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R&ume

Les hydrates de gaz naturel (NGH) sont des structures cristallines otiles moléules de gaz
sont piégé&s dans des cages constituées par les moleéeules d'eau sous des conditions de basse
tempé&ature et de haute pression. Ils se trouvent largement dans les s&liments marins et les régions
de pergédisol. En raison de leur haute densitéénergéique et de leurs vastes reéserves, les NGH sont
considéé& comme une ressource énergetique durable prometteuse. Cependant, les NGH sont des
substances méastables qui ne sont stables que dans des conditions spe&ifiques d'&uilibre de phase,
leur dé&omposition éant susceptible de se produire dés qu'ils subissent une perturbation.
L'instabilitépotentielle des ré&ervoirs s&limentaires exposés lors de la ré&upéation des NGH,
accompagneé par la déeomposition des hydrates, peut dé&lencher des catastrophes gémlogiques
sous-marines. De plus, les produits dissociés des NGH sont des sources de gaz &effet de serre. Par
cons&juent, la ré&upéation sre et efficace des NGH néeessite une comprénension approfondie
de la maniee dont leur préence affecte les propriéé& géameeaniques des séliments hGes.

Les éudes en laboratoire sont une condition pré&lable ala compréiension du milieu
multiphasique composéd'hydrate-sédiment-fluide, qui implique les tests physico-méeaniques des
carottes ou des sé&liments contenant des hydrates de gaz naturels (GHBS) synthéisé&
artificiellement. Par consé&juent, en se basant sur la litt&ature existante sur les propriéés
thermiques, hydrauliques et mé&aniques des GHBS, ce travail dérit syst@natiquement les
caracté&istiques physico-meéaniques des GHBS et analyse leurs réponses méaniques sous divers
facteurs en extrayant des données pertinentes, en mettant I'accent sur la maniée dont les hydrates
contribuent au comportement mé&anique des séliments hdes et les méanismes sous-jacents qui
les animent (saturation en hydrate, morphologie des hydrates, distribution des hydrates,
dissociation des hydrates). Les recherches actuelles sur la mod@&isation constitutive simulent le
comportement gémeeanique des GHBS via des eéguations mathématiques, incluant le
renforcement de la ré&istance et de la rigiditépar les hydrates, la déyradation des liaisons, la
dilatation, la cohé&ion, le ramollissement par déormation, le changement de volume et la
dissociation des hydrates, avec peu d'entre elles impliquant I'effet thermique, la forme de la surface

de rupture et l'anisotropie des maté&iaux. A travers I'analyse de diffé&ents cadres théoriques, ce



travail catégorise les modées constitutifs existants pour les GHBS en cing categories: modee basé
sur le critére de Mohr-Coulomb, modée basésur le critére de Drucker-Prager, modée de Duncan-

Chang, modée d'éat critique et modde de fluage. Les avantages, les limitations et les domaines

de recherche future de chaque modée sont éalué& de maniée critique, en mettant

particulieeement I'accent sur le modde d'é&at critique, qui offre une caracté&isation relativement

complee des GHBS. Cette discussion réde que les modées existants ne parviennent pas a
aborder de mani&e adégjuate la caractéistique anisotrope.

Cependant, en raison de la structure en couches, de I'arrangement des particules et de la
distribution diversifié du contenu en hydrate dans les environnements naturels, les propriéés
meeaniques des GHBS pré&entent souvent une anisotropie significative. De plus, la plupart des
modéles supposent une seule forme de surface de rupture, limitant leur application a&des conditions
de rupture plus complexes. Compte tenu de ces lacunes, ce travail propose un nouveau modeke
constitutif asto-plastique basésur la théarie HISS dans le cadre de I'&at critique, qui peut ajuster
la forme de la surface de rupture gr&e ades modifications de parametres, lui permettant de prendre
en compte les changements de volume et les effets anisotropes lors de la dissociation des hydrates.
La comparaison entre les calculs numé&iques et les données exp&imentales valide l'efficacitéet
I'exactitude du modée areproduire le comportement meéeanique des GHBS, offrant ainsi des

perspectives pour I'exploitation future et les mé&hodologies de recherche.

Mots clés: Hydrates de gaz naturel; S&liments contenant des hydrates de gaz; Proprié&és

meeaniques; Modée constitutif; Théorie HISS; Cadre de I'&at critique



Abstract

Natural gas hydrates (NGH) are crystalline structures where gas molecules are trapped within
water molecules under low temperatures and high pressures. They are widely found in marine
sediments and permafrost regions. Due to their high energy density and vast reserves, NGH are
considered a promising sustainable energy resource. However, NGH are metastable substances
that are stable under specific phase equilibrium conditions, with the decomposition of which once
suffer from any disruptions. The potential instability of sediment reservoirs exposed during the
recovery of NGH induced by hydrate decomposition due to this inherent property, which triggers
submarine geological disasters. Also, the dissociated products of NGH are the sources of
greenhouse gases. Therefore, the safe and effective recovery of NGH necessitates a deep
understanding of how their presence affects the geo-mechanical properties of host sediments.

Laboratory studies are the prerequisite for understanding the multiphase medium of hydrate-
sediment-fluid, which involve the physical-mechanical testing of cores or artificially synthesized
gas hydrate-bearing sediments (GHBS). Hence, building upon the literature on thermal-hydraulic-
mechanical properties of GHBS, this work systematically describes the physical-mechanical
characteristics of GHBS and analyzes their mechanical responses under various factors through
extracting relevant data, with an emphasis on how hydrates contribute to the mechanical behavior
of host sediments and the driven underlying mechanisms (hydrate saturation, hydrate morphology,
hydrate distribution, hydrate dissociation). Current constitutive modelling researches simulate the
geo-mechanical behavior of GHBS via mathematical equations, including the enhancement of
strength and stiffness by hydrates, bonding degradation, dilation, cohesion, strain softening,
volume change, and hydrate dissociation, with few involving thermal effect, yield surface shape,
and material anisotropy. Through the analysis of different theoretical frameworks, this work
categorizes the existing constitutive models for GHBS into five types: Mohr-Coulomb criterion-
based model, Drucker-Prager criterion-based model, Duncan-Chang model, critical state model,
and creep model. Each model's strengths, limitations, and areas for future research are critically

evaluated, with a particular focus on the critical state model, which provides a relatively



comprehensive characterization of GHBS. The above discussion reveals that existing models fail
to adequately address the anisotropic characteristic.

However, due to the layered structure, particle arrangement, and diverse hydrate content
distribution in natural settings, the mechanical properties of GHBS often exhibit obvious inherent
anisotropy. Furthermore, most models assume a single yield surface shape, limiting their
application to more complex yield conditions. Given these shortcomings, this work proposes a
new elastoplastic constitutive model based on HISS theory within the critical state framework,
which can adjust the yield surface shape through parameter modifications, allowing it to account
for volumetric changes and anisotropic effects during hydrate dissociation. The comparison
between the numerical calculations and experimental data validates the model's effectiveness and
accuracy in reproduce the mechanical behavior of GHBS, offering insights for future exploitation

and research methodologies.

Key words: Natural gas hydrates; Gas hydrate-bearing sediments; Mechanical properties;

Constitutive model; Hiss theory; Critical state framework
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Objectives and structure of the PhD thesis

With the rapid development of the world, the escalating demand for energy coexists with the
stark reality of diminishing fossil fuel reserves. Currently, traditional fossil energies still constitute

nearly 90% of global energy consumption (Yu et al., 2021). While reserves were once considered

abundant, the tremendous demand for fossil fuels in rapidly industrializing countries remains
intense, particularly in fields such as electricity, transportation, and petrochemicals. By 2040, it is
predicted that oil demand will increase by 7%, and natural gas demand by 25% (Incekara, 2021).

Oil and gas fields are increasingly approaching their production peaks, which poses the risk of
depletion. Additionally, the combustion of fossil fuels, which releases carbon dioxide (CO2) and
other greenhouse gases, has a profound impact on climate change, prompting a global re-

evaluation of energy production and consumption patterns (Quadrelli and Peterson, 2007). In

response to these energy crises and environmental challenges, several international environmental
agreements have been enacted such as the Kyoto Protocol of 1997 and the Paris Agreement of
2016, the objective of which is to foster the development of clean energy solutions and reduce
greenhouse gas emissions. The issue of carbon neutrality has become a focal point in global
political and economic development to date. Natural gas hydrates (NGH), with their potential for
reduced carbon emissions, stand out from traditional hydrocarbons. NGH are viewed as viable
transitional clean energy sources that could help in achieving peak carbon and neutrality goals
(Englezos and Lee, 2005; Makogon, 2010; Yin and Linga, 2019). The recovery of NGH offers a

promising avenue for supplementing traditional energy sources while mitigating environmental

impacts, thus aligning with global strategies for sustainable development.
NGH are crystalline compounds formed by water and natural gas molecules under low
temperature and high pressure, where gas molecules are encapsulated by water molecules

(Demirbas et al., 2016). It is easy to burn when exposed to fire, which can be referred to

"combustible ice”. NGH remains stable under certain phase equilibrium conditions, dissociating
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once these conditions are disrupted. Current surveys have revealed that NGH are extensively
distributed in loose marine sediments and within the fractures of rocks in permafrost regions,
exhibiting heterogeneous distribution patterns (Li et al., 2016). It is reported that the carbon content
in NGH exceed twice than that of traditional energy sources, and the energy density released upon
combustion is evidently higher than that of conventional natural gas. Hence, NGH can be
considered a promising energy resource in the 21st century (Cui et al., 2018).

NGH are extensively located in deepwater regions of the worldwide ocean and permafrost

(Chong et al., 2016). According to the hydrate resource pyramid, which outlines the relative

abundance of NGH and the feasibility of its extraction, hydrates deposited in coarse-grained
sedimentary layers beneath the seabed are deemed the most valuable for extraction purposes

(Collett et al., 2009). As a result, a larger proportion of research is directed towards investigating

submarine coarse-grained hydrate-bearing sediments. Gas hydrate-bearing sediments (GHBS) are
composed of a multiphase composite geomaterial that includes the soil skeleton, hydrates, and
pore fluids (gas and water). Within this structural framework, hydrates serve as a cementing agent,
which adhere to the host sediments in various occurrence forms. Notably, this cementation imparts
a range of physical and mechanical properties to the host sediments, influencing their structural

stability subjected to various environmental conditions (Jiang et al., 2014).

The potential for NGH recovery has garnered global interest, with common extraction
methods involving drilling into sediment layers and applying techniques like thermal injection,

depressurization, or replacement to recover hydrates (Yang et al., 2019). However, during the

recovery process (e.g., drilling friction, fluctuations in drilling pressure), the thermodynamic
equilibrium of hydrates is easily disrupted, leading to dissociation into water and gas (Liu et al.

2019). On the one hand, this result will provoke changes in cementation strength and dilation of
sedimentary layers, triggering a series of geological disasters including wellbore instability,
platform settlement, and even submarine landslides. On the other hand, the inadvertent release of
greenhouse gases poses an environmental concern by accelerating the thawing of permafrost and

intensifying the greenhouse effect (Li et al., 2023; Yan et al., 2020). Thus, safe and effective

extraction of NGH focuses on understanding the mechanical behavior of GHBS and the
mechanical responses induced by hydrate dissociation. Current literature on GHBS centers on two
main domains: laboratory experimental research and constitutive modeling. Laboratory studies

serve as a prerequisite for a better understanding of the multiphase medium of hydrate-sediment-
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fluid, which involves the performance of mechanical tests on core samples or artificially synthetic
GHBS (Santamarina et al., 2012; Yoneda et al., 2013, 2015a). It exhibits a variation in

experimental results due to differences in initial control conditions, there remains a gap in the
comparative analysis of experimental data obtained considering the same factors (Liang et al.,
2020). Consequently, this study meticulously compiles and evaluates existing research on GHBS,
providing a comprehensive summary of the physical-mechanical properties of GHBS and
analyzing the corresponding data to assess their mechanical responses under different influence
factors. Constitutive modeling research endeavors to describe the stress-strain relationships of
GHBS under diverse environmental conditions by simulating their geo-mechanical behavior
through mathematical models (Wang et al., 2021). Most researches are based on theoretical

frameworks such as Mohr-Coulomb, Duncan-Chang, Drucker-Prager, Cam-clay, and state-
dependent models, incorporating specific parameters to reflect the contributions of hydrates to
sediment strength and stiffness, degradation of hydrate bonds upon shearing, dilation, cohesion,
effective confining pressure, strain softening, volumetric deformation, and hydrate dissociation
characteristics. Additionally, some studies involve considerations of the thermodynamic properties

of hydrates, the shape of the yield surface, and material anisotropy (Kong et al., 2023; Li et al.,

2018; Miyazaki et al., 2012; Zhang et al., 2018). This study organizes and reviews existing reports

on constitutive models for GHBS, and then evaluates the advantages, limitations, and
recommendations for each type of model. Among these models, this study emphasizes the
uniqueness of the critical state model and comprehensively summarizes the strength equations,
stiffness equations, and bond degradation equations involved in the constitutive models.
Discussions reveal that existing models rarely address sediment anisotropy, yet in natural setting,
GHBS often exhibit variations in physical-mechanical properties along different directions due to
the diversity in their layered structure, particle arrangement, and hydrate concentration distribution.
In light of this, this study proposes a new elastoplastic constitutive model that can describe the
volumetric changes during hydrate dissociation and anisotropic effects in GHBS. Validated
through numerical calculations and corroborated with experimental data, this model demonstrates
its effectiveness and accuracy in predicting the mechanical responses of GHBS, offering insights
for future extraction and research methodologies.

The objective of our study is to perform a comprehensive review and synthesis of the geo-

physical-mechanical behavior of GHBS. It seeks to propose new constitutive model and numerical
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analysis method that will enrich the theoretical foundations in the geotechnical and geological
fields, and to support the risk assessments and energy development decisions for hydrate reservoirs.
Accordingly, this manuscript is structured into five chapters, each organized adhering to the work
structure framework, as depicted in Fig. O:

Chapter 1 Provides an overview of NGH and GHBS, introduces the structure, formation,
and stability conditions of NGH and their advantages as a promising energy resource, explores the
various morphologies in which hydrates occur within host sediments, discusses the application
value and recovery methods of NGH, as well as the geological and environmental issues that may
arise during the recovery process, and finally leads to the importance of the research on the geo-
mechanical behavior and constitutive modeling for GHBS.

Chapter 2 Systematically compiles the geo-mechanical performance of GHBS as reported in
the literature, describes the thermal properties, fluid dynamics, and compressibility of sediments
in the presence of hydrate, summarizes the methods used for synthesizing GHBS in the laboratory
associated with mechanical testing equipment, provides a comprehensive discussion on the
mechanical responses of sediments contributed by hydrates and elucidates the underlying
mechanisms, analyzes how various factors such as effective confining pressure, temperature,
porosity, strain rate, sediment composition, hydrate dissociation, and time-dependency impact the
mechanical properties of GHBS.

Chapter 3 Consolidates the current advancements in the constitutive modeling of GHBS,
categorizes the constitutive models into those established based on the Mohr-Coulomb criterion
and Drucker-Prager criterion, extended Duncan-Chang models, critical state models, and creep
models based on the diversity of theoretical frameworks, focuses on the applicability, limitations,
and areas worthy of further investigation for each model type, with particular emphasis on the
uniqueness of critical state model, provides a comprehensive summary and evaluation of the
strength equations, stiffness equations, and bond degradation equations involved in these
constitutive models.

Chapter 4 Introduces the Modified Cam-clay model and verifies the reliability of
corresponding simulation results across various consolidation ratios, discusses the feasibility of
adjusting yield surface shapes using Hierarchical Single Surface (HISS) theory and the
effectiveness of the subloading surface theory in facilitating a smooth transition in elastoplastic

processes, proposes an elastoplastic constitutive model for GHBS using HISS yield surface



Objectives and structure of the PhD thesis 5

incorporating the cementation effects of hydrates associated with subloading surface coefficient
while considering cross-anisotropy, captures model parameters from the literature for numerical
analysis and validates through comparison with experimental results varying in hydrate saturation
and hydrate occurrence forms.

Chapter 5 Summarizes the main conclusions, proposes the direction for further research.
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Chapter 1. Introduction

Chapter 1 offers an extensive introduction to the subject of this thesis, encompassing the
object of study, its background, structure, and practical significance. Initially, section 1.1 begins
with the definition and historical origins of NGH, outlining how researchers discovered this
compound and progressively explored its attributes, structure, and formation mechanisms,
alongside their applications in society. Subsequently, according to the three main hypotheses of
hydrate nucleation, the environmental and phase equilibrium conditions essential for hydrate
formation are discussed and how temperature, pressure, gas composition, inhibitors, and promoters
affect hydrate formation is elaborated. This chapter also describes the global distribution of
hydrates and their potential as an energy resource, with a particular focus on their prevalence in
marine sediments. Section 1.2 provides an overview of GHBS and the various morphologies in
which hydrates manifest in both coarse-grained and fine-grained sediments. Considering the
potential of NGH in the fields of environment and energy, the narrative shifts to hydrate extraction.
Section 1.3 assesses the feasibility of hydrate recovery through the classification of hydrate
reservoirs, and provides a detailed discussion of the advantages and disadvantages of three
recovery methods, supplemented by case studies from field trials. Given the challenges associated
with hydrate recovery, this section also contemplates the potential problems during the recovery
process, particularly focusing on the impacts of hydrate decomposition on climate change and
geological hazards. Finally, the importance of studying the geo-mechanical behavior of GHBS and

corresponding constitutive modeling is highlighted.

1.1 Natural gas hydrate

1.1.1 Historical process of research on NGH

NGH are solid, ice-like compounds in which gas molecules are encapsulated in a cage-like

lattice formed by water molecules through hydrogen bonding (Hassanpouryouzband et al., 2020;

Yuetal., 2019). Research on NGH can be divided into three phases: laboratory research, resource

investigation, and recovery. The initial laboratory research began in 1778 when Joseph Priestley
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obtained crystals by introducing sulfur dioxide into water at lower temperatures, although he did
not identify these as hydrates (Tse, 2015). In the early 19th century, Sir Humphry Davy synthesized

chlorine hydrates in the laboratory, which he was the first to term as hydrates (Davy, 1800). Further
interest in the structure and thermodynamic properties of hydrates emerged in 1934 when
Hammerschmidt reported an ice-like substance obstructing natural gas pipelines, which remained
stable at temperatures above the freezing point of water (Hammerschmidt, 2002). In the 1930s,

Soviet researchers discovered the presence of natural methane hydrates in Siberia, followed by
similar findings in Alaska and the Mackenzie Delta in the United States and Canada (Beauchamp,
2004). With the implementation of deep-sea drilling programs in the 1980s, hydrate specimens
were discovered worldwide. The turn of the 21st century saw notable advancements, with the
Mallik project in the permafrost region of Canada's Mackenzie Delta marking the first commercial

extraction of hydrates (Sahu et al., 2020). In 2013, Japan pioneered the extraction of hydrates from

marine deposits, and in 2017, China achieved successful drilling and recovery of hydrates in the
South China Sea, with prospects for commercial utilization by around 2050 (Feng et al., 2019;

Yiallourides and Partain, 2019). The evolution of the research on NGH are illustrated in Fig. 1.1.

1778 1934 2002

Discovery of SO, hydrate Gas pipeline blocked by gas hydrate Hydrate extraction in Mallik SL-38 well
| | | Investigation stage Recovery stage Commercial stage
| | | |
1750 180 1850 1900 1950 2000 2050
Synthesis of Chlorine hydrate Discovery of natural gas hydrate Successful extraction in the South China Sea
1810 2017

S

Figure 1.1: The development history of NGH

1.1.2 Hydrate structure

The molecular formula for NGH is typically denoted as MyH20 where M represents the type

of encapsulated gas and n is the number of gas molecules. In 1940, the first structure of NGH was

Natural gas hydrate
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identified through X-ray diffraction (Ripmeester, 2000). Over subsequent decades, techniques

such as neutron diffraction and nuclear magnetic resonance were successively applied to the
structural study of hydrates (Broseta et al., 2017; Mao et al., 2002). To date, the structures of NGH

have been classified into three types based on the arrangement of water and gas molecules:
Structure | (sl), Structure 11 (sI1), and Structure H (sH) (Koh, 2002; Sloan, 1998) (Fig. 1.2). Each
type of structures includes cage-like structural units such as the pentagonal dodecahedron (5*2),
tetrakaidecahedron (5'262), hexakaidecahedron (5*26%), pentakaidecahedron (43566°%), and irregular

icosahedron (5'%68) (Jin et al., 2013). Structure | hydrates are the most prevalent, typically

encapsulating small molecular gases such as methane and carbon dioxide, with each cage structure
consisting of 46 water molecules to form cages of 5! and 5262, yielding an ideal molecular

formula of 8M-46H20. Structure Il hydrates accommodate the gases larger than ethane and smaller
than pentane, which consist of 136 water molecules that form 5'2 and 5'26* cages, with an ideal
molecular formula of 24M-136H-0. Structure H hydrates involve larger molecules such as volatile
oils, which consist of 512, 51268, and 4°5°6 cages, incorporating 34 water molecules to form an
ideal formula of 6M-34H,0 (Sloan, 2003; v. Stackelberg and Mdler, 1954). The crystalline

properties of these three types of hydrates are documented in Table 1.1,

5‘2
o 2 KD~ e 57
T TN®
N P ‘9)’
4 TP wse N
Structure | 2 Structure Il

ZIIN
o8

«.79 516"

46 Waler Molecules ‘7 136 Waler Molecules

CILILS
S

Structure H

O !
’\’l.."\ 34 Waler Molecules

4 o
Figure 1.2: Various hydrate structures and their constituted cavities (Sloan, 1998)

Table 1.1: Properties of hydrate crystal structure (Koh, 2002)

Structure property sl sll sH
Structure units 512 51262 512 5126 512 435%3 5l2G8

Natural gas hydrate
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34

1952

Cavity number 2 6 16 3 2
Number of water molecules 46
Cavity radius (%) 34 144 55
Density (kg/cm?®) 912
Lattice type Cubic  Face-centered cubic

Hexagonal

According to Sloan (1998), if the cavities within hydrate structure are completely filled, each

guest molecule will be enveloped by the minimum number of water molecules, which results in a

composition of approximately 85% water and 15% gas across all three hydrate structures. Given

this high water content, it is postulated that the mechanical properties of hydrate structures should

be similar to those of ice (Stern et al., 1998). Table 1.2 presents detailed characteristics of hydrate

crystals alongside a comparison with ice. As shown in this table, some thermodynamic parameters

differ, but Sloan's hypothesis is essentially correct.

