (about

40%) of the sample decomposed completely.

2.2.3 Local deformation characteristics

1h 3h Sh 7h
| [ () |
Tc4 | |
L Oh 0.4h 0.8h 1.2h 1.4h
X

Figure 4-13. The appearance of deformation in samples Tc3 and Tc4 at different time points

during the heat test.

The appearance of deformation in samples Tc3 and Tc4 at different time points during heating are
shown in Figure 4-13. As for Tc3, no obvious local deformation was observed during the process

of thermal stimulation. This is consistent with the fact that the axial deformation of Te3 is very
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small during the heating experiment. As for Tc4, after 1.4 hours of heating, obvious local
deformation appeared in the middle and lower parts of the sample, and this implies that the sample

was destroyed.

Figure 4-14 shows the contours of maximum shear strain and the volumetric strain of hydrate-
bearing sediments (Tc3 and Tc4) during the thermal stimulation process. These results were based
on PTV analysis. As the PTV analysis focused on the heat process, at the beginning of the analysis,
the axial strains of Te3 and Tc4 were about 1.5% and 6%, respectively. From Figure 4-14 (a), in
the case of Tc3, the maximum shear strain increment of the sample was small during the entire
experiment due to the small principal stress difference. The decomposition of the hydrate did not
cause concentrations of obvious local strain. The maximum shear strain of the Tc4 sample
gradually increased with the decomposition of the hydrate as it withstood a larger principal stress
difference. After 1.2 h of heating, the maximum shear strain at the lower and upper parts of the
sample did not show any differences. With the further decomposition of the hydrate and the
increase of the axial shear strain, the local shear strain concentration of Tc4 was significant,
forming obvious shear bands. At this time, the gas production factor of Tc4 was about 35%, which
implies that only the lower part of the hydrate was decomposed in Tc4. From Figure 4-14 (b), the
local volumetric expansion of Tc3 was not observable. On the contrary, the trend of local
volumetric expansion of Tc4 gradually appeared. In summary, when the axial loading was large,
preferential decomposition of the hydrate at the bottom of the sample occurred which caused a
significant local concentration of the maximum shear strain and volume strain, destroying the

sample.
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Figure 4-14. The appearance of deformation in samples Tc3 and Tc4 at different time points

during thermal stimulation test.
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2.3 Shear test with depressurization

2.3.1 Experimental apparatus

Figure 4-15. Schematic diagram of the experimental apparatus. (1) computer; (2) data acquisition;
(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.

A high-pressure and temperature-controlled triaxial shear test apparatus was used in this part to
study the hydrate decomposition characteristics in sands during depressurization. The size of the
specimen was 50 mm (diameter) x 100 mm (height). The loading system can supply a loading
capacity of 250 kN. The pore pressure and cell pressure can be controlled up to 30 MPa with an
accuracy of 0.1 MPa by the syringe pump. The temperature was controlled by the liquid bath
circulation system (Ethylene glycol as the medium) within 243.15 K-323.15 K, with an accuracy

of £0.5 K.
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2.3.2 Experimental process and conditions.

Sands from the cores of the South China Sea were used here as the host sediments. Figure 4-16
shows the grain size distribution of the sands from the South China Sea core and Tc. It can be

found that the particle size distributions of these two host sands are very similar.
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Figure 4-16. the grain size distribution of the sands from South China Sea core and Tc.

The preparation method of the methane hydrate-bearing sediments is the same as that described

previously, and only the different shearing methods are introduced here.

As for the samples P1, P2, and M1, the shear tests were applied after the consolidation and the
shear rate was 0.2%/min. During the shear test, the pore pressure was kept constant (drain test).
The samples M2 and M3 were the shear tests with depressurization. Figure 4-17 shows the
schematic diagram of the shear test with depressurization. As for M2 and M3, after the
consolidation, the sample was shear to 0.5% and 1.0% (axial strain) respectively with a shear rate
of 0.2%/min and then reduced the pore pressure from 10 MPa to 3 MPa with a rate of about 0.5

MPa/min. After the pore pressure reached 3 MPa, kept the current pore pressure until the end of
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the test. Throughout the shear test process, the shear rate of the sample was always maintained at

0.2 %/min. The detailed experimental conditions are shown in Table 4-3.

strain rate stramn rate

0.2%/min 0.2%/min

start depressurization

strain rate strain rate

0.2%/min ().2%/min

= 1.0%

start depressurization

strain rate

y O
0.2%

o/Min

keep production pressure

strain rate
0.2%/min

keep production pressure

Figure 4-17. The schematic diagram of the shear test with depressurization.

Table 4-3. Experimental conditions.