Table 1.2: Comparison of properties of ice, sl and sl hydrate structures (Jr and Koh, 2007)

Property Ice sl sl
Water molecule number 4 46 136
Lattice parameters at 273 K a=4.52, 12 17.3
c=7.36
Dielectric constant at 273 K 94 ~58 58
Young’s modulus (GPa) 9.5 8.4%t .28t
Poisson’s ratio 0.33 ~0.33 ~0.33
Bulk modulus (GPa) 8.8 5.6 8.482
Shear modulus (GPa) 3.9 2.4 3.6663
Compressional velocity (m/s) 3870.1 3778 3821.8
Shear velocity (m/s) 1949 1963.6 2001.14
Velocity ratio (comp/shear) 1.99 1.92 1.91
Linear thermal expansion at 200 K (K1) 56 <10 77 x<10° 52 <10
Adiabatic bulk compression at 273 K 12 14% 145
(GPa)
Heat capacity (J kg™'K™) 3800 3300 3600

Natural gas hydrate
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Thermal conductivity (W m2K™?) 2.23 0.4940.02 0.5140.02
Refractive index 1.3082 1.346 1.350
Density (kg/cm?) 916 912 940

1.1.3 Hydrate nucleation hypothesis

In nature, the hydrate formation is a time-dependent crystallization process, in which gas

sources are provided by microbial degradation and are diffused through liquid water (You et al.

2019). From a microscopic perspective, independent guest molecules undergo physical processes
such as aggregation growth or separation, termed nucleation. Upon reaching a critical size,
components from the bulk solution migrate to the hydrate particle-liquid interface, followed by
reactions at the crystal surface, leading to continuous growth. Currently, there are three main
hypotheses pertaining to the nucleation mechanism, which underpin the theoretical understanding
of hydrate phase equilibrium (Warrier et al., 2016).

Labile Cluster Hypothesis (LCH) is widely applied regarding hydrate nucleation, which was

proposed by Sloan and his coworkers (Christiansen and Sloan Jr., 1994) (Fig. 1.3). This hypothesis
suggests that hydrate nucleation is triggered under low T and high P, where gas molecules are
encapsulated in cages formed by water molecules through hydrogen bonding. As the reaction
proceeds, water molecules self-assemble to form a complex lattice and create "cages" around gas
molecules. The cage structure varies depended on gas type, manifesting as sl, sll, or sH. CH4 and
COz form sl while larger or smaller gas molecules result in sll, and sH necessitates the combination

of two gas molecules (Sloan, 2003). Gas molecules continuously flow into the newly formed cages

with a certain rate affected by gas solubility. Hydrate crystals expand with increasing molecules,

followed by agglomeration, ultimately resulting in the accumulation of hydrates (Jr and Koh, 2007;

Wang et al., 2021). The higher the gas concentration, the faster the expansion of hydrate crystals

and the shorter the nucleation time. Permafrost regions exhibiting excellent gas impermeability,
and the deep sea characterized by high pressure and low temperature, are ideal environments for
hydrate nucleation subjected to LCH (Schicks, 2022).

Natural gas hydrate
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/ I~ ’
a. W:atcr molecule b. Labile Clusters c. Agglomeration d. Hydrate formation
lattice structure and growth

Figure 1.3: Mechanism diagram of hydrate nucleation (LCH)

However, this standpoint contrasts with the view of Radhakrishnan and Trout (Radhakrishnan

and Trout, 2002), who argue that hydrate crystals should be separate rather than agglomerating.

After that, they proposed the Local Structure Nucleation Mechanism (LSNM), asserting that gas
molecules dissolve in mesh-like structures formed by water molecules to produce transient water
clusters. Stable hydrate crystals formed by the clusters under T-P condition. This hypothesis

explains why hydrate can form in the absence of nucleation conditions (Schicks and Luzi-Helbing,

2015). Nevertheless, given the reliance on localized structures, extensive experiments are required
to verify its validation.
Blob Hypothesis is established by combining unstable cluster nucleation hypothesis with the

local structure nucleation hypothesis (Jacobson et al., 2010). This hypothesis posits that

heterogeneous liquid regions emerge termed "Blob™ when gas dissolves in liquid water, which act
as precursors to hydrate. Under specific T-P conditions, Blob structure undergoes disintegrating
and reforming, transitioning from a heterogeneous liquid phase to a stable structure of NGH
(Khurana et al., 2017).

1.1.4 Hydrate formation and stability conditions

The formation and stability of NGH are determined by their structures, thermodynamic
factors, and gas composition. In seabed environment, overlying water column can exert pressure
exceeding 10MPa, which is essential for hydrate formation. The elevated pressure augments gas
solubility, enhancing hydrogen bonding and van der Waals interactions among gas and water

molecules. This facilitates the diffusion and wrapping of gas molecules in water phase, promoting
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hydrate nucleation (Tanaka et al., 2020). In natural settings, temperature ranging within 0-15<C is

vital for hydrate formation, with variations dependent on deposit depth (Sahoo and Best, 2021).

Lower T reduces the thermal movement between molecules and promotes the formation of
hydrogen bonds and van der Waals attraction between water and gas molecules, which results in

a stable hydrate crystal structure (Wang et al., 2022). With advancements in thermodynamic theory

and the consolidation of foundational research, researchers have proposed to use phase equilibrium
relationships to assess the stability of NGH. These relationships elucidate the interconnections
among state variables such as temperature, pressure, and composition for different phases within
a multi-phase system at equilibrium. Fig. 1.4 presents the phase equilibrium curves for NGH in

marine and permafrost regions, clearly delineating their respective stability zones (Xie et al., 2020).

The yellow dashed box in the figure marks the stability region for methane hydrates, while the
white dashed line indicates the stability region for the hydrate structures containing larger
molecules. The corresponding phase equilibrium boundaries are depicted with solid yellow and
white lines, respectively. In the natural setting, most hydrates are sl methane hydrates, while larger
molecular gas forms of sll or sH hydrates demonstrate greater stability and thicker phase
equilibrium boundaries. Additionally, the red curve in the figure illustrates the geothermal gradient,
showing an increase in formation temperature with greater depth below the Earth's surface,
alongside a corresponding pressure increase of approximately 1 MPa per 100 m of descent (Lerche

and Bagirov, 1998). In marine settings, the thickness of the hydrate boundary typically ranges from

300 to 500 m; however, in deeper regions, this boundary can exceed 1000 m, and in regions with
lower geothermal gradients, the phase equilibrium boundary tends to be thicker (Booth et al., 1998;
Max, 2003).
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Figure 1.4: The phase equilibrium stability zone of NGH (Xie et al., 2020)

In addition to T-P conditions previously mentioned, there are other elements that influence
hydrate formation and stability including gas composition, inhibitors, and promoters (Shahnazar

and Hasan, 2014). Diverse gas compositions demonstrate distinct propensities for hydrate

formation due to the variation in molecular size, polarity, and interaction forces between gas and
water molecules. According to phase equilibrium curve, CH4 hydrates as the primary component
of NGH form under approximately 2.9MPa at 1.4<C, with increasing P requirements at higher T,
meanwhile cutting down the formation time (Chong et al., 2016). In contrast, hydrates containing

Ethane and Propane form at comparatively lower P. Also. it is observed that a decline in P that
required for CO- hydrate formation. Hydrogen Sulfide (H2S) alters the solubility dynamics induced
by varying P, thus inhibiting hydrate formation under high P (Liu et al., 2013; Yang et al., 2015;

Kvamme et al., 2014). For the mixed NGH, form conditions of which is more complex such as

CO2-CH4 mixtures, the presence of CO2 can significantly decrease P required for hydrate

formation (Gupta et al., 2018). The phase equilibrium curves of hydrates consisting of different

gas compositions are shown in Fig. 1.5.
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Figure 1.5: The phase equilibrium curve of hydrates with various gas compositions

The principal function of inhibitors lies in impeding the formation of hydrates. The
compounds vie with gas molecules for water molecule interactions, consequently diminishing the
probability for hydrate nucleation. In initial research, alcohols specifically methanol and ethanol
have been identified as potent inhibitors, acting thermodynamically by shifting the hydrate

equilibrium curve to lower T and higher P (Antunes et al., 2018; Kvamme et al., 2022). Kim et al.

(2010) provided a comprehensive overview of hydrate inhibitors and examined that
thermodynamic inhibitors were used at higher concentrations to shift hydrate equilibrium
conditions, while Kinetic inhibitors and anti-agglomerants were used at lower concentrations to

deter the agglomeration of hydrate crystals. Moreover, Zhang et al. (2017) emphasized the

potential of polyvinyl caprolactam as a low-dosage hydrate inhibitor, demonstrating the capability
to prevent hydrate formation under flow assurance conditions. Richard and Adidharma (2013)

investigated a novel ionic liquid inhibitor termed 1-ethyl-3-methylimidazolium chloride (EMIM-
Cl), revealing that the effectiveness of inhibitors containing EMIM-CI increases with P. Fig. 1.6a
summarizes the research findings on phase equilibrium curve for hydrate formation in the presence
of various inhibitors (Bavoh et al., 2018; Kim et al., 2011; Lee et al., 2016; Long et al., 2018,

2015), where the green curve represents the fitted phase equilibrium data for pure CH4 hydrates,
sourced from Deaton (1946). It is evident that the phase equilibrium curve incorporating inhibitors
is positioned above the baseline green curve, indicating a higher P required for hydrate formation

compared to CH4 hydrates.
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Inhibitors function by altering the thermodynamic equilibrium conditions, the mechanism of
which stems from the destruction of water molecule structure induced by inhibitors (Fig. 1.6b).
The elevation in P at which hydrates form is dependent on the concentration and type of inhibitor,
and the suppression effect can be quantified by the relative shift of equilibrium curves in T-P space
(Nasir et al., 2020).
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Figure 1.6: Effect of inhibitors on hydrate formation

Conversely, promoters modify the kinetic behavior of water molecules, which facilitates the
interaction with gas molecules, thus augmenting the efficiency and stability of hydrate formation.

Ghaedi et al. (2016) posited that salts can improve the ionic strength of solution, which lowers the

freezing point of water and allows hydrate formation under higher T. Yet, excessive salt could

inhibit hydrate formation due to the "salting out" effect. Sun et al. (2022) elucidated that short-

chain alcohols can accelerate hydrate nucleation. This arises from the interaction of alcohols with
water molecules, which disrupts the hydrogen bonding, expanding the volume accessible to gas
molecules. Tetrahydrofuran (THF) is a widely utilized promoter owing to the decreased pressure

for hydrate formation (Inkong et al., 2019). In addition, surfactants encompassing anions, cations,

and non-ions, which can dramatically alter the rate of hydrate formation. Notably, anions expedite
methane hydrate formation with an induction time that is approximately 15 times shorter than other

surfactant categories (Viriyakul et al., 2021). Sodium dodecyl sulfate (SDS) demonstrates marked

efficacy in diminishing the surface tension between two phases. This is attributed to the
enhancement in gas solubility facilitating the interactions between gas molecules and water,

thereby elevating the likelihood of hydrate formation (Partoon et al., 2013). Fig. 1.7 summarizes

Natural gas hydrate



Introduction 16

the research results related to phase equilibrium curve for hydrate formation in the presence of
various promoters (Inkong et al., 2019; Joon Shin et al., 2009; Sun and Sun, 2010; Torréet al.,

2015), where the purple fitting curve represents the pure CO> hydrates, as reported in Vlahakis
1972. In contrary to inhibitors, the phase equilibrium points incorporating promoters are all located
below the fitting curve of pure NGH, indicating that promoters expedite hydrate formation by
reducing the pressure necessary to form hydrates. It is noted that the phase equilibrium curve for
pure CO; hydrate is observed to be positioned beneath that of pure CH4 hydrate, which confirms

the higher propensity for CO- hydrate formation.
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Figure 1.7: Phase equilibrium curve for hydrate formation in the presence of various promoters

Hydrate formation in porous media encompasses a multitude of factors, predominantly
involving temperature and pressure modulation through incorporating specific inhibitors or
promoters. Yet, the synergistic impact of combining chemical additives or additional liquid ionic
concentrations has been insufficiently explored. It is appropriate to investigate the synergistic
effects of multiple inhibitors and promoters to achieve optimal hydrate formation. Furthermore,
the integration of nanoparticles holds the potential for enhancing the thermal stability of NGH.
1.1.5 Hydrate distribution and advantages

According to the stability conditions required for NGH, the ideal environments for the growth
of NGH are characterized by high pressure and low temperature, thus hydrates are commonly

found in permafrost regions and marine sediments (Chazallon et al., 2021; Demirbas, 2010). Such

areas include continental margins, submarine highs, marginal seas, and deep-sea basins,
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particularly at ocean depths ranging from 200 m to 600 m, which provide the stable environmental
conditions necessary for hydrate stability (Mienert et al., 2005). Additionally, the geothermal

gradient plays a critical role in hydrate stability by influencing the temperature at various depths

(Kamath et al., 1987), which can exceed the equilibrium T for the corresponding in-situ P, thus

fostering stable conditions for hydrate formation on continental shelves.

Globally, deposits of NGH have been identified in 116 regions, with terrestrial permafrost
deposits primarily located in areas such as the U.S. Alaska, Canada's Mackenzie Delta, and
Russia's Siberia, while marine deposits are mainly found in the Sea of Japan, the Indian Ocean,
the South China Sea, the Gulf of Mexico, and the Caribbean Sea (Collett et al., 2011; Majorowicz
and Osadetz, 2001; Milkov and Sassen, 2001; Yakushev and Chuvilin, 2000). Simulation studies

suggest that approximately 27% of global terrestrial areas and about 90% of marine areas fall

within potential hydrate growth zones (Makogon et al., 2007). Specifically, the areas conducive to

natural gas accumulation in the global oceans cover about 189x10° km?, of which about 30% may
contain NGH (Milkov, 2004). A detailed map of the global distribution of NGH is displayed in
Fig. 1.8.

Currently, coal, oil, and conventional natural gas are the primary constituents of the global

energy supply. However, according to the estimates by the United States Geological Survey, the
carbon storage capacity in NGH is expected to exceed twice that of conventional fossil fuels (Yu
et al., 2021). Fig. 1.9 visually compares the reserves of hydrates with other conventional fuels,
illustrating the significant potential of hydrate resources. The vast majority of NGH reserves are
located in the oceanic deposits, with a relatively minor portion stored on land. Estimates suggest

that the volume of methane hydrates in marine regions ranges from 3.1x10*to 7.6x10'® m?, while
in permafrost regions, the reserves range from 1.4x10% to 3.4x10'® m3. Statistically, the global

supply capacity of NGH is valued between 2.83x10'® to 8.5x10'® m® (Chibura et al., 2022; Judd,

2000). Additionally, NGH boast a high energy density; under standard conditions, the
decomposition of one unit volume of hydrate releases 164 units of natural gas and 0.87 units of

water, underscoring its potential as a sustainable energy resource (Moridis et al., 2011). Methane,

the primary component of NGH, has a higher hydrogen-to-carbon ratio than other hydrocarbons,
which results in lower carbon dioxide emissions upon combustion—approximately 50% less

compared to other fossil fuels (Aregbe, 2017). This attribute makes methane a cleaner and more
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environmentally friendly alternative, positioning NGH as a compelling option in the pursuit of
reducing global carbon emissions.
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Figure 1.8: The distribution of NGH around the world (modified by Ruppel and Kessler (2017))
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Figure 1.9: Carbon reserve of global energy resource (modified by Makogon et al. (2007))

Overall, with the rapid development of the world, the escalating demand for energy coexists
with the stark reality of diminishing fossil fuel reserves. While traditional fossil fuels were once
abundant, the usage of which has significantly impacted global emissions, resulting in
environmental degradation and intensified greenhouse effect (Krey et al., 2009; Wei et al., 2021).

Global energy crisis coupled with climate change demonstrates the urgent imperative for
sustainable and environmentally-friendly energy sources (Misyura, 2020). NGH are considered to

be the most promising energy resource in the 21st century due to their high energy storage,
cleanliness, and abundant carbon reserves, which is also termed combustible ice (Huang et al.,
2012).
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1.2 Gas hydrate-bearing sediments

1.2.1 Overview

Seismic detection techniques play a pivotal role in assessing the distribution of NGH within

continental margin storage zones in offshore areas (Pecher and Holbrook, 2003). Through the

reflection of acoustic signals, seismic imaging enables the visualization of subsurface structures,
where the presence of bottom simulating reflector (BSR) is commonly indicative of potential

hydrate reservoirs (Hyndman and Spence, 1992). However, the absence or subtlety of BSR does

not preclude the existence of NGH, as it primarily marks the base of stable hydrate formations and
the top of free gas. It is noteworthy that seismic data have limitations in quantifying the volume
fraction of shallow hydrates (Kumar et al., 2007). Seismic surveys involve the use of the air gun

as a sound source and the deployment of multiple receivers, whose generated acoustic waves
reflect the vertical motion characteristics of different materials. To enhance the accuracy of
reservoir parameters, it is necessary to conduct multiple seismic surveys with varied operational
parameters. Additionally, the differential deformation characteristics of shear waves (S-waves)
and compressional waves (P-waves) are utilized to provide deeper insights into the distribution

and quantity of NGH (Biswas, 2022). Marine electromagnetic methods, although still in the early

stages of research, have demonstrated potential for effectively characterizing hydrate distributions
(Schwalenberg et al., 2020). With the integration of these diverse methods, the detection and

characterization of NGH deposits have made great advancements.

NGH are typically stored in the pore space of porous sediments. GHBS refer to the
sedimentary materials that are mixtures of sand, clay, and soil containing hydrates, which can be
conceptualized as granular skeletons with pores, partially filled with liquid, gas, hydrate, or ice
(Dai_and Santamarina, 2017) (Fig. 1.10). The occurrence of NGH in sediments reflects the

interactions between hydrates and host sediments, significantly impacting the physical-mechanical
properties of host sediments, with the extent of impact depending on the hydrate content and its
distribution within the pore spaces. Initial studies have indicated that hydrates may manifest in

dispersed, nodular, vein, and massive forms within sediments (Burger et al., 2003). With further

research on the effects of capillary pressure and thermodynamics, scholars found that the hydrate

morphology is controlled by the particle size of the sediment matrix. Host sediments can be
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categorized into coarse-grained sediments and fine-grained sediments due to the difference in
particle size, where coarse-grained sediments have a median grain size (dso) larger than 75 um

while fine-grained sediments have a dso smaller than 75 pm (Park et al., 2018). In coarse-grained

sediments like gravels, the larger pore spaces coupled with lower capillary pressures contribute to
higher permeability, facilitating the mobility and clustering of gas molecules within the hydrates,
which result in the formation of fluids that fill the pores. Conversely, fine-grained sediments such
as clays and mudstones exhibit low permeability due to smaller pore sizes and higher capillary

pressures, which restrict the supply of gas molecules and inhibit fluid flow (Dai and Santamarina,

2017). Hydrate formation in coarse-grained sediments is invasive, where accumulated hydrates
form cage-like clusters that extend into new pores; whereas in fine-grained sediments, hydrate

growth is displacement-based (Terzariol et al., 2020); it occurs by displacing surrounding fine-

grained sediments, with the reorganization of the spatial structure within the pores, potentially
leading to the formation of isolated hydrate bodies such as lenses or nodules. Although over 90%
of NGH are stored in fine-grained sediments (Li et al., 2021), research has predominantly

concentrated on coarse-grained sediments, which is driven by: compared to the fine-grained
sediments, the coarse-grained sediments exhibiting high permeability supports hydrate formation,
the facilitation of the detection via seismic methods owing to the evident variations in acoustic
impedance, the ease of gas production associated with their porous structure, and the ease of
hydrate recovery because of the stable depositional environments such as river deltas and seabed
deposits. Current research indicates that hydrate morphology is not only controlled by the
properties of the host sediment (porosity, permeability, and grain size), but also is influenced by
necessary chemical components and environmental conditions (Xie et al., 2020).
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Figure 1.10: The multiphase system of GHBS
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1.2.2 Hydrate morphologies in coarse-grained sediments

Hydrate morphology (HM) refers to the physical arrangement and distribution of hydrates
within the pore space of sediments (Yang et al., 2015). Understanding HM could help in predicting

the fundamental properties of host sediments. For the coarse-grained sediments, hydrate
morphologies mainly include five types, with the dependent of hydrate content within pore space.
In geological science, the content of hydrate crystals can be expressed as hydrate saturation.
hydrate saturation (the volume fraction of hydrates within the pore space of sediments) is defined
as the ratio of hydrate volume to the total pore volume, which can be expressed as (Zhang et al.
2015):

S, = \\%xloO% (1.1)

A

where Vj, is the hydrate volume, Vy is the pore volume

The different pore habits of hydrates in coarse-grained sediments are shown in Fig. 1.11. At
lower hydrate saturation (Sh < 25%), the predominant morphology observed is pore-filling where
hydrates grow as part of pore fluid and occupy the pore space without contacting the particles. In
this case, it exhibits an enhancement in the density and acoustic impedance of host sediments while
impacting their permeability and bulk modulus (Guo et al., 2023). The kind of hydrates can be

easily identified in seismic surveys, with a lower risk of gas leakage during the recovery.
Successful detections of such hydrates have been reported in diverse regions, including Japan, the
South China Sea, and the Gulf of Mexico. When Sy = 25~40%, it exhibits an improvement in
bearing capacity, transitioning into the load-bearing morphology. Hydrate binds multiple sediment
grains to support the weight of overburden, enhancing the mechanical properties of GHBS

(Mahabadi et al., 2019). In an intermediary phase referred to as the patchy state (Sh = 0~100%),

hydrates are unevenly distributed in sporadic clusters or fragments within host sediments, where
variations in local Sy can induce notable local differences in the physical and chemical properties

of sediments and also affect the stability of the reservoir and fluid flow behaviors (Bagherzadeh et

al., 2011). The cementing type tends to appear at higher Sy (Sh > 40%) where hydrate acts as binders

to connect with sediment grains, with the supplement of cementation effect, which displays

enhanced mechanical properties and reduced compressibility in deposits (Wu et al., 2023). A

distinct type is grain-coating where hydrates generate a thin “coat” on the grain surface, effectively

encapsulating the particles. This coat serves as a barrier to impede the flow of gas and liquid,
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exerting a substantial impact on fluid permeability (Li et al., 2021). Such hydrates have been

discovered in the Mackenzie Delta and Blake Ridge.