Testname Confining pressure Pore pressure Hydrate saturation Shear process Temperature Shear rate
(MPa) (MPa) (%) (K) (%/min)
P1 12 10 0 279.15 0.2
P2 12 <} 0 279.15 0.2
M1 12 10 352 279.15 02
M2 12 10—3 338 Shear 0.5%—shear under dissociation 279.15 0.2
M3 12 10—3 33.8 Shear 1%—shear under dissociation 279.15 0.2

2.3.3 Experimental results.

Figure 4-18 shows the stress-strain, pore pressure, and hydrate saturation relationship of different

samples during the shear test. Compared with host sand (P1), hydrate-bearing sediment (M 1) has
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higher stiffness and strength, which is consistent with the results of previous studies [Hyodo et
al., 2013]. For the hydrate-bearing sediment (M1), when the axial strain rate reached about 2%,
the principal stress difference of the sample reached the highest value and no longer changed.
Since no obvious peak strength can be observed, the principal stress difference at which the axial
strain rate of the specimen reaches 15% is taken as the peak strength (01-03)max. For M2 and M3,
through the initial shear stage, the samples reached different stress states. At the beginning of the
depressurization, the principal stress difference of M2 was between the peak strength of host sand
and hydrate-bearing sediment, while the principal stress difference of M3 is lower than the peak
strength of host sand. The depressurization was carried out by reducing the pore pressure of the
M2 and M3. It can be found that after the decrease of the pore pressure, the principal stress
difference (01-03) of M2 and M3 decreased immediately and then increased gradually until the
end of the shear test. P2 was the host sand with N, under the high effective confining pressure,
the stress-strain of P2 showed a significant strain hardening phenomenon. And the stress-strain
behavior of M2 and M3 in the later stage of the shear process was similar to that of P2. The
hydrate saturation of M2 and M3 was decreased the fastest in the initial stage of depressurization,
and then the decrease rate gradually slowed down. Similarly, the volumetric compression of M2
and M3 were also the most significant in the initial stage of depressurization. Although the stress
states of M2 and M3 were different during the depressurization, they exhibited the same ultimate
volumetric strain. This means that under different stress states, the depressurization does not affect
the ultimate volumetric strain of the sample. Previous studies have also found that in the initial
stage of depressurization, the gas production rate and subsidence of the reservor were both the

most significant [Jin, G et al., 2018].
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Figure 4-18. The stress-strain, pore pressure, and hydrate saturation relationship of different

samples during the shear test.
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The mechanism of the effect of hydrate decomposition on the stress-strain behavior of the
hydrate-bearing sediment is shown in Figure 4-19. In the initial stage of shearing, the sand
particles gradually became compact, and the hydrate in the pores was squeezed by the sand
particles, which carried a part of the stress. When the hydrate was decomposed, due to the
disappearance of the hydrate particles, the cementation between the sand particles and the
bearing effect of the hydrate was quickly destroyed, resulting in a decrease in the principal stress
difference and significant volumetric compression of the sample. After the sand particles have
completed their rearrangement, the sample exhibited strain hardening behavior under high
effective confining pressure. At this stage, the stress-strain behavior of hydrate-bearing
sediments was the same as that of host sand under the same experimental conditions. This
implies that the influence of hydrates on the stress-strain behavior of sediments can be ignored

at this stage.
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Figure 4-19. Mechanism of the effect of hydrate decomposition on the stress-strain behavior of

the hydrate-bearing sediment [Uchida ., 2013; Li et al., 2018].
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3. Conclusion

Chapter 4 firstly shown the decomposition characteristics of hydrate-bearing sediments with
different fine particle contents under local thermal stimulation conditions. And then the
decomposition and mechanical behavior of hydrate-bearing sediments under local thermal
stimulation and depressurization has also been studied. Based on the experimental results, the

following conclusions can be get:

(1) The heat transfer characteristics of the different host sands were similar under the water

saturation conditions, despite having different particle size distributions and mineral compositions.

(2) Compared with the hydrate-bearing sediments containing fine particles (Tb and Tc), the
hydrate-bearing sediments (Toyoura) had a more complicated hydrate decomposition process and

lower overall gas production efficiency under local surface heating conditions.

(3) Different degrees of pre-shearing was not affected the initial gas production efficiency in
hydrate-bearing sediments. Under the condition of high axial loading, the decomposition of
hydrate caused the failure of hydrate-bearing sediments, but this was not immediately caused the

decrease of gas production efficiency.

(4) When the axial loading was large, preferential decomposition of the hydrate at the bottom of
the specimen occurred which caused a significant local concentration of the maximum shear strain

and volume strain, destroying the specimen.

(5) In the initial stage of depressurization, the principal stress difference of the sample drops
sharply due to the decomposition of the hydrate that cemented or carried the sand particles. The

sample volumetric compression and gas production efficiency is the highest at this stage. After
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the rearrangement of the sand particles, the sample exhibited significant strain hardening under
high effective confining pressure. At this stage, the stress-strain behavior of the sample was
similar to that of the host sand. Under different stress states, the gas production behavior and

ultimate volumetric strain of the hydrate-bearing sediments are similar by depressurization.
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Chapter S Summary and Future work

1. Summary of thesis

Natural gas hydrate (NGH) is a promising energy resource. The ultimate goal of this thesis is to

provide an experimental basis for the realization of safe and efficient exploitation of NGH.