HM in coarse-grained sediments
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Figure 1.11: Schematic of different HM in coarse-grained sediments

In essence, for the coarse-grained sediments, HM can be broadly categorized into inter-

granular and grain-boundary structures (Wu et al., 2015). For intergranular occurrences, hydrates

nucleate and grow within the pore spaces of grains without altering the physical contact or
configuration, encompassing both pore-filling and patchy types. For grain-boundary occurrences,
which involve the interaction between hydrate and grain structures. The load-bearing and
cementing morphologies are characterized by hydrate providing structural support or
interconnecting with sediment grains, whereas the grain-coating morphology manifests as hydrates
enveloping sediment grains, creating the physical barrier.

1.2.3 Hydrate morphologies in fine-grained sediments

According to the research by Terzariol et al. (2020), the pore habit of hydrates can be

determined by the ratio of vertical effective stress to capillary pressure difference; the ratio greater
than one indicates the pore-invading type, while the ratio less than one suggests the grain-
displacing type. In fine-grained sediments, due to high capillary pressures, hydrates predominantly
exist either by pore-filling or grain-displacement, with the grain-displacing pore habit typically

manifesting as isolated lenses and nodules (Holland et al., 2008). In certain specific deposits,

hydrates may accumulate locally, forming discontinuous parallel lenses, with their distributions
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and morphologies influenced by subsurface fluid dynamics, local geological structures, and the
properties of the host medium (Jang and Santamarina, 2016). In heterogeneous permeable

sediments, nodular hydrates can disrupt the homogeneity of the sedimentary layers; for instance,
the accumulation of methane with locally high concentrations can facilitate the precipitation of
hydrates in discrete nodular forms. Additionally, vein-like distributions of hydrates have been
frequently observed in clay sediments when fluids containing abundant methane migrate and

accumulate along sedimentary fractures (Lv et al., 2020). Due to the crustal movement, sediment

may occur in layers, in which case hydrates commonly distribute evenly in a layered manner, with
alternating high and low permeability layers aligned parallel to the bedding of the sedimentary
layers (laminate) (Lei and Santamarina, 2019). The different pore habits of hydrates in fine-grained

sediments are shown in Fig. 1.12.

HM in fine-grained sediments
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Figure 1.12: Schematic of different HM in fine-grained sediments
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1.3 Gas hydrate application and extraction

1.3.1 Hydrate reservoir classification

In the 1980s, the scientific community initially believed that submarine hydrates were
prevalent across the globe in stable T-P conditions. However, subsequent research has gradually
revealed that the hydrate morphology in the stability zone is influenced by various geological and
environmental factors, such as the salinity of pore water and regional geothermal flux (Minshull

et al., 2020). These factors trigger complex geometrical configurations of the hydrate stability

zones in both horizontal and vertical directions, leading to a highly uneven distribution of hydrate
resources across different regions. Additionally, hydrate extraction is determined by multiple
factors including temperature, pressure, gas sources, migration pathways, and storage spaces,

which result in significant variability in the production characteristics and extraction difficulties

of hydrates across various geological settings (Wei et al., 2024). Similar to other fossil fuels, the
most accessible hydrate deposits typically contain fewer resources, while those with substantial
reserves often pose severe extraction challenges. It has been reported that the potential value and
extraction difficulty of different NGH deposits are distributed as a pyramid, as depicted in Fig.
1.13. From the top to the bottom of the pyramid, there is a progressive increase in both the
difficulty of hydrate extraction and the volume of resources. The top layer of the pyramid is the
sandy hydrate in the permafrost regions characterized by larger grain sizes, high porosity, and
permeability, which are currently extractable with existing technologies and where research is
comparatively abundant. In contrast, the bottom layer comprises dispersed hydrates in clay
deposits that possess the largest resource volume and there is no precedent for successful extraction
so far due to their low permeability. The middle layer consists of the hydrates stored in marine
sandy sediment, which hold substantial resources with favorable porosity and permeability

characteristics and are considered to have promising extraction potential (Pang et al., 2021).
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Figure 1.13: Resource pyramid for NGH (modified by Collett et al. (2009))

Based on the variations in geological structures and trapping conditions, NGH reservoirs can

be further classified into four distinct types, as illustrated in Fig. 1.14 (Ersland, 2010; White et al.,
2011). Type | reservoirs consist of a GHBS layer, a gas layer, and both above and below
impermeable layers in which hydrates often exist at critical phase equilibrium, and the sedimentary
layers aid in trapping the gas released during hydrate decomposition, which presents substantial
extraction potential. Type Il reservoirs include a GHBS layer and a water layer, along with the
impermeable layers, with the primary distinction from Type | being the fluid phase beneath the
hydrate layer. Type Il reservoirs are comprised of only a GHBS layer and impermeable layers
without the free gas layer, which are characterized by low Sy and low permeability; these reservoirs
are prevalent in natural settings but are difficult to develop. Type IV reservoirs differ from the
previous three types as hydrates are dispersed in low-permeability sediments as extensive nodular
structures, their low Sy and non-stratigraphic distribution generally exclude these reservoirs from
being targeted for extraction due to economic and technical constraints (Malagar et al., 2019).
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Figure 1.14: Classification of hydrate deposits

In summary, hydrate reservoirs that are suitable for large-scale commercial extraction should
exhibit the following characteristics: a. Survey and sampling confirm high hydrate concentration
in the reservoir; b. Stable geological structure of the reservoir conducive to safe extraction; c.
Hydrate reservoir is effectively enclosed by geological traps to ensure the containment of produced
gases; d. Produced alkane gases can be transported to natural gas markets via subsea pipelines,
with the economic feasibility of extraction and transportation costs.

1.3.2 Methods for gas hydrate recovery

Since the 1930s, incidents of hydrate blockages in natural gas pipelines to the present studies
showcasing the potential of hydrates as an energy resource have revolved around the issue of
hydrate recovery. The key to the solution lies in inducing the dissociation of hydrates. In the gas
production from GHBS, the phase equilibrium state of hydrates is of paramount importance, the
specific principle involves altering T-P conditions of hydrates from their stable state to a non-
stable zone below the phase equilibrium curve, thereby triggering decomposition. To date, three
predominant techniques have been extensively employed for hydrate extraction: thermal
stimulation, depressurization, and CO> replacement (Fig 1.15) (Zhao et al., 2015).
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Figure 1.15: Methods for recovery hydrates in sediment deposits

Depressurization is the predominant technique for inducing hydrate dissociation. Compared

to other methods, it is the most energy-efficient and boasts a higher gas production rate (Cui et al.

2021). This process entails reducing the reservoir pressure until below the hydrate equilibrium

curve, prompting hydrate dissociation accompanied by the reduction in Sy (Zhang et al., 2015). It

is crucial to note that hydrate dissociation is an endothermic reaction, which can provoke localized
cooling and may consequently result in the reformation of hydrates. This is particularly
problematic in reservoirs with low permeability, where it can cause blockages in gas production
pipelines. Consequently, load-bearing capacity of deposits significantly diminishes, exposing a
major drawback of this approach: GHBS are prone to volumetric deformation with a risk of
settlement (Li et al., 2021).

Hydrate dissociation induced by thermal stimulation involves injecting heat fluids (including
electromagnetic heating, steam injection) into GHBS, raising T to a point where it falls beneath

the hydrate equilibrium curve (Wang et al., 2018). The migration of water and gas during the
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process triggers localized thermal convection, which is believed to be interconnected with heat
conduction. Therefore, thermal conductivity plays an indispensable role in this technique (Roostaie

and Leonenko, 2020). Unlike depressurization, this technique demands substantial thermal energy

with heat transfer processes susceptible to losses, leading to diminished energy efficiency.
Additionally, heating causes heterogeneities in stress distribution within GHBS, potentially
precipitating fractures and other structural damages. Analogous to depressurization, thermal
stimulation weakens the bonds between particles and hydrates, reducing structural stability
(Madhusudhan et al., 2019; Song et al., 2016).

CO: replacement is increasingly recognized as a promising environmentally-friendly

approach for hydrate recovery, offering the dual benefits of natural gas recovery and CO:

sequestration (Jung et al., 2010). The underlying principle leverages the equilibrium discrepancies

between CH4 hydrates and CO, hydrates under specific T-P conditions. CO, molecules are
incorporated into the hydrate lattice by injecting CO. into CHs-HBS, displacing methane
molecules within GHBS (Prashant et al., 2005). Compared to other techniques, CO> replacement

involves intricate procedures and necessitates precision equipment. However, the long-term
stability of sequestered CO2 in HBS poses unresolved challenges, with the potential for gas leakage

remaining a critical issue (Chaturvedi et al., 2021).

The choice of dissociation methods during hydrate recovery hinges on reservoir
characteristics and desired outcomes. Thermal stimulation provides a direct method for hydrate
dissociation but necessitates high energy. Depressurization enhances energy efficiency but also
raises possible geological issues. CO, replacement garners attention due to its distinct advantages,
but the mechanical properties of CO.-HBS require further examination (Cranganu, 2009; Komatsu

et al., 2013). The applicability and limitations of the relevant methods are summarized in Table
1.3.

Table 1.3: Description of three strategies for NGH recovery

Strategies Operated Limitation Applicability
materials
Depressurization  Heating Affect  the  reservoir Sedimentary layers with high
media stability and block flow permeability  and high
pipeline porosity
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Thermal Drilling and High energy consumption Low-temperature deposits or
stimulation pump and low decomposition shallow reservoirs

systems efficiency
CO: replacement CO2 The amount of injected Regions required to strictly

COgzshould be controlled  control  greenhouse  gas

emission

1.3.3 Field trials for hydrate production

The trials for NGH recovery generally entail a systematic and multi-phased approach aimed
at assessing the feasibility and potential of gas production from hydrate reservoirs. The process
begins with geological exploration and assessment, which involves the use of seismic exploration
techniques, geological drilling, and sample analysis to identify potential locations of hydrate
reservoirs, and to evaluate their scale, depth, and stability (Hunter et al., 2011; Moridis et al., 2004).

Following this, drilling operations are conducted to obtain core samples, which serve to validate
the geological models and predictions previously established. Subsequently, test wells are installed
to monitor the responses of the reservoir and to conduct preliminary gas production tests. This
phase is crucial for observing the dynamic behavior of the hydrate reservoir under production
conditions. The final step involves the use of experimental recovery technologies. This phase
combines various recovery methods in small-scale trials to measure both methane production and
reservoir response, whose primary objective is to assess the operational feasibility and efficiency
of different recovery technologies (Collett et al., 2012).

In 2004, the Messoyakha NGH deposit located in the northwestern part of Western Siberia
underwent commercial trial extraction by utilizing the depressurization method, with over half of

the gas production resulting from hydrate decomposition (Makogon et al., 2005). In the early 21st

century, the Mallik area of the Mackenzie Delta in Canada underwent several trial extractions,
among which the Mallik 5L-38 well in layer A with relatively high Sy was extracted using thermal
stimulation. The Mallik 2002 project employed a hot-water circulation system for thermal
stimulation extraction; however, the gas production efficiency was low, making it challenging to
meet the demands of large-scale commercial extraction. The Mallik 2007 project adopted a
combined approach of depressurization and thermal stimulation for trial extraction, and results

demonstrated that depressurization was more effective in well-conditioned hydrate reservoirs
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compared to thermal stimulation (Fujii et al., 2008; Moridis et al., 2004). Despite the smooth

progression of short-term trial extractions in this region, these efforts exposed an issue “how to
supply the heat required for the phase transition decomposition of hydrates in long-term
sustainable extraction”. The Ignik Sikumi project on Alaska's North Slope achieved success in
2012 by displacing methane hydrates with CO. for the first time, illustrating that hydrates stored
in the continent could be extracted using CO> replacement combined with depressurization, but it

exhibited low efficiency when extracting hydrates in the deep sea (Collett et al., 2012; Hauge et

al., 2014). In 2013, the world's first offshore trial extraction of generated hydrates in the Nankai
trough was conducted via the depressurization method, though it was prematurely terminated due
to the blockage of the equipment induced by sand production. A subsequent trial extraction for the
Nankai trough in 2017 involved two wells over 36 d, yet challenges persisted in maintaining long-
term production as gas production rates gradually declined (Noguchi et al., 2011; Yamamoto,
2015). From 2017 to 2020, three trial extractions conducted in the Shenhu area of the South China

Sea encountered issues related to low porosity and permeability in the muddy fine-sand reservoirs.
Chinese researchers managed to achieve stable gas production through independently developed
equipment and an improved depressurization method, although the duration of trial extraction and
the volume of gas production have yet to reach the thresholds for commercial development (Chen
et al., 2018; Wei et al., 2018).

1.3.4 Climate changes induced by gas hydrate recovery

NGH are recognized as an energy resource with considerable potential but present significant
climate hazard risks during the recovery. Compared to traditional fuels, hydrates are in a
metastable state and maintain phase equilibrium only under specific T-P conditions. During
exploratory drilling, factors such as frictional heating from the drill bit, variations in drilling
pressure, the salinity of the drilling fluid, and recovery methods such as depressurization and
thermal stimulation can disrupt the stability of hydrates, which can prompt the hydrate dissociation
and the subsequent release of substantial amounts of alkanes (Gundersen, 2013). Alkanes are

potent greenhouse gases, possessing a global warming potential of 25 times that of CO» (He et al.

2018). If these gases are not effectively captured and transported, or if the leakage occurs in the
transport pipelines, they may be partially absorbed by the oceanic ecosystem, with the remainder
escaping into the atmosphere, thereby exacerbating global warming. Furthermore, the increase in

sea temperature and sea level induced by global warming will further affect the stability of marine
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hydrate reservoirs, especially evident in shallow burial areas. In deeper burial areas, gases
produced by hydrate dissociation must pass through thicker sediment layers, and the migration
process to the overlying ocean or atmosphere involves passing through sediments that are still
under hydrate-stable conditions. This may limit both the rate and the total amount of gas migration,
potentially delaying the leakage of alkanes. Therefore, hydrate decomposition caused by artificial
recovery and the consequent gas leakage has a significant impact on climate change, with natural
factors reciprocally acting on hydrate dissociation to create a delayed cycle of dissociation and
impact (Archer, 2007; Ruppel and Kessler, 2017).

1.3.5 Geological disasters caused by gas hydrate recovery

Submarine geohazards are frequently associated with GHBS, primarily due to changes in
sediment stability triggered by hydrate dissociation. NGH function as a solid "cement" within these
sediments, presenting in various morphologies and serving as a binding agent that fills pore spaces,
which can enhance the structural stability and mechanical strength of the deposits. However,
human activities including exploration and recovery of hydrates will alter the T-P conditions to
which these hydrates are subjected, initiating hydrate dissociation. This process represents a
complex multiphysics coupling phenomenon involving seepage, heat conduction, and strength
reduction, as detailed in Fig. 1.16 (Liu et al., 2019; Wang et al., 2022; Wei et al., 2019). Hydrate
dissociation is an endothermic process that absorbs heat from the surrounding environment. The

effect of heat absorption and conduction can affect the temperature distribution of the surrounding
sediments, thereby inducing thermal expansion or contraction. Moreover, hydrate dissociation
generates water and alkanes, which suddenly alter the internal pressure within spaces previously
occupied by the hydrates. Since alkanes have a much larger volume than solid hydrate, the rapid
accumulation of gases increases the pore water pressure and meantime decreases the effective
stress, and weakens the cementation between sediment particles. Consequently, the areas where
hydrates have dissociated gradually lose shear strength due to insufficient consolidation. Once the
sediment strength falls below a level that can resist gravitational or external disturbances (such as
earthquakes), it heightens the risk of geohazards including liquefaction, settlement, foundation
instability, and submarine landslides (Fig. 1.17) (Kvalstad et al., 2005; Sultan et al., 2004; Zhang

et al., 2019). Although geological disasters directly related to hydrate extraction are rare, those

associated with the stability of methane hydrates have been widely recorded and studied. As

reported in the literature, historical events such as the Storegga Slide off the coast of Norway,
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which involved approximately 3,500 km? of sediments, are believed to have been triggered by
hydrate dissociation arising from the increase in seabed temperature or changes in seawater
chemistry (Brown et al., 2006). Furthermore, geohazards such as the Beaufort Sea Slides off

Alaska in the early 1990s and recent hydrate extraction trials in the Nankai Trough off the coast
of Japan underscore the potential geological instability induced by hydrate dissociation (Colwell
et al., 2004; Stow et al., 2012).
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1.4 Significance

1.4.1 The importance of exploring the geo-mechanical behavior of GHBS

The energy potential of gas hydrates is vast, prompting numerous international projects aimed
at exploiting this untapped resource. However, hydrate recovery inevitably affects the stability of
the surrounding sediments, and the risk of hydrate dissociation possibly triggers climate change
and geological disasters. Understanding the mechanical properties of GHBS, such as strength,
stiffness, and deformation characteristics, is essential for assessing the stability of hydrate deposits
during gas production and mitigating potential geohazards. So far, extensive experiments
conducted on GHBS have shown that the mechanical responses of sediments in the presence of
hydrates are controlled by a wide range of factors, which can broadly be categorized into two
groups: i. external stress loading paths; ii. internal matrix characteristics, including hydrate
saturation, hydrate morphology, and sediment grain type. Therefore, it is necessary to compile and
normalize existing mechanical test data to accurately characterize the geo-mechanical behavior of
GHBS. This standardization analysis will not only support the validation of numerical models but
also ensure the dependability of parameter relationships critical for effective modeling.

1.4.2 The importance of the constitutive modeling for GHBS

The geo-mechanical modeling of GHBS stands as a critical endeavor in understanding and
predicting the complex behaviors of such sediments under various environmental and operational
conditions. Advanced constitutive models are indispensable for simulating the enhancements in
cohesion, dilation, compressibility, strength, and stiffness attributed to the formation of NGH.
Traditional models, such as the Mohr-Coulomb and Drucker-Prager models, have provided
foundational insights but are often restricted by the assumption of a unique yield surface shape.
This assumption limits their flexibility in accurately capturing the diverse mechanical responses
observed in GHBS, particularly under varying hydrate contents and sediment compositions.

The Hierarchical Single Surface (HISS) theory offers a significant advancement in this
context. Unlike traditional models, HISS does not confine itself to a single yield surface shape.
Instead, it employs a single yield surface with adjustable shape factors, allowing for the

representation of a spectrum of yield surface characteristics by modifying just a few parameters.
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This adaptability provides a more tailored approach to modeling the specific failure locus for
different sediment types. Incorporating anisotropic effect into these models is also important
because GHBS often exhibit pronounced anisotropic behaviors due to the directional properties of
hydrate formations within the sediments. Traditional isotropic models fall short in capturing these
directional dependencies, which are essential for accurate predictions of sediment behavior under
stress.

The importance of developing geo-mechanical models for GHBS extends beyond academic
interest, as it serves as a bridge between laboratory-scale experiments and real-world applications,
allowing for the calibration and validation against observed field data. This iterative process of
model refinement enhances the applicability of the models in supporting engineering decisions
and geological predictions. Continuous improvements in computational methods and the
integration of multi-physics approaches continue to push the boundaries of what these models can
achieve, facilitating a deeper understanding of the geotechnical challenges posed by gas hydrates.
In essence, the geo-mechanical modeling of GHBS is not merely a scientific pursuit but a practical
necessity that informs the sustainable extraction of hydrate resources and the mitigation of related

environmental risks.

1.5 Conclusions

This chapter is dedicated to describing the general characteristics of NGH bearing sediments,
which involve key aspects: a. the energy value of hydrates; b. hydrate occurrence within sediments;
c. the challenges of hydrate recovery from sedimentary layers. NGH, with their considerable
carbon storage and high energy density, are recognized as one of the most promising energy
resources globally, whose advantages depend on their unique structures. Also, structural features
dictate the formation and stability of hydrates that can be describable via phase equilibrium curves.
Additionally, gas compositions, inhibitors, and promoters can effectively alter the thermodynamic
and kinetic conditions that influence hydrate formation. NGH are extensively distributed in marine
sediments and permafrost, exhibiting varying forms of occurrence in coarse versus fine sediments.
This variability significantly impacts the mechanical properties of host sediments and ultimately
determines reservoir stability. Currently, three methods (thermal stimulation, depressurization, and

COz2 replacement) have been applied for hydrate extraction, each demonstrating own applicability
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and limitations. During drilling, the instability of GHBS layers may pose uncontrollable potential
risks, such as the leakage of greenhouse gas due to hydrate dissociation, submarine landslides
induced by overburden collapse, and pipeline blockages caused by the leakage of particle sand
during the deformation of host sediments. Therefore, understanding the geophysical-mechanical
characteristics of sediments containing NGH is essential for the effective and safe recovery of
hydrates. Constitutive modeling is an effective method that can replicate the stress-strain behavior
of GHBS under various environmental conditions, which can save time and cost and avoid the
challenges associated with synthesizing hydrates in the laboratory compared to experimental
investigations. Given the limitations of the existing GHBS constitutive model, we have a strong
interest in further modeling and characterizing its geo-mechanical behavior. The next chapter will
elaborate on the basic physical properties of the host sediments and discuss the mechanical

behavior of GHBS in response to various environmental and loading conditions.
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Chapter 2. Fundamental physical-mechanical characteristics of
GHBS

This chapter provides a thorough discussion on the fundamental properties of GHBS, with a
particular focus on their thermal properties, fluid flow characteristics, and mechanical responses.
Based on the discussion in Chapter 1 regarding the thermal conductivity involved in the
decomposition of hydrates during extraction, thermal-related parameters including thermal
conductivity, specific heat, thermal diffusivity, and reaction enthalpy are evaluated in Section 2.1.
These parameters are assessed to quantify how GHBS respond to environmental temperature
changes, covering both the heat transfer within the sediments and the energy required for hydrate
decomposition, as well as the rate of heat propagation. Given that fluid permeability is crucial for
gas production efficiency, the fluid flow properties of GHBS are described in section 2.2,
emphasizing the importance of porosity and permeability. This section explains how hydrate
content and distribution affect permeability, integrating experimental data and theoretical analysis
to clarify how hydrates regulate fluid flow within host sediments. Additionally, the volumetric
deformations of GHBS under isotropic loading are measured in terms of compressibility and
compared with hydrate-free sediments, highlighting their distinct compressive behaviors. In
Section 2.3, the importance of laboratory mechanical tests for predicting reservoir stability during
the recovery of NGH is discussed, including methods of specimen preparation and the precision
of testing equipment. The feasibility and limitations of current technologies are also assessed. In
Sections 2.4 and 2.5, the mechanical responses of host sediments in the presence of hydrates and
their variations in mechanical properties under the influence of external factors (effective stress,
temperature, sediment matrix, loading rate, and porosity) are analyzed through normalizing data
from the literature. Also, part of these sections reveals the control mechanisms of hydrates on the
volumetric deformation and strengthening in host sediments from a micro perspective. Finally, the
potential long-term deformation behavior of sediments due to prolonged hydrate extraction is

discussed in Section 2.6.
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2.1 Thermal property

The formation and decomposition of hydrates involve energy transformations, with the phase
transition being particularly critical for heat conduction. The thermal properties of GHBS (Thermal
conductivity, specific heat, thermal diffusivity, and reaction enthalpy) are crucial for the formation
and stability of hydrates, as these parameters reflect the response of host sediment to thermal

energy (Dangayach et al., 2015). The efficiency of hydrate extraction in submarine reservoirs

depends significantly on these thermal properties. The thermal properties of different specimen
components are summarized in Table 2.1, with the values measured under specific T-P conditions

from existing literature except thermal diffusivity calculated using Equation 2.2.

Table 2.1: Comparison of the thermal-related parameters of different specimen components
(Aromada et al., 2019; Hu and Xiao, 2023; Li et al., 2022; Waite et al., 2009)

Material Thermal Thermal Specific heat  Density Reaction
conductivity (W /  diffusivity (m®>  (J/kg -K)  (kg/m°  enthalpy
m -K) /s) (kJ / mol)
Air 0.024 (273K) 183x10”7 1010 (273K) 1.298 11.57
(272K) (273K)
Water 0.58 (283K) 1.38%10”7 4192 (283K) 999.7 -285.83
(283K) (298K)
Ice 2.21 (270K) 11.7>107 2052 (270K) 917 -6.01
(273K) (273K)
Methane 0.0297 (260K, 181077 2170 (260K) 7.61 -74.85
gas 1MPa) (260K, (298K)
1MPa)

Methane 0.57 (263K) 3.35x1077 2031 (263K) 929 54
hydrate (263K) (281K)
CO2 0.53 (273K) 1.8x10°’ 2560 (271K) 1181 63.18
hydrate (270K) (281K)
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THF + 0.47 (283K) 3.12x10”7 4080 (282K) 982 311.8
water (283K) (298K)
THF.17H.0
THF 0.5 (261K) 2.55x1077 2020 (261K) 971 130~163
hydrate (273K) (280K)
THF.17H.0
Quartz 7.7t08.4 411077 730 (273K) 2650 -

2.1.1 Thermal conductivity

Thermal conductivity (Ar) is used to measure the ability of a material to transfer heat through
a unit area per unit time under a unit temperature gradient in steady-state conditions. This
parameter is the key to predicting the changes in heat flow within the sediment layer and the
thickness of the hydrate stability zone, especially in the application of thermal stimulation for
promoting hydrate decomposition, it is necessary to precise control over the thermal flow in the

heating area, as which is related to the efficiency of gas production and the maximization of

resource recovery (Cortes et al., 2009). Thermal conductivity is governed by Fourier's law, which
provides the mathematical framework to quantify the rate of heat flow in response to a temperature
gradient, given by the following (Narasimhan, 1999):

. Sl (2.1)

Where Q is the amount of heat, t is the time, T is the temperature, x is the gradient, S is surface
areas.

As demonstrated in Table 2.1, the thermal conductivities between particles, fluids, and air
differ by nearly ten orders of magnitude. Given that GHBS are multiphase geomaterials, the
geological heterogeneity of reservoirs directly determines their difference in thermal transmission
efficiency. Heat transfer in GHBS involves three mechanisms: interparticle conduction, where heat
is transferred through the contact points between sediment particles; particle-fluid-particle
conduction, where heat is transferred through the fluid that envelops the particle contact points;
and pore fluid transmission, where heat is conveyed via the fluids (water and gas) that fill in the

pores (Yun and Santamarina, 2008). Thermal conductivity is typically obtained through laboratory

experiment or in-site tests, with the majority of research relying on simulated and experimental

data due to the challenges and costs associated with in-site measurement. Commonly laboratory
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techniques employed for measuring thermal properties include the heat pulse probe method and
the transient plane source method (Muraoka et al., 2019). Literature reports that the thermal

conductivity of GHBS are determined by various factors including mineral composition,
temperature, grain size, effective stress, and the characteristics and dimensions of pore spaces. The
thermal conductivity of quartz is evidently higher than other soil-forming minerals such as clay or
mica; meantime, the higher the quartz content in host sediment, the higher the overall structural
thermal conductivity. Grain size influences thermal conductivity by the various contact areas

between particles; larger particles such as coarse sand and gravel with greater contact areas possess

higher efficiency in heat transfer (Pribnow and Umsonst, 1993; Tang et al., 2021). Water, as an
excellent conductor of heat, can enhance thermal conductivity, particularly when it saturates

particle contact points or fine pores (Lu et al., 2007). Thermal conductivity is inversely

proportional to T due to the thermal expansion that increases lattice constants, thereby weakening

interatomic interactions (Huang and Fan, 2005). Moreover, there is a positive relationship between

thermal conductivity and vertical effective stress, this stems from the increased effective stress
improves closer contact between sediment particles, thus boosting direct heat transfer between
them (Cortes et al., 2009; Vargas and McCarthy, 2001) (Fig. 2.1). Although solid sand displays

higher thermal conductivity than hydrates, sand containing hydrates demonstrates greater thermal
conductivity, suggesting that hydrates enhance thermal transmission efficiency by increasing
interparticle contact. In numerical modeling, thermal conductivity is often estimated using a two-
phase model that combines the thermal conductivities of sediment particles and pore fluids. While
the intricate multiphase systems may necessitate the consideration of interactions between hydrate,
water, and gas, in many cases, the similar thermal conductivities of methane hydrate and water
indicate that simplified models can still yield accurate approximations. However, in the case where
pore spaces are predominantly occupied by gas, the thermal conductivity of gas is substantially
lower than that of water and solid particles, and the simple averaging methods are no longer
adequate. In these scenarios, the distribution and role of water at particle contact points must be
considered, as even at low Sy, water can significantly enhance thermal conduction between crystal

particles.
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Figure 2.1: The change law of thermal conductivity under various effect factors (Cortes et al.
2009)

2.1.2 Specific heat

Specific heat (c®) refers to the amount of heat required to raise the temperature of the material

by 1°C, a physical quantity that is important during the dissociation of hydrates (Yang et al., 2019).

Hydrate decomposition is an endothermic process; if insufficient thermal energy is available at the
decomposed interface, the decomposition rate will be constrained. The specific heat of GHBS
primarily depends on the mass fractions of minerals, water, and hydrates within the sediment.
Unlike thermal conductivity, specific heat is not influenced by the distribution of pore sizes or
interfacial effects, but directly correlates with the mass ratios of the material’s components, with

the expression represented by the following formula (Nakagawa et al., 2008):

{c forms = Cp fn (L= 4)+ €3 f, (L= S, )g+C3 .S 0
forgs = fn@—=@) + f,1=S,)¢d+ £, S, ¢

Where ¢* is the specific heat of each component, f is the mass fraction, the subscripts m, w, h, and

(2.1)

GHBS represent the sediment mineral, water, hydrate, overall structure, respectively, Sy is the
hydrate saturation, ¢ is the porosity.

As noted in Table 2.1, the specific heat of methane hydrate is 2031 J/(kg K), which is
approximately half that of water at its melting point (4218 J/(kg K)), indicating that the presence
of hydrates considerably reduces the specific heat, with greater reductions as the hydrate content
increases. In reservoirs with high Sy, the reduced thermal storage capacity of the hydrates impairs

their thermal stability and exacerbates the structural sensitivity to fluctuations in environmental T
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(Zhao et al., 2015). An increase in porosity signifies a higher proportion of non-solid minerals in

the pore space. Since the specific heat of gases is lower than that of solids and liquids, a higher
porosity results in a reduction in overall specific heat (Waite et al., 2009).
2.1.3 Thermal diffusivity

Thermal diffusivity (xt) is a pivotal parameter that quantifies the rate of heat diffusion within
a material, which is defined as the ratio of thermal conductivity to the product of density and

specific heat (\Vosteen and Schellschmidt, 2003). A higher value of thermal diffusivity implies that

a material can respond more rapidly to changes in environmental T (Kumar et al., 2004). The
formula for thermal diffusivity is expressed as:
o =2 (2.2)
p-C

Where 17 is the thermal conductivity, p is the density, c® is the specific heat.

The integration of hydrates within sediments significantly enhances the thermal conductivity,
and consequently increases the thermal diffusivity. As detailed in Table 2.1, the thermal diffusivity
of THF hydrates (2.55%107 m?/ s) is approximately twice that of water (1.38><10" m? / s). Waite
et al. (2007) observed that in GHBS with 35% porosity and 35% Sy, the thermal diffusivity is 10%
higher than in hydrate-free sediments (HFS). This augmentation is particularly pronounced in
high-porosity sediments, such as those found near the surface on the Congo continental slope,
where porosity reaches up to 74%. In such sediments, even Sy within the range of 19%-22%, the
heating time is reduced by more than 10% compared to HFS, illustrating that GHBS exhibit higher
thermal diffusivity and can respond more swiftly to T variations, with the degree of this response
depending on porosity (Lucazeau et al., 2015). Kumar et al. (2004) investigated the thermal

diffusivity of both methane hydrates and methane hydrate-bearing sediments, suggesting that the
thermal diffusivity of methane hydrates exhibits a negative correlation with T, whereas that of
HBS shows a positive correlation. This discrepancy indicates that the impact of T on thermal
diffusivity is variable and dependent on the material composition (Zhao et al., 2018). In the context

of hydrate recovery, when high-temperature hydrocarbon fluids pass through GHBS, the
temperature of the sediment layer will be changed rapidly, which potentially affects the stability

of the reservoir. Thus, it is imperative to examine the thermal diffusivity of hydrates.
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2.1.4 Enthalpy of reaction

Reaction enthalpy (AH) quantifies the heat released or absorbed during a chemical reaction.
The formation process of hydrates is exothermic, releasing heat into the surroundings, whereas the

decomposition process is endothermic, absorbing heat from the environment (Avlonitis, 2005).

The reaction equation is given by:
CH,(g) + nH,O (I) 2CH, -nH,0 (s) (2.3)
Where n is the hydration number.

The sign of the reaction enthalpy depends on the direction of heat flow; Hydrate formation
reaction typically occurs under conditions of low T and high P, AH is negative for exothermic
reaction. Conversely, hydrates decompose under conditions of rising T or falling P, a process that
is inherently endothermic, with AH being positive. Current research indicates that the reaction
enthalpy of GHBS is controlled by several factors, including the strength of hydrogen bonds, the

size of guest molecules within cavities, and the occupancy of these cavities (Sloan, 1998). The

strength of hydrogen bonds in the hydrate lattice significantly influences the reaction enthalpy,
with approximately 80% of the decomposition enthalpy contributed by the strength of these bonds,
which release and absorb the same amount of heat during the formation and decomposition of

hydrates (Sloan and Fleyfel, 1992). Also, the cavities in the hydrate lattice occupied by guest

molecules such as methane affect the reaction enthalpy; higher occupancy rates lead to greater

changes in heat amount during hydrate formation or decomposition (Rydzy et al., 2007). The

magnitude of the reaction enthalpy is dependent on guest molecule size; for instance, the
decomposition enthalpy of methane hydrates is approximately +54 kJ/mol. If methane is replaced
by ethane or larger molecules, the reaction enthalpy significantly increases. It has been reported
that if 1% of methane is replaced by ethane, the reaction enthalpy will rise by about 30% (68.7
kJ/mol), and for propane hydrates, the reaction enthalpy is approximately 129.2 kJ/mol (Handa

1986). Measurement of reaction enthalpy involves both experimental and numerical approaches.
In the laboratory, Differential Scanning Calorimetry and Isothermal Titration Calorimetry are

employed to capture the heat of formation and decomposition of hydrates (Fischer et al., 2014;

Gupta et al., 2008). However, due to experimental complexities and challenges associated with

sample preparation, the available data are limited. Therefore, most researches focus on numerical

analysis. An alternative method for predicting reaction enthalpy involves using the Clausius-
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Clapeyron equation, which combines the changes in T-P conditions with reaction enthalpy and
compressibility, with the specific formula presented by (Brown, 1951):

AH = —7R dinP
Sd@/T)

(2.4)

Where P is the pressure, T is the temperature, Z is the compressibility, Rq is gas constant, AH is
the enthalpy.

It is noted to acknowledge that the Clausius-Clapeyron equation assumes the variation in
compressibility of the gases or fluids is negligible, which has limited its applicability in area where

the compressibility is subject to significant changes, such as deep-sea settings (Anderson, 2004).

Despite the extensive measurements and estimations of thermal-related parameters of hydrates
currently available, substantial gaps remain in our understanding of these systems. Future research
should further take into account the differences in heat transfer between different types of hydrates
(sl and sll). Additionally, there is a need for the development of mathematical models that can
accurately describe the heat transfer dynamics within multiphase systems, especially for the unique

properties and interactions of each phase.

2.2 Fluid flow property and compressibility

The flow characteristics of GHBS are crucial for assessing the potential of hydrate mining.
The porosity (¢), permeability (K1), and flow paths of fluids directly influence the efficiency and
safety of natural gas extraction from sediment layers. The presence of hydrates reduces pore sizes
and alters the shape of the pores, thereby impacting the behavior of fluids as they move through
the hydrate-bearing system. Moreover, the pore habit of hydrates determines the fluid flow within
pore spaces; specifically, hydrates in grain-coating morphology tend to obstruct flow channels and
restrict fluid movement, whereas hydrates in a pore-filling morphology facilitate more optimal
flow spaces for fluids. The dissociation of hydrates further complicates the flow properties of fluids.
This process involves the transition from a single water-phase system to a multiphase system
containing gas and water, accompanied by changes in water saturation and capillary pressure.
Furthermore, the dissociation weakens the cementing effect of hydrates on sediment particles,
potentially leading to the collapse of the particle skeleton supported by hydrates. Although the

initial permeability may be relatively high, it tends to diminish as the particle structure degrades.
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Therefore, in-depth research on quantification of the fluid flow properties of GHBS and their
evolution during hydrate dissociation is key to better predicting the gas production efficiency from
hydrate extraction.

2.2.1 Porosity

¢ is a dynamic parameter, representing the volumetric fraction of unoccupied space within
sediments. Hydrate formation or dissociation within pore spaces fills or releases voids, which alters

the pore size and distribution, exerting a pronounced impact on ¢ of GHBS (Chatterjee et al., 2016;

Cheng et al., 2023). Diverse techniques have been applied to calculate ¢, with the standard

approach involving the measurement of bulk and matrix densities (Bassiouni 1994), which is given
by:
Vv m
p Pm— Po (2.5)

Vo pn—ps
Where ¢ is the porosity, pm is grain density, pr is water density, py is bulk density, Vv is the pore
volume, V is the total volume.
Compared to hydrate-free sediments, ¢ of GHBS is impacted by hydrate occurrences and
inter-particle interactions. Seabed depth (h) associated with the phase equilibrium state of T-P

dictates the stability of NGH. Kominz et al. (2011) presented there is a non-linear alteration in ¢

with the increase of h. Deeper layers with elevated pressures facilitate hydrate accumulation,
markedly decreasing ¢ relative to shallower deposits, as represented in Equation 2.6.
p=a-exp(—h/b) (2.6)
Where h is the seabed depth, a and b are the constants.
With depth-induced increases in vertical effective stress, sediments become more compacted,

leading to a reduction in ¢, which aligns with Equation 2.7 (Daigle et al., 2015).
¢:51_52(O-\I/)63 2.7)

Where g, is the vertical effective stress, d1, d> and Js are the constants.

Based on the above findings, He et al. (2013) categorized ¢ into low-frequency, mid-

frequency, and high-frequency components. They found that ¢ in low-frequency variations are
governed by compaction, grain size, and geothermal gradient. In contrast, mid-frequency
variations correlate with grain size, and high-frequency is solely related to grain diameter.

Additionally, the grain size distribution of marine sediment contributes to the disparities in ¢; Fine-
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grained sediments generally present lower ¢, whereas coarse-grained sediments exhibit higher ¢
(Winters et al., 2007).
2.2.2 Permeability

GHBS exhibit intricate flow properties governed by sediment permeability, which

characterizes the fluid transmission capacity of sediment matrix (Gong et al., 2023). K; of GHBS

is intricately related to the stress state, with seabed sediments experiencing a spectrum of stresses

from hydrostatic pressure. Shen et al. (2020) through triaxial tests demonstrated that an increase

in effective confining stress leads to diminished Ky in hydrate-bearing sands due to pore space
occlusion by fine particles. For the high-permeability sediments, escalating effective stress
decreases ¢, subsequently reducing K1 (Yoneda et al., 2021). Additionally, it may constrict flow

pathways with increasing S, thus hindering fluid movement and decreasing Ky (Li et al., 2014).

Experimental results have proven that K is dependent on Sy, grain size, and pore distribution.
Recognizing the relationship among ¢, Sh, and Ki, researchers have sought to develop precise
predictive models. Darcy's law is adapted to the flow of fluids in porous media, yet it does not

reflect the relationship between K and other factors (Darcy, 1856):

QL
= 2.8
Y Zr?AP (28)

Where  is the viscosity of water, Q is the water flow rate, L and r are the length and radius of
high-pressure reactor tube, respectively, AP is the differential pressure.

Pore geometry significantly influences Ki, with sediments featuring well-connected and
larger pores displaying enhanced Ki. Hence, a power relationship between K and ¢ has been
proposed as follows (Phillips, 1991):

K, = (G (2.9)
¢0
Where ¢o, ¢1 is the initial and absolute porosity of GHBS respectively, N is about 2-3.
Research on the permeability models of granular materials traces its origins to Kozeny, who
considered fluid flow through capillaries. He conceptualized the porous medium as an ensemble

of capillary channels, establishing a power relationship between K and ¢: Ky o< ¢3 (Kozeny, 1927).

Carman recognized that flow paths were not strictly linear and the degree of curvature in flow

paths had a substantial impact on Ki. Consequently, tortuosity (z) (the ratio of average flow length
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to the geometrical length) is introduced into Kozeny model, posing Kozeny-Carman equation
(Carman, 1937; Matyka et al., 2008):

K, = ¢23 .SCz
’Z' .
(2.10)
L

Where C is a shape factor, S is the specific surface related to the grain size, z is the tortuosity, L is
the geometrical length of the specimen, <Ai> is the average length of the fluid path.

HM also markedly dictates K1 of GHBS, this is because hydrate distribution within pore space
controls fluid flow pathways and permeation extent. The representative permeability models
related to GHBS are summarized in Table 2.2, and corresponding impact of S, and HM on K; of
GHBS are illustrated in Fig. 2.2. Also, permeability data measured in the laboratory-synthetic and
core GHBS are collected from the existing reports (Fig. 2.2), whose measurement methods include
water flow, gas flow, nuclear magnetic resonance, and well-logging (Chen et al., 2018; Konno et
al., 2015; Kleinberg et al., 2005; Kumar et al., 2010; Lee 2008; Li et al., 2014; Mahabadi et al.,
2019; Wu et al., 2017; Yoneda et al., 2017; Zhai et al., 2015).

Parallel Capillary Model (PCM), favored for its simplicity and intuitive framework,

conceptualizes the porous medium as a bundle of homogeneous capillaries aligned in parallel, in
which fluids can flow freely. Kleinberg et al. (2003) classified PCM into two categories according

to hydrate occurrences: one where hydrates cement the grain wall, displaying grain-coating
morphology with a quadratic relationship; Another is pore-filling morphology where hydrates

occupy the capillary, demonstrating a decline in Ky with increasing Sh. Considering the capillary

effect in hydrate nucleation, Kang et al. (2016) proposed a linear equation for grain-coating
morphology. Nonetheless, due to the simplification of pore space, it is incapable in capturing Ki
of irregular porous media.