Firstly, before realizing the safe and efficient exploitation of NGH, it is necessary to study the
influence mechanism of different factors on the mechanical properties of hydrate-bearing
sediments by laboratory mechanical experiments. And then establish the constitutive model of the
stress-strain relationship of hydrate-bearing sediments. Finally, according to different exploitation
conditions, predict the changes in the mechanical properties of the NGH reservoir during the
exploitation process to ensure the safety of exploitation. Sufficient laboratory research is the
foundation to ensure the safe exploitation of NGH. Sediments have various stress conditions in
the NGH reservoir. However, most of the current studies about the mechanical properties of
hydrate-bearing sediments under general stress conditions and then established corresponding
constitutive models. The failure of hydrate-bearing sediments under plane strain conditions is
always accompanied by significant local strain and eventually formed a clear shear band. Even
under the same experimental conditions, the stress-strain relationship of hydrate-bearing
sediments is different in the triaxial shear and plane strain shear experiments. Therefore, studying
the development characteristics of the shear band is helpful to understand the failure mode of

hydrate-bearing sediments under plane strain conditions.

In chapter 2, through Particle Tracking Velocimetry (PTV) technology, a method of measuring
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the angle and thickness of the shear band has been applied. The experiment measured the
development process of the angle and thickness of the shear band of hydrate-bearing sediments
at different shear stages. Experimental results show that clear shear bands gradually formed after
the sample reached its peak strength. The shear angle first increased, then remained constant when
the sample reached the residual strength, and finally decreased slightly. The thickness of the shear
band narrowed first and slightly widened when the sample reached the residual strength. The
change of the angle and thickness of the shear band is related to the fact that the specimen is not

completely rigid during the shearing process.

Secondly, it is also necessary to study some important factors under plane strain conditions, which
can significantly influence the mechanical properties of hydrate-bearing sediment. Shear rate
dependence is a time-dependent property of materials. Introducing the time parameter into the
study of the mechanical properties of hydrate-bearing sediments, on the one hand, is conducive
to accurately predicting the long-term stress-strain behavior of the reservoir, on the other hand, it
can establish the contraction between the mechanical properties of hydrate sediments and the
decomposition rate of hydrates in the future. However, there are only a few related studies focused
on general stress conditions have been reported. It is necessary to study the shear rate dependence

of hydrate sediments under plane strain conditions.

In chapter 3, the shear rate-dependent characteristics of hydrate-bearing sediments have been
studied. After confirming that hydrate-bearing sediment also has shear rate-dependent
characteristics under plane strain conditions, three different shear rates have been selected to study
the effects of hydrate saturation and fines content on shear rate dependence. The research results
will help to introduce time parameters into the constitutive model of hydrate sediments in the

future, and then achieve long-term accurate prediction of the mechanical characteristics of the
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NGH reservoir.

Finally, understanding the decomposition characteristics of hydrates in the sand is the basis for

developing methods to improve gas production efficiency.

In Chapter 4, due to the differences in the content of fine particles in different reservoirs, the effect
of the content of fine particles on the decomposition characteristics of hydrates in the sand under
local thermal stimulation conditions has been studied firstly. On the other hand, sediments located
in different positions of the reservoir may be in different stress states due to the early wellbore
construction. Thermal stimulation and depressurization operations cause the decomposition of
hydrates, which will also affect the stress-strain behavior of sediments, and the deformation of
sediments will in turn affect the decomposition characteristics of hydrates. In other words, the
mechanical properties of the reservoir are closely related to the decomposition properties of
hydrates. Understanding the mechanics of hydrate-bearing sediments and the decomposition
characteristics of hydrates under different stress states is also very important to accurately predict
the mechanical behavior of the reservoir during the exploitation process. In the second part of
Chapter 4, under different stress conditions, the stress-strain relationship of hydrate-bearing
sediments and the decomposition characteristics of hydrates during local thermal stimulation and
depressurization have been studied. The experimental results are helpful to understand the
interaction mechanism between the decomposition of hydrates and the stress-strain behavior of

sediments under different conditions.

In general, the results of this study are of great significance for establishing or calibrating a
constitutive model that can accurately predict the geological behavior of NGH reservoirs during

exploitation, and ultimately ensure the safety of hydrate exploitation.
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2. Future work

The experimental results in this thesis will provide original reference data for establishing a
constitutive model with time dependence and hydrate decomposition characteristics suitable for
plane strain conditions. As the shear rate dependence and creep characteristics (under constant
axial stress, the strain characteristics of the sample) are essentially the performance of the
material’s time dependence properties. The stress-strain relationship of hydrate-bearing sediments
and the decomposition characteristics of hydrates can be unified by time parameters. Under plane
strain conditions, the stress-strain relationship after the sample reaches the peak strength can be
linked to the development of the sample's shear band. In this way, the prediction of the residual
strength and volumetric strain of the specimen can be optimized by the constitutive model. Due
to the inability to observe the distribution and the movement of hydrates within the samples during
shearing or decomposition experiments, the reasons for many experimental results cannot be
determined, which makes it difficult to understand the impact of hydrates on the mechanical
behavior of sediments. In the future, related microscopic experiments should be done to study the

essential reasons for the influence of hydrates on the mechanical behavior of sediments.
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