To account for the irregular flow path, Kozeny Grain Model (KGM) was developed based on

Kozeny-Carman equation. Kleinberg et al. (2003) introduced saturation exponent (n) to reflect the

various flow paths in exploring K: of GHBS in grain-coating. And Spangenberg (2001) found that

once Sy exceeds 0.8, Sn has minimal effect on K. For the pore-filling morphology, it exhibited that
pore area expanded with elevating Sy, alongside a linear relationship between saturation exponent

(N) and Sh. Dai and Seol (2014) proposed a permeability model exclusively containing Sy within a
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range from 0.05-0.75, incorporating a function of Sy for tortuosity and specific surface area without
reliance on other empirical variables. Shen et al. (2020) developed an empirical reduction model

that merges the simple and oblique cubic models, accounting for pore surface area both with and

without hydrates. Guo et al. (2021) expanded the hydraulic radius concept into three dimensions

and derived an advanced permeability model that includes the void ratio (e), which can reflect
various pore habits.
Reservoir Simulator Models (RSM) are numerical models for simulating the flow of fluids in

porous media, which can emulate physical and chemical interactions within GHBS. Masuda (2002)

introduced the reduction exponent (a) to describe the impact of Sy on Ky, revealing an exponential
decline in Ky with increasing Sn. Moridis et al. (1998) proposed the Lawrence Berkley National

Laboratory (LBNL) model, which illustrated K1 for water (Knw) and gas (Krg) phases fluids during

two-phase flow within porous media. Chen et al. (2018) combined the linear Corey model with an

exponential function related to Sn and introduced a parameter (C) to indicate the degree of crystal
coarsening, thus capturing the influence of Sy on K.

Recognizing that hydrates exhibit grain-coating morphology at lower Sy and pore-filling
morphology at higher Sh, researchers proposed Hybrid Model to estimate Ki of GHBS by
integrating these two HM (Delli and Grozic, 2014, 2013). However, this model involves multiple

empirical parameters, the determination of which requires further investigation.

Fig. 2.2 displays that most models suggest a curvilinear decline in Ky with increasing Sh. For
the given Sy, GHBS in grain-coating morphology demonstrate higher K; than those in pore-filling.
Additionally, RSM predicts the fastest decline in K1 with the increase of Sy, though it is limited to
reflect changes in K1 under Sy below 0.8. Some experimental data deviate from the predictions of
the theoretical model, two possible reasons need to be considered: (1) Methods for hydrate
formation, which may cause uneven distribution of hydrates within the pores; (2) Sediment
properties, which exhibit distinct pore structures and particle arrangements. Notably,
contemporary research on the permeability of GHBS focus on coarse-grained deposits where NGH
manifest as pore-filling and grain-coating morphologies. In contrast, NGH frequently occur in
fine-grained sediments with lens-like, nodular, massive, and vein morphologies, an area that

remains under-researched.

Table 2.2: Summary of the existing permeability model for GHBS
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Reference Model HM Model description
type
Masuda RSM  Pore-filling / K, =(1-S,)"
2002 Cementing  \/here K1 is the normalized permeability of
GHBS, Ko is the initial permeability of GHBS, Sh
is hydrate saturation, a equals to 10,15.
Moridis et RSM NA N N P i ‘
al. (1998)  (LBNL) v=\15s, { B }
Su=Sivss  Su—Si\ryom
Krg =(1—?) (1—(?) )
Where Sy is the irreducible water saturation, Sy is
water saturation and equals to 0.1, m = 0.46.
Chen et al. RSM Grain coating K, =@-S,)exp(-C-S,)
2018 I Pore-filling  \Where C is the fitting parameter, C = 4.95 (best
fit).
Kang et al. PCM  Grain coating K,=-1.8S, +1
(2016)
Kleinberget ~ PCM Grain OK =(1-S. V' / O _q1_c2,20=S)
al. (2003 coating® / e Ins,
Pore-filling®
Kleinberget ~ KGM Grain oK, =(1-5,)"" | ok — @1-S,)""?
al. (2003 coating® / L5,
Pore-filling®  \where n is defined as 1.5 within the range of Sh (0,
0.8), N =0.7S4+0.3.
Guo et al. KGM Grain o @-s,) log _ @=S))
(2021) coating® / K= 07 U les )
Pore-filling® {1+(et3h)3} =
Where e; is the total void ratio.
Dai and Seol ~ KGM NA _@-s)
2014 b(1+2S,)?
Shen et al. KGM NA (s )m{ A T(l—sh)"*2
2020 ' LA (1+Sh§)2
Where Ao is the internal surface area of the pore
space without hydrates, A(Sh) is the internal
surface area of the pore space with hydrates, n is
the permeability reduction exponent.
Delli and Hybrid  Grain coating K, =(S,)' K" +(@1-S,)°K*
Grozic model  /Pore-filling  Where K" and K are the Kozeny grain coating and
(2014, 2013) pore-filling model, respectively, a and b are the

parameter related to Sp.
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Reference Model Model assumptions and applications
type
Masuda RSM  Assumptions: (1) The flow paths of gas and liquid in pore spaces
(2002) resemble a bundle of parallel cylindrical capillaries; (2) Hydrates
grow on the wall of capillaries.
Applications: It is applicable for specific sediment or pore habit.
Moridis et al. RSM  Assumptions: (1) GHBS are porous media subject to capillary
(1998) (LBNL) pressure effects; (2) The interior of porous media is isothermal; (3)
Sediments are partially saturated with hydrates.
Applications: It is applicable for predicting gas production from
hydrate reservoirs.
Chen et al. RSM  Assumptions: Gas was considered as the sole flow phase within the
(2018) pore spaces.
Applications: It is applicable to hydrates formed under excess gas
method, as well as hydrates with diverse degrees of crystal
coarsening and patch size.
Kang et al. PCM  Assumptions: The flow paths of gas and liquid in pore spaces
(2016) resemble a bundle of parallel cylindrical capillaries.
: Applications: It is particularly suited for homogeneously distributed
%%ﬂ PCM hydrates synthesized in the laboratory and for conventional growth
habits of hydrates.
Kleinberg et KGM
al. (2003)
Guo et al. KGM  Assumptions: (1) Pore spaces can be regarded as capillaries with
(2021) irregular geometries; (2) The shape factor remains unchanged with
varying hydrate saturation; (3) Electrical tortuosity can substitute
hydraulic tortuosity.
. Applications: It is applicable for capturing the impact of the pore
Dai and Seol KGM " habits of sediments and two hydrate morphologies on permeability.
(2014)
Shen et al. KGM
(2020)
Delli and Hybrid  Assumptions: Permeability is jointly influenced by both grain
Grozic (2014, model  coating and pore-filling growth habits.
2013) Applications: It is suitable for predicting the transition from

hydrates in grain coating at lower hydrate saturation to pore-filling
at higher hydrate saturation.
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Figure 2.2: The impacts of Sp and HM on permeability of GHBS

2.2.3 Compressibility

Compressibility stands as a crucial characteristic in evaluating the ability of material
undergoing volume deformation subjected to pressure, specifically referring to the reduction in

volume and porosity of sediment matrix (Xu et al., 2022b). The compressibility of porous media

encompasses two components: pore and bulk compressibility. Pore compressibility refers to the
deformation of the pore space under applied pressure, while bulk compressibility describes the
overall volumetric deformation of the sediment, incorporating both the solid matrix and pore space.
This section aims to describe the bulk compressibility behavior of GHBS, with particular attention
to pore collapse phenomena due to hydrate dissociation and the subsequent compaction of the
sediment matrix. The results regarding the compressibility of GHBS are compiled through
conducting oedometer tests and isotropic compression tests reported in the literature.

Fig. 2.3 illustrates the evolution of void ratio for GHBS and HFS under isotropic compression.
Where La denotes HFS, while Lc and Lo represent GHBS with identical Sy in pore-filling and
cementing type, respectively. The order of Sy is La=0 < Lg<Lc= Lo < Lp. It is evident from the
graph that the pore space was compacted with the increase of effective stress, leading to the decline

in compressibility of GHBS upon reaching the volumetric yielding point (Nakashima et al., 2021).

Compared to HFS (La), GHBS (Ls) exhibit enhanced cohesion owing to hydrates serving as the

cementing agent among sediment particles, which subsequently diminish the compressibility of
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the overall structure (Fang et al., 2022; Yang et al., 2008). Progressing from left to right, as Sk

increases, the densification of sediment structure is pronounced and the cementation effect
between hydrates and sediment matrix is strengthened, thus resulting in reduced compressibility

(Zhou et al., 2021). Moreover, GHBS in cementing morphology compared to those in pore-filling

endow greater cohesive strength, which necessitates a heightened level of effective stress to
consolidate, indicating a reduction in compressibility (Lei et al., 2020; Priest and Hayley, 2019).

r 3

— Pore-filling
------ Cementing

Initial state S, (Lo) =S, (Lo)

void ratio e

Lo 3
\.5___3—-- Critical state

Increasing.§,

Effective stress p'
Figure 2.3: Schematic of the volumetric response of GHBS under isotropic compression
The compression index (Cc¢) (the slope of loading compression curve) serves as a critical

indicator of material compressibility, which can be determined from the stress-volume response

curve (Fang et al., 2022). Tan (2004) performed oedometer tests on various sediments containing

hydrate, and each specimen adhered to the typical compression behavior where void ratio (e)
nonlinearly decreases with increasing vertical effective stress (g,), signifying the transition towards
a more compact state for GHBS under loading (Fig. 2.4a). The compression curves of GHBS are

summarized by the following features (Kim and Cho, 2014; Lei et al., 2020): (1) In contrast to

granular soil, GHBS contribute greater initial stiffness due to the cementation of hydrates,
manifesting as a comparatively gentle curve at low stress; (2) Cc intensifies as effective stress
increases, indicating that particle rearrangement or hydrate dissociation weakens the cementing
effect beyond yield stress, which is a process of gradual loss of stiffness and collapse of the

structure; (3) Subsequent to a certain escalation in stress, Cc keeps constant, aligning with the
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secondary compression stage seen in granular soil; (4) The compression trajectories for varying
type of sediments tend towards parallelism or congruence subject to stress amplification.

Fig. 2.4b depicts the compression curves during 1D oedometer loading and unloading for
sediment in three states: dry, water-saturated (hydrate-free), and hydrate-bearing (Sn = 0.8) (Kim

etal., 2019). It is discernible that the curve for GHBS does not conform to a stable C. after yielding

but decreases exponentially, with a reduction in compressibility decreasing by half when Sy
surpasses 0.8 compared to HFS. This suggests that the bonding degradation between hydrates and
particles induced by hydrate dissociation during unloading precipitates a contraction in sediment

volume (Santamarina et al., 2015). Fig. 2.4c demonstrates the correlation between void ratio e and

effective stress a,, where Cc is determined by the gradient of the normal consolidation line (NCL)
while the swelling index is decided by the gradient of the over consolidation line (OCL)

(Nakashima et al., 2021; Yoneda et al., 2019). C. tends to decline with increasing S, this is because

structural support is fortified via the cementation effect of hydrates, markedly curtailing sediment
compressibility. Moreover, the observation is similar to the tendency displayed in Fig. 2.4b, with
a smaller C¢ for GHBS than for HFS. Notably, GHBS with various Sy exhibit a minimal variation
in the swelling index, which implies the swelling index is only controlled by host sediment.
Additionally, as o, increases, hydrate dissociation occurs, shifting the compression trajectory from
NCL towards OCL, indicating a loss of structural support. This transition is marked by an evident
reduction in e, reflecting the collapse of pore spaces previously occupied by hydrates, which is
further confirmed in Fig. 2.4c (right figure). This pore collapse phenomenon leads to enhanced
compaction of the sediment matrix, accompanied by accelerated volume contraction. Extended in
practical scenarios when gas production from hydrate reservoirs, such behavior manifests as
reservoir subsidence, which may affect geo-mechanical stability and pose risks to seafloor

infrastructure.
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Figure 2.4: One-dimensional consolidation characteristics of sediments in the presence of
hydrates (Kim et al., 2019; Nakashima et al., 2021; Tan 2004; Yoneda et al., 2019)

2.3 GHBS remolding methods and experimental techniques

In light of the technical challenges associated with the extraction of fine-grained sediments,
contemporary research endeavors concentrate on the mechanical properties of coarse-grained
sediments containing hydrates. Considering the high cost of obtaining core specimens and hydrate
dissociation from the stable state during transportation, the majority of researchers conduct indoor
tests using artificially synthesized hydrate-bearing sediments (HBS). Specifically, the mechanical
investigations involved the employment of triaxial testing apparatus, with modified components
to simulate geological conditions and to synthesize specimens. Through controlling initial test
conditions, the effects of various factors on shear strength and elastoplastic deformation behavior
of HBS can be captured (Liang et al., 2020). The following subsections review the methods for
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specimen preparation, testing apparatuses, and initial conditions utilized in existing experiments,
with brief discussions of the limitations and feasibility in current techniques.

2.3.1 Methods for specimen preparation in the laboratory

Two methods are utilized to obtain specimens for reliable experimental outcomes: a. in-site
sampling; b. synthesis specimens in the laboratory. In-site sampling enables direct acquisition of
NGH but requires abundant financial resources. Also, disturbances during the preparation process

can compromise the purity of specimens (Liang et al., 2022). In contrast, preparing specimens in

the laboratory circumvents these drawbacks, offering precise control over test conditions to ensure

HBS accurately represent authentic mechanical behavior (Zhang et al., 2012).

The procedure for preparing HBS in the laboratory encompasses the selection of sediments,
determination of grain size, drying treatments, adjusting initial water content, compaction, and
injecting gas into the reactor. This is followed by T-P adjustments to stabilize GHBS, as shown in
Fig. 2.5 (Pei et al., 2022). Four methods are predominantly used for the artificial synthesis of
GHBS in laboratory settings: (a) Dissolved gas method (DGM); (b) Excess-driven method (EDM);
(c) Ice seeding method (ISM) (d) Hydrate premixing method (HPM) (Fig. 2.6).
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Figure 2.5: The general method for preparing HBS
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Figure 2.6: Diagram of various methods for indoor specimens’ preparation: (a) DGM; (b) EDM;
(c) ISM; (d) HPM

DGM stands out as the predominant technique in contemporary research for synthesizing
HBS, particularly noted for its capacity to replicate the process of hydrate formation akin to marine

settings (Choi et al., 2018; Hyodo et al., 2013a). The principle of DGM lies in enhancing gas

solubility in water under high P and low T to initiate hydrate formation, essentially a phase
transition process (Waite et al., 2008). This involves infusing purified gas into distilled or

deionized water, with meticulous monitoring of gas concentration and T. A dropping in T occurs
once optimal gas concentration is achieved, facilitating hydrate formation. The key benefit of
DGM is the homogeneous hydrate distribution within sediments. Yet, the method struggles to
achieve Sy beyond 60-70%, posing a challenge for the research simulating highly concentrated
hydrate.

EDM relies on providing "excess" components (water or gases) required for hydrate
formation, which can be categorized into Excess Gas Method (EGM) and Excess Water Method
(EWM). EGM involves continuously injecting natural gas into moist soil under controlling T-P
until hydrate formation, which allows for controlling Sh through gas volume and pressure
adjustments (Rake and Pinkert, 2021; Shan et al., 2022). As for EWM, excessive water is added

to dry soil, followed by gas injection under low T and high P to promote hydrate formation. Similar
to EGM, both methods promote the likelihood of nucleation due to the extensive contact between
gas and water. However, EGM exhibits a shorter reaction time but may yield uneven hydrate
distribution at higher Sy (Choi et al., 2014; You et al., 2023).

ISM is recognized as the simplest and most effective technique to produce GHBS. The

underlying principle is to utilize ice particles as nucleation points for hydrate formation (Chen et
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al., 2018; Wu et al., 2022). The procedure involves mixing fine ice particles with sediment, then

injecting high-P gas into ice-sediment mixture while adjusting T to achieve phase equilibrium. The
ice-sediment interaction prompts a transition from solid ice to gaseous hydrate. Additionally, HM
can be dictated by controlling the quantity of ice. However, the localized presence of ice particles
presents difficulties in achieving uniform hydrate distribution, potentially inducing experimental
errors.

The above three methods involve the pre-preparation of sediments, while HPM prepares

hydrates in advance (Malagar et al., 2019; Zeng et al., 2023). The process includes mixing gas and

water in high-P reactor to form hydrates, and then hydrates are frozen and crushed into fine
particles. After mixing with sediments, stress is applied to consolidate the mixture. To prevent
hydrate decomposition, the entire system maintains T-P conditions within the stability zone of
hydrates. HPM accommodates diverse sediment particle sizes and accelerates experimental
timelines through hydrate pre-synthesis. Nonetheless, potential hydrate decomposition during
mixing and storage phases presents challenges in controlling Sh.

Table 2.3 represents a detailed description of methods for hydrate formation in the laboratory.
Current techniques for preparing GHBS are sophisticated, and capable of generating hydrates
within sediments of various grain sizes, yet there still exist limitations:

(1) GHBS prepared under different conditions across laboratories exhibit inconsistencies. It
is recommended to develop a standardized preparation method and to periodically conduct cross-
validation experiments.

(2) Certain methods lead to uneven distribution of hydrates. It is advisable to employ
microfluidic technology and precise stirring equipment to address this issue.

(3) Maintaining precise T-P becomes a potential challenge while simulating high-pressure
environment. This can be mitigated by integrating automated equipment and sensors to enable

real-time monitoring and adjustment of preparation conditions.

Table 2.3: A summary of methods for hydrate formation in the laboratory

Method Applicable soil Advantages Disadvantages
type type
DGM  Fine-grained -Allow for the control of It requires precise pressure and
sediments (silts, gas concentration. temperature control.
clays)
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-Reproduce natural
hydrate formation
conditions.

EDM  All types of soils -Faster hydrate formation.  Potential issues with ensuring
-Simplicity in terms of hydrate distribution evenly.
setup.

ISM Coarse sands It can control the size and It requires to ensure only
distribution of nuclei. seeding ice participates in

nucleation.

HPM  Various particle Allow for direct control of Potential ~ for  non-uniform
size of sediments initial hydrate phase. distribution if not mixed

thoroughly.
Method Suggested application in experiments

type

DGM Itisused for studying hydrates with high gas solubility (CO2 hydrates), and it is well-
suited for the analysis of hydrate formation rates due to the longer duration required
to achieve specific hydrate saturations.

EDM It is adaptable for exploring the influence mechanisms of different hydrate
morphologies and saturations on shear strength. Notably, EGM is noteworthy for its
capability to investigate the response of hydrate dissociation under diverse gas
pressure.

ISM It is applicable for assessing the impact of external factors (temperature, effective
confining stress) on the mechanical behavior of GHBS.

HPM It is suitable for tests necessitating precise control over hydrate distribution and
saturation, especially in studying the heterogeneity of hydrate distribution.

2.3.2 Test apparatuses

Experimental research on the mechanics of GHBS predominantly utilizes triaxial apparatus,

which can be modified in consideration of specific factors (Chen et al., 2022). Typically, the

triaxial testers for GHBS is adapted from geotechnical triaxial instruments, augmented with a

hydraulic air supply and temperature control system (Seol et al., 2019). Besides applying axial

stress and controlling confining and back pressures, advanced triaxial instruments can modulate T

to achieve the stability zone for hydrate formation. The devices offer precision up to 0.1<C and

possess the capability for automatically collecting the load data every second (Liu and Li, 2021;

Lu et al., 2021). Furthermore, the measurement of axial and radial strains as well as volumetric

change is an indispensable component of GHBS triaxial apparatus. Basic control parameters for

triaxial apparatuses are listed in Table 2.4.
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Table 2.4: Basic parameters for typical triaxial apparatuses

Control method Temp Confinin  Temperature Temperatu Confinin  Maximum

eratur g control re g loading
Affiliation e pressure method control pressure  capacity
contro  control accuracy control
I accuracy
Institute of Geo- 243K 20 MPa A cooling 0.5K NA 200kN
Resources and to tank

Environment, National 293K
Institute of Advanced
Industrial Science and
Technology, Japan
(Masui et al., 2008)
National Institute of 243K 20 MPa A refrigerant 0.5K NA 200kN
Advanced Industrial to liquid
Science and Technology, 293K
Tsukuba, Japan
(Miyazaki et al., 2011)
Yamaguchi University, -35C 30 MPa Incubator 0.1<C 0.1MPa  200kN
Japan to
(Hyodo et al., 2013a) 50C
Dalian University of -20C 30 MPa  Thermocoup 0.5<C 0.01MPa 60kN
Technology, China to le
(Luo et al., 2018) 25<C

Since 1996 in Japan, Yamaguchi University developed a low-temperature, high-pressure
hydrate triaxial equipment. However, it did not control pore pressure and in-situ generation of

specimens (Hyodo et al., 2016). By 2000, U.S. Geological Survey designed a testing laboratory

instrument for GHBS that could replicate T-P conditions of hydrate layer, but it failed to monitor
specimen volume change and stress-strain behavior. In 2008, the Institute of Geo-Resources and
Environment enhanced the traditional triaxial instrument by introducing a precise temperature
control system, which is achieved through water circulation from a cooling tank to the pressure

vessel (Masui et al., 2008) (Fig. 2.7a). Subsequently, the instrument was improved by using

refrigerant liquid (50vol% ethylene glycol aqueous solution) (Miyazaki et al., 2011) (Fig. 2.7b).

Since 2013, Hyodo et al. (2013a) designed an instrument that minimized hydrate decomposition,

applying the unsaturated method for hydrate synthesis. Notably, it can reproduce stress and
temperature conditions of deep seabed with precise Sp calculations (Fig. 2.7c). Concurrently,
advanced triaxial equipment DDW-600 was modified by Dalian University, which offered precise

control over Sp and hydrate decomposition rate (Luo et al., 2018) (Fig. 2.7d).
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Figure 2.7: GHBS triaxial apparatuses: (a) Masui et al., (2008); (b) Miyazaki et al., (2011); (c)
Hyodo et al., (2013a); (d) Luo et al., (2018)

Although triaxial instrument provides an effective approach to investigating the mechanical
properties of GHBS, it encounters specific challenges:

(1) It is challenging to prepare in-site specimens. Coarse sand is often used in experiments to
simulate sediments in deep seabed, which simplifies the true complexity of particle composition.

(2) Gas release from hydrate decomposition may skew results, it is recommended to equip
the devices with high-precision gas collection systems and integrate real-time monitoring
capabilities.

(3) Standardization of specimen sizes for triaxial testing is essential. Otherwise, it is difficult
to compare the test results due to the size effect of specimens prepared through different

instruments.
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2.3.3 Initial conditions

Investigating the complex geo-mechanics of GHBS requires careful consideration of various
test conditions including soil type, gas composition, Sk, ¢’, and T, as well as the employment of
consolidated undrained (CU) and consolidated drained (CD) tests. The differing levels of ¢” and
Sh simulate varying environmental scenarios, affecting the mechanical response of sediments. T
and gas composition are pivotal in determining the phase equilibria and chemical interactions
within the hydrates.

The selection of soil type is the cornerstone of experimental research on GHBS, which
exhibits distinctive characteristics when mixed with NGH. Toyoura sand is always chosen to be
the host material due to its uniformly graded particles, minimal fine content, and high silica

concentration (Hyodo et al., 2014a; Pinkert and Grozic, 2014). Besides Toyoura sand, coarse-

grained soil such as quartz and silica sand are frequently selected owing to their chemical inertness

and high compressive strength (Hyodo et al., 2017; Zhu et al., 2020). Fine-grained soil such as

clay and silt with high plasticity is crucial for investigating hydrate dynamics (Li et al., 2019; Han

et al., 2021). Montmorillonite clay, characterized by its high expansion and elevated cation

exchange capacity, is adopt for analyzing the volumetric deformation of GHBS (Lee et al., 2013;

Wang et al., 2019). Conversely, Kaolin clay is relatively stable with lower environmental

sensitivity, making it suitable for exploring the impact of other variables on mechanical behavior
of GHBS (Li et al., 2011a; Song et al., 2014).

The choice of gas composition has a certain influence on hydrate formation and dissociation

in actual sedimentary environments. The primary constituents incorporated include CH4, Synthetic
THF, COg, and mixed gases such as CH4-CO». Methane, prevalent in GHBS, can form hydrates

readily due to its small molecular structure, which exhibits notable stability (Li et al., 2016; Zhang

et al., 2012). THF is characterized by a pronounced sensitivity to water, and it is capable of

nucleation rapidly and copious hydrate production. THF is utilized in experimental settings due to
its minimal synthesis requirements, serving as the substitute for CH4 hydrates (Lee et al., 2007,

Mahabadi et al., 2019). COg, useful in gas replacement studies, initiates displacement reactions

when injected into alkane hydrates (Jung et al., 2010; Jung and Santamarina, 2010). Mixed gases

are applicable to simulate sedimentary environment where multiple gases coexist and dissociation

may occur simultaneously (Sun et al., 2022). Under equivalent concentration, the strength of CO>
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HBS surpasses that of CH4 HBS, while the strength of THF-HBS is comparable to that of methane
HBS (Zhang et al., 2011).

The roles of Sy, ¢°, and T on the mechanical behavior of GHBS merit detailed examination.

Sh determines the hydrate distribution, with an improved linkage between particles at higher S.
Adjusting ¢’ replicates reservoir stress condition, further boosting closer particle arrangement and
structural compactness. Elevated T precipitates hydrate dissociation, weakening inter-particle
cohesion (Santamarina and Ruppel, 2010; Jiang et al., 2017; Xu et al., 2022c, 2023).

In CU test, volume remains constant during shearing, enabling the analysis of variation in
strength and pore water pressure (u) of GHBS under short-term stress. Conversely, CD test
elucidates effective stress paths, serving as a pivotal method to examine the mechanical behavior
of GHBS under long-term consolidation. Unlike CU test, it exhibits a transition from strain

hardening to softening after yielding while applying CD test (Yan et al., 2023; Yoneda et al., 2015b;

Yoneda et al., 2019).

2.4 Influence of hydrate saturation on the mechanical responses of GHBS

2.4.1 Measurement methods for hydrate saturation

The widely intuitive method adopted in experimental research is pressure drop method, which
hinges on the observed decrease in pressure consequent to hydrate dissociation. Sk is quantified by
the difference in pressure before and after the dissociation reaction (Wang et al., 2021):

APV M
S, =—2¢ " 100% (2.11)
R,TV, 5,

Where APy is the difference in gas pressure before and after reaction, Vg is the gas volume, Vp is
the pore volume, M is the hydrate molar mass, Rq is the gas content, T is the temperature, pn is the
hydrate density.

Based on pressure drop method, Li et al. (2021) introduced a corresponding compressibility

factor to measure Sh:

_ PV, (Mg, +5.75M,,.0) (2.12)
p.R,ZT

Sh
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Where Z is the corresponding compressibility factor of methane, Py is the gas pressure, Vi is the
volume of methane, pn is the hydrate density, Mcw. is the molar mass of methane, Mu.o0 is the molar
mass of water.

Dong et al. (2020) assumed that under stable T-P conditions, capillary effects are negligible

while applying excess gas. There is no variation in gas pressure during the reaction, gas and liquid
are fully mixed in the presence of SDS solution. They proposed the following formula for
computing Sh:

Sh :prSDS(n'MW+Mc) (213)
n-pV,M,

Where V, is the volume of water, Mc, My is the molar mass of methane and water, respectively, n
represents hydration number, n=5.75, pwand psps are the water and SDS solution density.

Luo et al. (2018) employed ice powder method for prepare methane HBS and suggested that

Sh can be deduced through measuring the mass difference in hydrate-containing ice before and

after hydrate dissociation, which is given by:

M
M, = —Lx (M — M)
g
m, (2.14)
_ Vi _ P
" Vi+V, My —M, +%
Pi Ph

Where Vi is the volume of ice, muer and mast are the mass of ice-hydrate mixtures before and after
dissociation, M and Mg are the molar mass of hydrates and gas, pi and pn are the ice and hydrate
density.

The above direct measurement techniques for assessing Sn are grounded in hydrate
dissociation, where the gas volume or mass is detected before and after the reaction. These methods
are characterized by their convenience in operation, making them adaptable for determining Sy in
laboratory settings. In contrast, indirect methods such as resistivity measurements are susceptible
to the influences of pore fluid, sediment matrix, and other variables, which can skew the precision
of the outcomes (Dong et al., 2019; Wang et al., 2011).

2.4.2 Stress-strain behavior of sediments in the presence of hydrates

Research on stress-strain characteristics of GHBS and HFS predominantly conducts

controlled mechanical experiments to mimic the response of deep-sea sediments to overlying stress
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under constant confining pressure (Zhang et al., 2012). The majority of reports on these

characteristics are based on drained triaxial test, providing further insights into the interrelations
among deviatoric stress, axial strain, and volumetric strain. Where deviatoric stress represents the
difference between the principal stress and the secondary principal stress. It serves as a key
indicator of the stress component that is responsible for inducing shear deformation in sediments.
Axial strain is defined as the ratio of the change in vertical length to the original vertical length,
which is employed to evaluate the extent of deformation that sediments undergo under axial
loading. Volumetric strain is the ratio of total volume deformation to the original volume of
sediments during compression or expansion processes. Additionally, the specimens are subjected
to the combined internal effects of normal stress and shear stress.

To effectively illustrate the impact of hydrate on stress-strain relation for soils, it is imperative
to consider stiffness and strength — two indicators for evaluating material's resistance to

deformation (Wang et al., 2022). Stiffness can be quantified as the magnitude of tangent modulus,

which is obtained from the initial slope of stress-strain curve (ratio of deviatoric stress to axial
strain). The strength for the specimen undergoing strain softening is the maximum deviatoric stress,
while strength is identified at the deviatoric stress corresponding to 15% axial strain in cases of

strain hardening. Uchida et al. (2012) posited that hydrate filling pore spaces render the sediment

structure denser, which is akin to bonded soil. Fig. 2.8 presents the conceptual diagram of stress-
strain curve and volume change for dense soil under CD test. It can be found that soils with higher
density and bonding display enhanced strength, stiffness, and dilatancy, which is attributed to

increased grain contact and interlocking (\afaei et al., 2021). Notably, strain softening is ascribed

to the shear-induced interlocking breakage (Zhu et al., 2010).
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Figure 2.8: The relationship among stress, strain, and volume for bonded soil (modified by Uchida

et al. (2012))

Extending from existing literature, researchers have identified profound discrepancies in the
mechanical response of GHBS under triaxial loading compared to HFS, as depicted in Fig. 2.9a.
The stress-strain behavior of HFS can be classified into two phases: a. initial elastic linear phase;
b. elastoplastic phase. Conversely, besides the above two phases, GHBS manifest an additional

phase of strain softening or hardening after yielding (Wu et al., 2022, 2019). This is attributed to

a reduction in cohesive bonds among hydrates and particles, triggering hydrate dissociation and

rearrangement of internal porous structure (Jiang et al., 2017). HFS exhibit strain hardening due

to the increased frictional force between particles, enhancing the compaction, but without
additional cementing effect. Correspondingly, the volumetric response of HFS is characterized by
compressive consolidation, whereas GHBS exhibits initial compression followed by dilatancy

(Zhou et al., 2020). This phenomenon stems from particle fragmentation induced by shearing at

elevated stress coupled with hydrate decomposition. The released fluids in conjunction with
fragmented particles migrate to pore spaces, which induce the redistribution of porous structure,
facilitating volumetric expansion of GHBS (Hyodo et al., 2014b; Lee et al., 2010). In the absence

of hydrate cementation, HFS undergo compaction through friction and interparticle contact. As
the stress increases, the contact area between particles enlarges, further compressing the voids.
Extensive research has demonstrated that the contribution of hydrate to stress-strain behavior

of sediment hinges on Sy and HM (Wu et al., 2019). The corresponding stress-strain and volume
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relationships of GHBS are depicted in Fig. 2.9b. The stress-strain curve indicates enhanced
structural compactness and a consequent increase in strength and stiffness of GHBS under higher
Sh, which can be attributed to the intensified interlocking and cementation effects provided by

hydrates (Miyazaki et al., 2010). Post-yield, there is a tendency to shift from strain hardening to

softening (Deusner et al., 2019), which corresponds to the shift in shear strength dominance from

interparticle friction to cohesion provided by hydrates. For the GHBS in cementing morphology,
hydrates bonding with sediment particles generate greater cohesive force compared to those in

pore-filling, with an evident enhancement in strength and stiffness (Luo et al., 2022). This is

because the enhanced cohesion generated in cementing states converts into additional resistance
and necessitats greater stress to achieve a specific deformation compared to the pore-filling
counterpart. Furthermore, hydrate decomposition when subjected to higher stress leads to the
detachment of bonded particles, prompting structural reorganization and inducing strain softening

(Zhu et al., 2022). Correspondingly, the volumetric responses of GHBS transform from

compression to noticeable expansion as Sh increases. GHBS in cementing type compared to those
in pore-filling shows pronounced dilation after a more transient compression phase, which is due

to the rearrangement between particles provoked by hydrate dissociation (\Wu et al., 2020Db).
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Figure 2.9: Schematic of stress-strain behavior of GHBS: (a) Comparison of mechanical behavior
between GHBS and HFS; (b) Impacts of HM and Sh on mechanical responses of GHBS

2.4.3 Mechanisms of volumetric deformation and strength failure in GHBS

Once subjected to shear stress, GHBS experience volume deformation and strength alteration
that can be ascribed to various factors: a. Fluctuations in pore water pressure; b. The dependency
of shear stress on hydrate morphology and the destruction or reorganization of hydrate; c. The
reorganization and displacement of particles, culminating in void formation; d. Cementation effect
(Kajiyama et al., 2017b; Li et al., 2020). Fig. 2.10 delineates the strength and dilation failure

mechanism of sediments in diverse hydrate morphologies, facilitating a pore-scale elucidation in
the mechanical behavior of GHBS with varying Sh.

In HFS (Sh =0), particle rearrangement occurs upon shearing, leading to changes in particle
configuration, which undergo compression in looser particles and expansion in denser particles.
The shear strength is governed by interparticle friction and contact dynamics, resulting in the

disintegration of sediment structure until shear stress exceeding the strength (Santamarina and Shin,

2009). For sediments with minimal hydrate content (S, =0~25%), hydrates exhibit pore-filling type
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and sparsely distribute without bonding to sediments, with minimal enhancement in strength,
which is primarily controlled by interparticle friction. Additionally, sediment particles undergo
rotational realignment at lower confining pressure, whereas hydrate disintegration occurs at higher
confining pressure. The fragmented hydrates irregularly occupy the void space, with some directly
interfacing with sediment particles, escalating localized density and potential for expansion (\Waite
et al., 2009).

As Sh increases, hydrate morphology transitions to the load-bearing state (Sn =25~40%),

wherein hydrate serves as an interparticle bridge, collectively enduring stress loads. In this phase,
hydrates contribute to greater shear strength compared to the previous phase, yet the cementation
strength provided by hydrates remains inferior to the applied shear stress, precipitating hydrate
fragmentation and amplified volumetric expansion. At higher Sy (Sh =40~60%), hydrates form a
cemented structure through adhering sediment particles. The cementation strength surpasses the
shear stress, with the breakage of localized hydrate particles. Shear strength is largely dictated by
the adhesion and tensile strength imparted by hydrates. Localized hydrate-sediment cementation
clusters inhibit particle rearrangement during shearing, with minimal sediment particle fracturing

and redistribution (Yoneda et al., 2016). The enhanced dilation is due to the aggregation of

fragmented particles. When hydrates occupy most pore space (Sn >60%), hydrates and sediments
form clusters in grain-coating morphology, where the sediment particles are fully enveloped by
hydrates, generating a compacted structure. Hydrates play a pivotal role in stress support, with the
mechanical behavior of entire structure dominated by hydrates. The robust cementation exerted by
hydrates markedly bolsters the overall stability and shear resistance of sediments. Additionally,
the shear-induced dilation is contingent upon the shear plane; shearing along hydrates provokes
less dilation, while shearing along the commentating interface of hydrate-sediment triggers the

liberation of numerous hydrate particles, thereby inducing more dilation (Hou et al., 2022).
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Figure 2.10: Mechanisms controlling the strength and dilation failure for sediments in the
presence of hydrates

2.4.4 Analysis of the variation in mechanical parameters related to hydrate saturation

The strength enhancement of host sediments provided by hydrates has been extensively
validated through experimental investigations. Fig. 2.11 presents recent research findings on the
mechanical responses of sediments at varying Sh, including stress-strain relationships and
volumetric deformation curves (Hyodo et al., 2013a; Masui et al., 2008; Miyazaki et al., 2011;

Yan et al., 2017). It is evident that the deviatoric stress in GHBS is much higher than HFS. As Sk

increases, the difference in maximum deviatoric stress becomes more pronounced, shifting from
strain softening to strain hardening (blue curve). Additionally, higher Sy induces a greater negative
value of volumetric strain, signifying a shift from compaction to dilatancy. However, the axial

strain at which dilatancy occurs varies depending on the composition of sediment particles.
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Figure 2.11: Mechanical responses of host sediments in the presence of hydrates

Deep-sea sediments containing hydrates demonstrate significant disparities in mechanical
properties corresponding to variation in Sh. In view of this, through a comprehensive review of
existing literature pertaining to HBS, we explore the influence of S, on mechanical parameters,
including cohesion (c), internal friction angle (¢), peak strength (os), elastic modulus (Eso),
Poisson's ratio (v) and dilatancy angle (), the change of which with respect to Sy are depicted in
Figs. 2.12-17.

Table 2.5 consolidates the mechanical test results that examine the effects of Sy on c and ¢. ¢
and ¢, as pivotal parameters in Mohr-Coulomb failure criterion, which determine shear strength
and load-bearing capacity of HBS. ¢ functions as the "adhesive force" between sediment particles,

reflecting the cementation effect. As shown in Fig. 2.12, Li et al. (2021) investigated the effect of

Sh on strength response of methane hydrate-bearing sand under direct shear test, revealing an
exponential increase in ¢ as Sy elevates, which is consistent with the result reported by Miyazaki
et al. (2011). In addition to this phenomenon occurring in coarse-grained sediments, the same
upward trend in ¢ with increasing S is observable in fine-grained sediments including clay and
clayey silt. However, a relationship approximating linearity for fine-grained sediments can be
discerned through fitting, which is different from coarse-grained sediments (Dong et al., 2022;

Wang et al., 2020). Notably, it is evident that when Sy < 50%, the improvement in ¢ by hydrates is
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relatively small, whereas above 50%, a substantial cementation effect transpires (Liu et al., 2013);

This is attributed to the increase in Sy implying that hydrates occupy an augmented pore space,
which inhibit pore water flow, resulting in mitigating u and augmenting effective stress,

consequently enhancing ¢ (Liu et al., 2018; Masui et al., 2005; Miyazaki et al., 2009; Zhang et al.,

2018). ¢ epitomizes the frictional resistance, with the majority of HBS exhibiting ¢ within 0240<
Contrary to the correlation observed between ¢ and Sn, numerous studies have substantiated that
Sh is not the determinative factor affecting ¢ (Dong et al., 2020; Li et al., 2021; Yan et al., 2012;

Sun et al., 2013; Zhang et al., 2015). From the results represented in Fig. 2.13, it can be seen that

a rather insubstantial impact of Sh on ¢, demonstrating irregular changes with the increase of S.
When Sh < 55%, Zhang et al. (2011) exhibited a unique trajectory correlating ¢ and Sn, where a

substantive quadratic increase in ¢ with rising Sh. This is posited to stem from hydrates filling the

pore medium, potentially enhancing the resistance to interparticle sliding.

Table 2.5: Summary of the mechanical tests related to ¢ and ¢ (Effected by Sn)

Reference Soil type Hydrate type Test conditions Porosity ¢
(%)
Masui et al. Toyourasand Methane hydrates ~ Excess-driven method, 37.7
(2005) CD triaxial test
Miyazaki etal. Toyourasand Methane hydrates  Excess-driven method, 37.7
(2009) CD triaxial test
Sun et al. Sand Methane hydrates Dissolved gas method, -
(2013) CD triaxial test
Wang et al. Clay Methane hydrates Unsaturated soil 45
(2020) method,
CD triaxial test
Zhang et al. Silt sand Methane hydrates Soil-water mixing 40
(2018) method, CD/CU triaxial
test
Dong et al. Sand Methane hydrates Excess-driven method, 40
(2020) triaxial shear test
Lietal (2021) Quartz sand Methane hydrates General formation 40
method, triaxial shear
test
Zhang et al. Quartzsand  Methane hydrates General formation -
(2011) method, triaxial shear
test
Liu et al. Clayey silt Synthetic THF Pre-freezing method, 39.7
(2013) hydrates triaxial shear test
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Dong et al. Reconstituted Synthetic THF Hydrate premixing 43
(2022) clayey silt hydrates method, triaxial shear
test
Zhang et al. Silty clay Synthetic THF General formation 52.1
(2015) hydrates method,
CU triaxial test
Yan et al. Sand CO. hydrates Unsaturated soil 44.4
(2012) method,
triaxial shear test
Liu et al. Sand CO2 hydrates Soil-water mixing 40
(2018) method,
direct shear test
2.5
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Figure 2.13: Change of ¢ with varying Sh
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Table 2.6 summarizes various mechanical experiments on the strength and stiffness of HBS
affected by Sh. o5 is denoted as peak deviatoric stress, serving as an indicator of maximum stress
that sediments can endure before failure. The deviatoric stress corresponding to 15% axial strain
(ea) Is taken when strain hardening occurs, while maximum deviatoric stress is considered
subjected to strain softening. Stiffness, quantifiable as the secant elastic modulus, is defined as the
ability of HBS to resist deformation, which can be obtained from the initial slope of stress-strain
curve. Figs. 2.14-2.15 show the relationship among Sh, os and Eso of HBS under the effective
confining stress of 1MPa. It can be found that both s and Esg gradually increase with an increase

in Sp, exhibiting an exponential relationship: o, /E,, =a+b-(S,)°(Miyazaki et al., 2011; Yang et

al., 2023), Masui et al. (2005) suggests that this phenomenon depends on the cementation effect

between hydrates and sediment particles. At lower Sy, the contribution of hydrates to s and Eso is
marginal since hydrates in pore-filling morphology are dispersed within pore space without

forming inter-particle connections and generating evident cohesive forces (Xu et al., 2022a; Li et

al., 2018); Meanwhile, sediments are prone to weakening under elevated shear stress. Conversely,

when S exceeds 50%, the cementing structure forms between hydrates and sediment particles;
HM transitions from pore-filling to cementing type, which intensifies the adhesion within sediment
particles and subsequently improves the cementing strength provided by hydrates, thereby

bolstering both o5 and Eso (Yun et al., 2007; Ghiassian and Grozic, 2013). Furthermore, compared

to loosen HBS with higher proportion of fine particles, denser HBS and those containing more

coarse particles demonstrate enhanced os and Eso (Dong et al., 2019; Hyodo et al., 2013a; Li et al.,

2021; Wang et al., 2022), a consequence of greater resistance to fracture for coarse particles upon

shearing; According to Mohr-Coulomb criterion, coarse-grain sediments exist greater shear

strength due to higher frictional force (Bagherzadeh and Mirghasemi, 2009). The superior grading

of materials possesses a larger coordination number per particle surface area, accentuating the

cementation effect of hydrates (Luo et al., 2018). Denser HBS implies that hydrates and particles

are relatively tight, impeding relative sliding among particles under shear stress. Nonetheless, not
all experimental data adhere to the general trend of stiffness varying with Sh. When Sy is
approximately 40%, the elastic modulus fluctuates around 0.4 GPa. On the one hand, the grain size

of Toyoura sand utilized by Masui et al. (2005) is greater than No.8 silica sand used by Miyazaki

et al. (2011), correspondingly exhibiting higher Eso, which aligns with the previous discussion. On

the other hand, an initial rise followed by a decline in Eso with increasing Sh suggests a shift in HM
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from pore-filling to cementing, which may induce particle reorganization and structural instability
(You et al., 2022).

Table 2.6: Summary of mechanical tests on HBS related to peak strength and stiffness (Effected
by Sh)

Reference Soil type Hydrate type Hydrate Test conditions T
morphology (V)
Dong et al. Sand Methane Pore filling Excess-driven 1
(2019) hydrates method,
triaxial shear
test
Hossein and Ottawa sand Methane Cementing Dissolved gas 5
Jocelyn (2013) hydrates method,
CU triaxial test
Yang et al. Fine-grained Methane Cementing Excess-driven 2
(2023) sediment (silt) hydrates method,
CD triaxial test
Li et al. (2018) Fine sands Methane Pore filling General 1
hydrates formation
method,
triaxial shear
test
Xu et al. Toyoura sand Methane Pore filling Excess-driven 1
(2022a) hydrates method,
CD triaxial test
Masui et al. Toyoura sand Methane Pore filling / Excess-driven 5
(2005, 2007) hydrates Cementing method,
CD triaxial test
Miyazaki etal.  Toyoura sand / Methane Pore filling Excess-driven 5
(2011) No.8 sillica hydrates method,
sand CD triaxial test
Lietal. (2021) Quartz sand Methane Pore filling General 1
hydrates formation
method,
triaxial shear
test
Wang et al. Clay Methane Pore filling Unsaturated soil 1
(2020) hydrates method,
CD triaxial test
Hyodo et al. Toyoura sand Methane Pore filling General 5
(2013a) hydrates formation
method,

CD triaxial test
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Yun et al. Sand Synthetic Pore filling / Ice seeding -10
(2007) THF hydrates Cementing method,
CU / CD triaxial
test
15

Peak strength o, (MPa)
wn
T

® Masui et al. (2007)

B Dongetal. (2019)

v L
¥ Hossein and Jocelyn (2013) A M_'-\ a/ah:l;nl. (2011)
Yang et al. (2023) 4 |LI c: d: ::::;::
> Lietal. (201¢
( o 2029
9 Xuetal (2022) % Wang etal. (2020)
o.=1MPa
7,= 3.31+49.09(5,)*"®
A
g A A
5‘1‘ v
A
i o °
L e o
~|‘ =
Improvement in ¢_ by hydrates
1 1 1 1
0 20 40 60 80

100

Hydrate saturation S, (%)

Figure 2.14: Hydrates contribution to the peak strength

1.6 |

0.8 |-

Elastic modulus E, (GPa)

044

Hossein and Jocelyn (2013)

Yun et al. (2007)

Hydod et al. (2013a)

T'oyoura sand, Miyazaki et al. (2011)
No.8 sillica sand, Miyazaki et al. (2011)

6.=1MPa

b etd

Eg, = 0.18+0.959

>

*
-
A ? v

Yang et al. (2023)
Masui et al. (2005)
Dong et al. (2019)
Xu et al. (2022)
Lietal. (2018)

eve

(Sh)IJI

v

Data without confirming to

the general rule

Improvement in Eg, by hydrates

40

60

80

100

Hydrate saturation S, (%)

Figure 2.15: Hydrates contribution to the stiffness

v (the ratio of lateral strain to axial strain ea) can characterize the compressibility and

expansibility of material media. Fig. 2.16 illustrates the correlation between v and Sy of HBS. It

suggests that with an increase in Sy, limited experimental results indicate a consequent rise in v

while the majority exhibits a parabolic declining trend (Yan et al., 2017; Yang et al., 2023).

Notably, when Si < 50%, numerous irregular points do not conform to a clear trend, propounding
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that S is not a decisive factor impacting v (Masui et al., 2008; Miyazaki et al., 2011). Possible

explanations for the observed trends include: (1) An amplification in Sy enhances the structural
stiffness, thereby diminishing the lateral deformation capacity, which in turn improves v (Yang et
al., 2020); (2) Hydrate occurrence within the sediments alter the stress distribution, resulting in a

reduction or insignificant variation in v (Priest et al., 2009; Zhao et al., 2019).
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Figure 2.16: Change of v with varying Sh

w (the ratio of volumetric strain &y to shear strain &) represent the volume deformation of
material medium during shearing. w of HBS can be derived from the ratio of &, to ,, as presented
in Equation 2.15 (Soga et al., 2006).

w = arcsin — 2 (2.15)

&, —2¢,

The relationship between w and Sh has been fitted and plotted according to the existing

literature as shown in Fig. 2.17. It is evident that y progressively increases with increasing Sh,

producing a greater volumetric expansion of HBS upon shearing (Le et al., 2018; Li et al., 2023;

Zhou et al., 2021). Overall, it adheres to a power function: y =a+b-(S,)° (Choi et al., 2018; Masui

et al., 2006); where the coefficients are related to HM, for the pore-filling type, b<1 while ¢c>1;

For the cementing type, b>1 while c<1. Compared to HBS in pore-filling morphology, HBS in

cementing morphology generates larger y at lower Sy (Masui et al., 2005). The narrow in this gap

occurs as Sh increases, especially when Sy exceeds 50%, and the impact degree of HM on y

becomes minimal (Liu et al., 2018).
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2.4.5 Influence of hydrate dissociation on mechanical behavior of GHBS

To ensure the rationality of hydrate recovery, it is necessary to address a multitude of
challenges concerning hydrate dissociation, such as volumetric deformation of sediment matrix,
stress relaxation, reservoir instability, and changes in pore water pressure. In view of these,
numerous researchers have embarked on a series of mechanical tests to delve into the impact of
hydrate dissociation on mechanical properties of HBS. Considering the environment and
feasibility, the predominant methods employed in the laboratory to induce hydrate dissociation

encompass: thermal stimulation, depressurization, and CO. replacement (Wang et al., 2020;

Yoshimoto et al., 2023). Table 2.7 tabulates some of the mechanical tests on hydrate dissociation

induced by previously mentioned methods.

From the perspective of thermal stimulation, Wu et al. (2020a) combined X-ray Computed

Tomography with triaxial tests to analyze the mechanical characteristics of hydrate-bearing sand
during dissociation. The results exhibited that the continual decline in shear strength and elastic
modulus was attributed to the loss of cementation, and the secondary formation of hydrates after

dissociation led to a reduction in K1. Song et al. (2014) identified the reduction in o5 for hydrate-

bearing clays stems from the decreased c. Moreover, the lower the o, is, the smaller the residual
strength (or) displays after failure, and it tends to decelerate the rate of decreasing or under a low
dissociation rate. Further, they also found that strain-softening behavior appears at higher T; or
diminishes with dissociation time (tg), with a more pronounced reduction rate under high T (Song
et al., 2016). Differing from sands, Song et al. (2019) observed that when HBS dissociated after
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undergoing thermal stimulation, whose os is dependent on the hydrate concentration, and the

attenuation ratio is proportional to Sy, as shown in Fig. 2.18.
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Figure 2.18: The dependency of effective parameters on Sy under thermal stimulation

In cases of depressurization, Zhang et al. (2018) investigated the mechanical properties of

HBS with varying initial Sy during hydrate dissociation. The results indicated that os decreased by
30%-90% compared to the initial state. Furthermore, the magnitude of reduction intensified with
an increase in initial Sy due to the disruption of the bond between particles and hydrates.

Correspondingly, Eso, ¢, and c also decreased. Choi et al. (2020) reported that the stability of HBS

is related to the initial deviatoric stress (gi). Volumetric contraction occurs after depressurization,
and HBS at lower gi remains stable upon re-pressurization, whereas those at higher gi undergo
instability and rupture. Similarly, Li et al. (2018) noted that volume of HBS undergoes contraction
after dissociation and it transforms HM into load-bearing at higher Sy, causing evident stress

relaxation. Further, Li et al. (2023) found that the volumetric deformation of HBS is independent

of depressurization times but is controlled by overburden stress, with settlement doubling as the
stress level increased from 0.7 to 0.9.

CO2 replacement is progressively emerging as a trend in hydrate recovery. Liu et al. (2016,

2013) through CD triaxial test demonstrated that a greater volumetric proportion of CO:
substantially enhances or and Eso of HBS. Consistent with this perspective, Luo et al. (2020b, 2017)

observed that or exceeds that of the prior state after CO, replacement, with a reduction in

compressibility, substantiating improved structural stability. Hyodo et al. (2014a) supported these
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findings by employing consolidated shear test, examining that CO- distributes uniformly within
the pore spaces after replacement.

Each of the discussed methods for hydrate dissociation presents specific constraints. In
response, several researchers have initiated comprehensive mechanical investigations through the

comparison of these approaches. Lee et al. (2020) observed that when only considering

depressurization, a dropping in os occurs at the dissociation rate of 20% while o5 rebounds after
CO:2 replacement, which is depicted in Fig. 2.19. This suggests that initial strength is independent
of dissociation rate, and the replacement reaction can enhance the stability of HBS. Hyodo et al.
(2013b) indicated that hydrate dissociation induced by thermal stimulation produces greater &a in
specimens with increasing initial shear stress, resulting in the failure of specimens in the metastable
consolidated region, whereas depressurization leads to collapse in the stable equilibrium zone

under effective stress. Luo et al. (2020a) discerned that during depressurization, hydrate-bearing

silty experiences substantial deformation without failure, emphasizing the decisive role of
effective stress in volumetric changes during dissociation. On the other hand, HBS with varying
Sh exhibited varying degrees of damage after dissociation induced by thermal stimulation.
Contrasting multiple dissociation methods, Li et al. (2016) and Liu et al. (2014) concluded that the

stability of HBS dissociated via depressurization surpasses those via thermal stimulation, with
HBS under CO; replacement exhibiting the highest s and Eso (Fig. 2.20).
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Figure 2.19: The dependency of peak strength on dissociation ratio under

depressurization and CO2 replacement
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Figure 2.20: The variation in effective parameters under various dissociation methods

Despite CO2 replacement method being considered the most promising technology for

hydrate exploitation, the displacement reaction mechanism of this approach remains unclear in

current research. Ensuring the maintenance of gas transmission pipelines is vital for efficient

extraction. Meantime, it is imperative to integrate CO> replacement with other techniques such as

depressurization and thermal stimulation hold considerable research value.

Table 2.7: Summary of mechanical tests on HBS related to hydrate dissociation

Reference Dissociation

Soil

Gas Test conditions

Initial

o
method type  composition Sh (%) (MPa)
Wu et al. Thermal Fujian ~ Xenon gas General 0, 3
(2020a) stimulation sand formation 35.75,
method, CD 36.29
triaxial test / X-
ray CT
Song et al. Thermal Kaolin Methane Ice-seeding 25-30 0.5, 1,
(2014,2016) stimulation clay method, CU 2
triaxial test
Song et al. Thermal Silty Methane Ice-seeding 0-35 1,2,3
(2019) stimulation method, CU

triaxial test
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Zhang et al. Depressurization Silt Methane Gas saturated 19,38, 1,2,
(2018) sandy method, CD / 50 3,5
CU triaxial test
Choietal. Depressurization  Silica Methane Brine-injection 40 6.21
(2020) sand- and heating-
kaolinite cooling method,
mixture CD triaxial test
Li et al. Depressurization  Quartz Methane General 33-38, NA
(2018) sand formation 56.14
method, CU
triaxial test
Lietal. Depressurization  Silica Methane Excess-driven 0, 27, 3
(2023) sand method, CD 28
and clay triaxial test /
triaxial creep
test
Luo et al. CO2 Mixture  CO2-CHs4 Ice-seeding 30 2.5,
(2017) replacement of method, CD 3.75,
kaolin triaxial test 5,7.5,
clay and 10
quartz
sand
Luo et al. CO2 Silty CO2-CH4 Excess-driven 0-30 0.2,1,
(2020b) replacement method, 2,3
isotropic
consolidation
and shear test
Hyodo et al. CO2 Toyoura  CO2-CHa Ice-seeding 0,31- 1,2,5
(2014a) replacement sand method, 47
isotopically
consolidated
shear test
Liu et al. CO2 Kaolin CO2-CH4 Ice-seeding 30 2.5,
(2013, replacement clay method, CD 3.75,
2016) triaxial test 5, 7.5,
10
Li et al. Thermal Kaolin CO,-CHg4 Ice-seeding NA 0.5, 1,
(2016) stimulation / clay method, CD 2
Depressurization triaxial test
[ CO2
replacement
Leeetal. Depressurization Quartz CO2-CH4 Excess-driven 35-37, NA
(2020) / CO2 sand method, CD / 28.9

replacement

CU triaxial test
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Liu et al. Thermal Kaolin CO2-CH4 Ice-seeding 30 2

(2014) stimulation / clay method, CD
Depressurization triaxial test
/| CO2
replacement
Luo et al. Thermal Clayey Methane Excess-driven 0-33 1
(2020a) stimulation / silt method, CD
Depressurization triaxial test
Hyodo et al. Thermal Toyoura  Methane Unsaturated soil ~ 31.5, 1,3,5
(2013b) stimulation / sand method, 38.2,
Depressurization isotopically 43.2,
consolidated 46,
shear test 47.3,

48
2.5 Influence of other factors on the mechanical responses of GHBS

2.5.1 Analysis of the variation in mechanical parameters related to effective confining stress

o, affects the mechanical properties of HBS due to applied lateral restraint stress, which is
defined as the difference between confining stress and u. o, is expected to simulate the pressures
exerted on HBS in marine environments from overlying strata, largely attributable to the burial
depth (Handin et al., 1963). Fig. 2.21 presents the mechanical responses of sediments with Sy
ranging from 26 to 30% under various o, (Dong et al., 2020; Li et al., 2018; Miyazaki et al., 2011;

Yang et al., 2023). Observations indicate that with an increase in o, , the deviatoric stress

correspondingly rises. Coarse-grained sediments, which exhibit dilatancy under low o, display
similar behaviors even under high o.. Conversely, fine-grained sediments, which demonstrate
volumetric contraction, maintain this trend regardless of the applied o.. Although higher o,
typically triggers a certain degree of volumetric compaction, with the extent of volumetric
deformation largely depending on the sediment composition. Table 2.8 presents a compilation of

mechanical tests that demonstrate the impact of s, on methane HBS.

Influence of other factors on the mechanical responses of GHBS



Fundamental physical-mechanical characteristics of GHBS 82

B Miyazaki et al. (2011) I i et al. (2018)
I Dong et al. (2020) I Yang ct al. (2023)

S, =26~30%

Deviatoric stress (MPa)

6,=05MPa ----a4_= IMPa
o, =2MPa ——od_=3MPa
o.~IMPa ----¢.=2MPa

a,=4MPa .= 1MPa
&,=IMPa =0, = 4MPa
o, =05MPa ----d_=IMPa
o.=3MPa —---g_=5MPa

Volumetric strain (%)

| ) |
0 5 10 15 20 25
Axial strain (%)

Figure 2.21: Mechanical responses of GHBS with respect to o,

Table 2.8: Summary of mechanical tests on methane HBS related to strength and stiffness

(Effected by o)

Reference Soil type Test conditions Sh T
%) (T
Lietal. (2011) Kaolin General formation method, 30 -10
triaxial shear test
Wang et al. (2018)  Montmorillonite clay Ice seeding method, triaxial 30 -3
shear test
Xu et al. (2022a) Toyoura sand Excess-driven method, CD 30 1
triaxial test
Li et al. (2021) Quiartz sand General formation method, 26.6 1
triaxial shear test
Dong et al. (2020) Sand Excess-driven method, 26.6 1
triaxial shear test
Lietal. (2018) Intermediate fine sands General formation method, 26.6 1
triaxial shear test
Yang et al. (2023)  Fine-grained sediment Excess-driven method, CD 26.6 2
(silt) triaxial test
Miyazaki et al. Toyoura sand Excess-driven method, CD 27-34 5
(2011) triaxial test
Wang et al. (2020) Clay Unsaturated soil method, 25 1

CD triaxial test
Figs. 2.22-2.23 depict the variations in os and Esg of HBS with Sy within the range of 25-34%

under various o,. It exhibits an enhancement in os and Eso of HBS with the increase of o.. This
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amplification is mainly due to o, restricting crack propagation while bolstering inter-particle
connections and friction, and partially owing to the intensified bonding between hydrates and

sediment particles (Li et al., 2021; Miyazaki et al., 2011). Additionally, the increment of 5 is more

pronounced than that in Eso with increasing o.. Through fitting the experimental results (red dashed
line), it seems that o5 linearly increases with o, especially undergoing a qualitative improvement
under high o, (. > 5MPa) (Dong et al., 2020; Yang et al., 2023), while Eso exhibits a parabolic

trend (Xu et al., 2022a). Further analysis shows that compared to coarse-grained sediments,

methane hydrate-bearing clay (fine-grained sediments) exhibits less improvement in os and Eso,
this aligns with the understanding that well-graded sediment mediums where fine particles occupy
voids among coarse particles result in denser overall structure (Wang et al., 2022; Wang et al.,

2019). For the fine-grained sediments, methane hydrates would be more dispersed, the cementation
effect could be limited as o, increases. Conversely, for the coarse-grained sediments, hydrates tend
to easily form cementing structures that provide substantial support. Notably, some experimental
results deviate from the anticipated trend (red solid line); Li et al. (2018) investigated the shear

performance of medium-fine sediments, revealing that sediments with Sy = 26.6% demonstrated a
marked reduction in Eso at lower o, and followed by a slow increase. This is possibly due to hydrate
dissociation induced by the increased initial ¢., and subsequent hydrate formation as o, further
elevated into a stable region. Li et al. (2011) utilized kaolinite to simulate marine sediments,

identifying a subtle decreasing trend in both o5 and Eso at higher o, (6. >5MPa). This phenomenon
may arise from the particles undergoing localized crushing under high o. , triggering the
rearrangement of particles and generation of new voids, which result in a loosened structure (Xu
et al., 2022a).
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Figure 2.23: Change of Eso with varying o,

Fig. 2.24 illustrates how v of HBS varies in relation to o.. Overall, v presents a noticeable

descending trend with increasing ., adhering to the power law: v =0.48+0.15(c.)°?, which is driven

by two reasons: i. As previously mentioned, it displays greater Eso as o, escalates, constraining the
lateral deformation; ii. Sediment matrix becomes more compacted with increasing o., and the
applied axial stress reduces the porosity and subsequently decreases the ability to deformation
(Choli et al., 2018; Miyazaki et al., 2012; Yang et al., 2020). Yet, experimental results under low

o. (0. =0.5, 1IMPa) reveal insignificant variations in v, which might be attributed to the facilitation
of micro-crack generation at lower o,, with axial compression and lateral expansion occurring

simultaneously (Yan et al., 2017; Yang et al., 2023).
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Figure 2.24: Change of v with varying o,

2.5.2 Analysis of the variation in mechanical parameters related to temperature

The nucleation of NGH relies on specific T-P conditions. Fluctuations in T alter the stable
phase equilibrium condition of hydrates, subsequently impacting the distribution and stability of
hydrates. Fig. 2.25 synthesizes results from multiple reports to compare the mechanical responses
of GHBS under various T. It is clear that deviatoric stress curves demonstrate a strong sensitivity
to T; at lower T, the sediments exhibit higher peak deviatoric stresses and tend to strain hardening.
Additionally, the volumetric response of host sediments transitions from initial compaction to
expansion under low T, with this variation being particularly evident at lower T. In contrast, at
higher T, sediments display compact behavior and continue to experience volumetric contraction.

Table 2.9 lists the mechanical tests conducted on HBS concerning T.
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Figure 2.25: Mechanical responses of GHBS with respect to T

Table 2.9: Summary of mechanical tests on HBS related to mechanical parameters (Effected by
T)

Reference Soil type Hydrate type Test conditions Sh o.
(%) (MPa)
Hyodo et al. Toyoura sand Methane General formation 26.6 3
(2013a) hydrates method, CD triaxial
test
Wang et al. (2019) Montmorillonite Methane Ice seeding method, 30 2.5
clay hydrates triaxial shear test
Lietal (2011) Kaolin clay Methane Hydrate premixing 30 5
hydrates method, triaxial shear
test
Zhu et al. (2015)  Kaolin clay Methane Ice seeding method, 30 2
hydrates dynamic triaxial shear
test
Zhu et al. (2020) Kaolin clay, Methane Ice seeding method, 30 2.5
quartz sand hydrates triaxial shear test
Shenetal. (2021)  Silica sand Methane Excess-driven method, 59.2 3
hydrates CD triaxial test
Livuetal (2013, Kaolin clay CH4-CO2 Ice seeding method, 30 5
2016) hydrates triaxial shear test

Figs. 2.26-2.27 illustrate the variations in as, ¢, and ¢ of HBS associated with T. It can be

observed that both os and ¢ tend to decline linearly as T increases (Li et al., 2011b; Liu et al., 2013;

Liu et al., 2016). This phenomenon is attributed to the thermal expansion of hydrate crystals or
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sediment particles at elevated T, degrading the resistance to deformation. In addition, the
weakening in ¢ due to hydrate dissociation at higher T provokes sediment particles to lose adhesion
with hydrates, thereby diminishing the bond strength (Hyodo et al., 2013a). It is noteworthy that

os and ¢ decrease significantly when T is below 0<C, whereas such changes are comparatively

muted above 0T (Shen et al., 2021). This can be explained by the fact that water molecules freeze

into ice crystals when T below 0<C (Zhu et al., 2020); the phase transition of water accompanied

by volumetric expansion precipitates the disruption of sediment structure, consequently

effectuating a substantial reduction in both ¢ and os (Wang et al., 2019; Zhu et al., 2015). It is also

noted that upon holding constancy in other factors such as P and Sh, os of HBS with varying T
hinges on ¢, which exhibit uncorrelated with ¢. This is manifested in the graph where ¢ appears to
be exclusively associated with the sediment type, demonstrating an indiscernible correlation with
T.
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Figure 2.26: Change of os with varying T
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Figure 2.27: Change of ¢ and ¢ with varying T

2.5.3 Influence of sediment composition, strain rate, and porosity on mechanical behavior of
GHBS

Geological processes and the diversity of sedimentary environments contribute to the
variance in sediment composition and particle characteristics, which in turn determine the

configuration of pore space, thus affecting the interaction between hydrate and sediment matrix.

Masui et al. (2005) observed that the strength and stiffness of synthesized GHBS with similar
particle sizes closely approximate those of natural GHBS. Li et al. (2011b) discovered that GHBS

with higher kaolin volume ratio shows enhanced strength with minimal alteration in stiffness,
emphasizing the dependency of cohesion on kaolin content. Under constant average particle size,
Hyodo et al. (2017, 2015) demonstrated that CHs-HBS with higher fine content display augmented

shear strength and dilatancy, particularly in a looser state, aligning with the findings of

Teerawattanasuk and Voottipruex (2014). Kajiyama et al. (2017a) indicated that the cementation

effect of CH4-HBS increases with an increase in fine content, consequently improving the strength,
while Young's modulus inversely relates to fine content. Luo et al. (2018) suggested that a higher

proportion of larger particles contributes to the increased ¢, amplifying the strength. Further, due
to superior material gradation, wider particle size distribution in GHBS results in a larger
coordination number per particle surface area, intensifying hydrate cementation and failure

strength (Miyazaki et al. (2012)). Hu et al. (2022) reported that shear modulus rises with particle

size while the damping ratio tends to decrease. Additionally, the presence of hydrates mitigates
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the impact of particle size on the mechanical properties of GHBS. Fig. 2.28, integrating results
from the aforementioned studies, illustrates the variability in mechanical responses of GHBS with
respect to different sediment compositions. Sediments with higher fine content (FC = 22.9% or
25%), a larger volume ratio of soil particles (KVR = 60%), and larger grain sizes (HS5) generally
exhibit higher peak stresses (solid lines), indicating stronger shear strength and a tendency toward
strain hardening. Additionally, sediments with higher fine content transition from volumetric

compression to dilation at lower axial strain, displaying more pronounced expansion.

I oiyoma ctal (2017a) I Hyodo etal. (2017)
 E—

tal. (2011b) Luo etal. (2018)

ine content KVR: Kaolin volume ratio
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Figure 2.28: Mechanical responses of GHBS with respect to sediment composition

GHBS display distinct time-dependent behavior associated with the variation in strain rate.

Miyazaki et al. (2010) found that the effect of strain rate on HFS is negligible but significant in

GHBS. Li et al. (2011a) noted that the peak strength of GHBS is directly proportional to strain rate

and observed a hardening tendency at a higher rate and a softening tendency at a lower rate.

Deusner et al. (2019) showed that marked hardening behavior and earlier onset of peak strength

occurs at higher strain rate, with less dilatancy mobilization after softening. Liu et al. (2013)

revealed that increased interparticle friction at a higher strain rate results in greater failure strength.

Wu et al. (2023) observed that under high Sn, both peak strength and stiffness escalate with

increasing strain rate, exhibiting notable volume compression at a lower rate. Notably, the

sensitivity of strain rate to GHBS is dependent on hydrate content than hydrate morphology.
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Overall, a higher strain rate abbreviates the interaction time between sediment particles and
hydrates, triggering an earlier peak in the cementation effect and thereby strengthening GHBS, as
depicted in Fig. 2.29.
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Figure 2.29: Peak strength versus strain ratio

Porosity ¢ (the ratio of pore volume to the total volume) directly reflects the sediment density

as well as the distribution and stability of hydrate. Liu et al. (2013) recognized that the strength of

CO2-HBS increases linearly with a decline in ¢, which is consistent with the observation of Li et
al. (2011a) on CH4-HBS. Hyodo et al. (2017) noted that increased compaction reduces e, boosting
both dilatancy and shear strength. Wang et al. (2019) indicated that lower ¢ accompanied by

heightened initial density leads to a reduction in pore space and the thickness of hydrate films,
consequently augmenting the failure strength without altering stiffness. Wu et al. (2021) reported

that GHBS under low ¢ exhibit earlier attainment of peak stress ratio and minimum dilatancy rate.

Zhu et al. (2015) delved into the strengthening mechanism of ¢ on GHBS, suggesting a diminish

in ¢ with increasing ¢, accompanied by a gradual strength degradation. Overall, reduced ¢
increases density as pore space being occupied by hydrates, amplifying the cementation effect.
Concurrently, more contact points between particles further enhance frictional force, contributing
to the additional shear strength (Fig. 2.30).
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Figure 2.30: Peak strength versus porosity

2.6 Time-dependent deformation characteristics in GHBS

Creep behavior (the enduring deformation that solid materials exhibit under prolonged
constant loading) is characterized as time-dependent strain variation. The creep of GHBS unfolds
in three phases: 1. diminishing creep (initial creep stage); 11. steady creep (secondary creep stage);
I11. accelerating creep (tertiary creep stage) (Zhu et al., 2022) (Fig. 2.31). The inflection points

from diminishing creep stage to steady creep stage termed rheological starting point, while the
intersection between steady and accelerating creep stage is referred to the creep damage point.
Initial stage: GHBS undergoes initial deformation where strain escalates over time, yet the strain
rate (¢) decreases. This phenomenon is primarily due to the densification and reorientation of
sediment particles. The frictional resistance of particles escalates as the sediment structure is
subjected to the applied load, precipitating the deformation. Secondary stage: strain continues to
increase over time under stable ¢; indicating a dynamic balance among deviatoric stress, internal
resistance of sediments, and cementation strength provided by hydrates. Tertiary stage: e'increases
exponentially, with strain rapidly increasing until specimen failure. This is attributed to the gradual
breakage of bonding between sediment and hydrate under sustained stress. with microcrack
propagation inducing notable strength and stiffness reduction (Nakashima et al., 2021). However,

Wang et al. (2012) subdivided the creep behavior into four stages, bifurcating the initial stage into
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transient creep process and damping creep process. The former reflects the immediate elastic or
plastic deformation of specimen upon loading, whereas the latter is indicative of a decreasing strain
rate towards a constant rate.

Under stable creep stress, HFS manifest only initial and secondary creep stages, while
hydrate-bearing sands demonstrate a distinct tertiary creep stage, which stems from the role of
hydrates as an interparticle cementing agent. The cementation effect is weakened with hydrate
dissociation over time, which leads to the redistribution of particles and considerable axial

deformation, further escalating &. This observation is substantiated by Miyazaki et al. (2017) by

introducing the concept of equivalent creep stress (the ratio of applied creep stress to the strength
of materials) (Wang and Xu, 2021).

Creep in GHBS correlates strongly with deviatoric stress q, where elevated g engenders

greater axial strain ¢a and ¢; this is because once q surpasses the cementation strength of hydrates
and the frictional resistance between particles, consequently triggering the deterioration in
cementation structure and substantial axial deformation. Also, effective confining stress o, emerges
as a crucial factor influencing creep behavior. It is noted that both £ and ¢ exhibit an inverse
relationship with ., reaching the rheological onset point in advance at higher o.. This is attributed
to the fact that higher . inhibit inter-particle movement and promote particle bonding, enabling
the structure to withstand augmented external stress. Furthermore, T is a non-negligible factor.
Lower T strengthens the structure by facilitating the transition of hydrate into ice, with a reduction

inea and & (Li et al., 2019; Li et al., 2016). Conversely, higher T facilitates hydrate dissociation,

which compromises the cementation structure and consequently diminishes the strength. Typically,
the tertiary stage occurs associated with elevated stress levels and higher T. Besides, GHBS with
larger porosity experience greater creep strain, which is dependent on the change in internal
cementation (van der Waals forces among soil particles, hydrates, and cementation between soil

particles and hydrates) (Wang et al., 2012).
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Figure 2.31: Schematic of the creep behavior of sediments without and with hydrate presence: (a)
Creep test; (b) Creep curves of GHBS under various factors; (c) Comparison between HFS and
GHBS

2.7 Conclusions

In this chapter, we have systematically reviewed the geo-physical-mechanical performance
of GHBS, aiming to offer valuable insights for future research endeavors. The main aspects of our
discussion include: a. intrinsic properties of GHBS including thermal property, fluid flow property,
and compressibility; b. methods for specimen remolding in the laboratory associated with test
apparatuses, and initial test conditions; ¢. mechanical response of host sediments in the presence
of hydrates; d. influences of external conditions (effective confining stress, temperature, porosity,
strain rate, sediment composition, sustained loading) on mechanical properties of GHBS. The
following conclusions can be drawn:

(1) The porosity of GHBS hinges on burial depth, effective stress, and grain size. As the depth
and effective stress escalate, sediment particles become increasingly compacted, leading to a
decline in porosity. Conversely, coarse-grained sediments exhibit higher porosity relative to those

shown in fine-grained counterparts.
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(2) The permeability of GHBS is significantly influenced by HM and Sh. Permeability
decreases in a parabolic trend that opens upward with an increase in Sh. For the coarse-grained
sediments, HM are predominantly categorized into pore-filling and grain-coating types. GHBS in
grain-coating type exhibit higher permeability compared to those in pore-filling due to the latter
occupying more pore space, thus increasing the flow resistance.

(3) Hydrates act as a cementing agent between sediment particles, resulting in the structure
of GHBS that demonstrates greater compactness and lower compressibility compared to HFS. The
sediment matrix is compacted with increasing effective stress, followed by considerably
diminishing the compressibility upon reaching the volumetric yield point. Moreover, the
cementation between hydrates and sediment matrix strengthens while the sediment structure
becomes denser at higher Sy, progressively reducing compressibility. Notably, GHBS in cementing
type requires greater effective stress to achieve consolidation due to the enhanced bond strength
provided by hydrates, as opposed to GHBS in pore-filling morphology.

(4) The post-yield stress-strain behavior of GHBS deviates from that of HFS, manifesting
either strain hardening or softening. Softening is ascribed to the reorganization of the porous
framework, a consequence of hydrate dissociation under high stress. HFS undergo volume
compaction and progressive consolidation when subjected to loading. GHBS initially display
volume compression but subsequently transitions into the volumetric expansion phase. This is
induced by hydrate dissociation coupled with the migration of fractured particles into pore spaces,
provoking the reconfiguration of sediment matrix.

(5) The relationship between c and Sy exhibits a dependency on particle size. For the coarse-
grained sediments, ¢ increases exponentially with Sy while a linear relationship for the fine-grained
sediments. ¢ increases gradually when Sy is below 50% but escalates significantly beyond this
threshold. ¢ is independent of Sy and solely determined by soil type. The strength and stiffness of
HBS are positively correlated with c, especially in sediments containing abundant coarse grains
with greater interparticle friction, which reflect enhanced shear strength. The cementation effect
of hydrates is more pronounced in well-graded sediments with larger specific surface areas per
unit particle. v does not show a clear correlation with Sy, but y follows a power function, revealing
evident volumetric expansion upon shearing. HBS in cementing morphology exhibit a larger
dilatancy at lower Sn compared to those in pore-filling morphology.

(6) The augmentation of strength in GHBS is predominantly attributed to a constellation of
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factors: greater o, facilitating the interlocking between hydrates and sediment particles; thermal
expansion at higher T reducing shear strength; larger particle size and well-graded distribution
contributing to strengthening; higher strain rate shortening the interaction time between particles;
and lower ¢ enhancing the structural density.

(7) The stability of HBS after hydrate dissociation triggered by thermal stimulation is
influenced by the initial stress state and Sh. The residual strength displays a decline trend with
dissociation time. Following depressurization, HBS demonstrate noteworthy stability, with the
degradation degree of strength and stiffness being intimately linked to initial stress conditions.
Compared to other methods, HBS manifest the highest residual strength and stiffness after CO-
replacement.

(8) GHBS experience three distinct creep phases: diminishing, steady, and accelerating.
Notably, the accelerating phase manifests exclusively under specific conditions such as high T,
high stress level, and low o,. Furthermore, GHBS characterized by higher porosity undergo larger

creep strain.
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Chapter 3. Recent developments in the constitutive models for
GHBS

In geotechnical engineering, constitutive model is the essential tool for delineating the stress-
strain relationship of materials subjected to applied load, which can be expressed in the form of
equations based on continuum mechanics to predict the strength and deformation characteristics
of materials (Desai and Faruque, 1984). Specifically, the development of constitutive model for

GHBS is designed to encapsulate the interaction between sediment matrix and NGH, as well as

the geo-mechanical properties of sediments (Xie, 2019).

Constitutive models of GHBS can be systematically organized into five categories, each
underpinned by a unique theoretical framework: a. Constitutive model based on Mohr-Coulomb
criterion succinctly delineates the initial yield condition of materials; b. Constitutive model based
on Drucker-Prager failure criterion provides a smooth yield surface suitable for dealing with more
complex three-dimensional stress state; c. Extended Duncan-Chang model applying elastic theory
can express the material properties in a non-linear form; d. Critical State model offers precise
insights into the continuous deformation characteristic of sediments at the critical state; f. Creep
constitutive model can be adaptable to simulating the deformation response of GHBS subjected to

prolonged loading scenarios.

3.1 Constitutive model with Mohr-Coulomb criterion

Mohr-Coulomb (M-C) criterion is the cornerstone in exploring the constitutive relationship
of geotechnical materials, establishing the failure criteria through two principal parameters:
internal friction angle and cohesion. This criterion assumes that the stress relationship adheres to

a linear trajectory upon yielding (Mayne et al., 2009). For GHBS, the constitutive model derived

from M-C criterion takes into account the impact of hydrate saturation and confining pressure on
mechanical parameters such as c, ¢, dilatancy angle (), Young's modulus (Eso), and shear strength

(zr). Nevertheless, it is imperative to acknowledge that this model is confined to depicting the initial
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failure characteristic of materials at yield onset and does not extend to post-yield plastic flow or
softening behavior.
3.1.1 Extended on Mohr-Coulomb strength theory

Mohr-Coulomb strength theory represents the linear response of the material's shear strength
to normal stress, as delineated in Equation 3.1. Subsequent to the adaptation of M-C strength
equation in the presence of hydrate, Jung and Santamarina (2011) described the influence of ¢ on

the shear strength of GHBS through a functional relationship with Sh, revealing a positive
correlation between Sy and shear strength z (Equation 3.2).
7, =0, tanp+cC (3.1)
7, =0, tangp+as, o, (3.2)
Where oy is the normal stress on the failure surface, ot is the tensile stress of hydrates, a is the
constant.

In addition to Sp, the impact of effective confining stress o, on shear strength cannot be

overlooked. Building upon Jung's model, Xu et al. (2023) proposed a linear relationship between

¢ and o, alongside the nonlinearity between the strength envelope and ¢ (Sukkarak et al., 2017).

Integrating these considerations, they put forward an equation that can describe the combined
effect of o, and Sp on shear strength, which is given as:

r. =aS,o, +aS,o, +o, tan(p, —b-log &) (3.3

a

Where ¢o is the initial friction angle, a, b, and a are the constants, pa is the atmosphere pressure.

3.1.2 Extended on Mohr-Coulomb failure criterion

The failure strength of GHBS refers to the critical strength threshold at which the sediment
fails under ultimate stress conditions, which is primarily determined by Sh and current stress state.
Hence, extended M-C failure criterion for GHBS can be expressed as follows (Dong et al., 2020;
Labuz and Zang, 2015):

2sing(S,)

_ 2cosg(Sy) c e )Gc
=SIN @S5,

“Tosing(s,) MY

(3.4)

f

Where ¢ and ¢ represent the equations related to S.

Li et al. (2013) posited that M-C failure criterion is more applicable for GHBS under low

confining pressure and subsequently derived the following formula:
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Where o1 represents the axial principal stress, k and m are the fitting parameters.

To elucidate the impact of S, on mechanical properties of GHBS, Klar et al. (2010) assumed

that hydrates and soil are two separate continua and proposed a single-phase elastoplastic
constitutive model for GHBS based on the principle of effective stress. This model emphasized
that the improvement in strength observed in soil-hydrate composites is attributed to the cohesive
effect contributed by hydrates rather than frictional friction. Furthermore, the linear correlations
among the effective index such as cohesion, dilatancy angle, and elastic modulus with respect to
Sh were established, with corresponding equations exhibiting as:

1-sing 26(5:) i::z (3.6)
siny =0,S, E;,=09,+0;-S,

f(o,,0,,5,) =0, -0, Lysing

c

Where c¢(Sh) = aSh, a, d1, d2, and o3 are the constants.
Numerous studies have shown that the presence of hydrates could strengthen GHBS through
magnifying ¢ but with irrelevant to ¢. Moreover, GHBS at higher Sn exhibited greater dilatancy

(Cha et al., 2016). In response to this phenomenon, Pinkert et al. (2014) proposed a nonlinear

relationship between Sy and ¢ and formulated an expression to characterize w for GHBS, with the

function representing as follows:

siny =sin(3, -3, IN( &) +63, (L-exp(-—))
) (3.7)
O—c Cs Gc
c=c(- exp(—y—z)) +C,(S,)° Eg = a(lMPa) +bS,

Where . is the effective confining stress, d1, d2, d3, da, C1, C2, C3, @, b y1 and y are the constants.

Leveraging the above discussed correlation, Pinkert et al. (2015) developed a strain softening

model for GHBS related to deviatoric behavior, which can explain how c varies with Sy, plastic
shear strain £, and porosity ¢. The specific expression is given by:

o, 1 . o. 58 °
Py _ _ _9% _ _ c — —Z3%n% 3.8
c(el) c{l exp( )}ch(sh)% {1 55 sm{él 52In(1 Pa)}{l exp( 5 }} (3.8)

2 3%h

Where 61, 02, d3, C1, C2, C3,and y, are the constants.
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Rowe (1962) expanded the stress-dilatancy model to simulate the deformation in frictional-
viscous Mohr-Coulomb soil during shearing. Employing this model, Pinkert (2017) performed a
comparative analysis of experimental data, discovering that critical friction angle (¢cs) is predictive
of stress-strain response for GHBS and this model can effectively characterize the strength

variation in relation to Sn. The stress-dilatancy model for GHBS can be expressed as:

9 |2 (E 4 Loy pan(E 4 Loy |- £ (3.9)
o 4 2 lo 4 2 1

c c

Where &y and &1 are the volumetric and axial strain rates, respectively.
Statistical damage theory is frequently employed to describe the randomness in the failure of

geotechnical materials. Liu et al. (2017) merged this theory with M-C failure criterion to develop

an innovative damage-softening statistical constitutive model for GHBS, which successfully
illustrates the enhanced mechanical properties of sediment under high Sh. Additionally, it
characterizes the strain-softening phase and nonlinear stress-strain relationship. Weibull
distribution parameters (m, Fo) were utilized to represent the correlation between peak strength

and strain, with the specific expression as follows:

. -F [z, +@-2v)a, |
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Where Esp is the elastic modulus, v is the Poisson’s ratio, 7zt and &r are the peak stress and peak
strain, respectively, F is the distribution variable.

3.1.3 Features and limitations

Table 3.1 has delineated the features of constitutive models formulated in accordance with
Mohr-Coulomb criterion. It is noted that strength, stiffness, and confining pressure have been
considered in all models. Essentially, the constitutive models for GHBS based on M-C criterion
define yield conditions via dilatancy angle and cohesion. Sy and o.are incorporated in these models
to intuitively reflect the improvement in mechanical properties of sediments provided by hydrates.

However, there are several limitations that require to overcome:
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(1) M-C criterion is dependent on the linear assumption, but the mechanical response of
GHBS is nonlinear as exhibited in the experimental investigation, especially for the progressive
strengthening before yielding due to hydrate contribution cannot be well-presented.

(2) M-C criterion focuses on the initial failure traits, neglecting post-yield plastic flow and
strain softening in GHBS. However, GHBS would lose strength progressively beyond peak stress,
with significant strain softening under drained conditions, as proven in Section 2.4.

(3) Hydrate-related dilatancy equation struggles to accurately predict the volumetric
deformation of GHBS; as discussed in Section 2.4, the dilatancy angle is not simply linearly related
to Sh, and hydrate occurrence has a certain influence on its evolution law.

(4) 1t simplifies the mechanical improvement as the effect of Sh on cohesion; however, as
observed in the experimental results, hydrate contribution for host sediment varies significantly
with hydrate morphology, even at the same saturation level. In addition, during hydrate
dissociation, strength loss was not proportional to cohesion reduction, which is contradicted by M-

C assumptions.

Table 3.1: Characteristics of constitutive model with M-C criterion for GHBS reported in the

existing literature

Reference Klar et Lietal. Jungand Pinkert Pinkert Pinkert Liu et

al. (2013) Santamarina etal. et al. (2017) al.
Features (2010) (2011) (2014) (2015) (2017)
Strength Y Y Y Y Y Y Y
Stiffness Y N N Y Y Y Y
Dilation Y N N Y Y Y N
Cohesion Y N N Y Y Y N
Effective Y Y Y Y Y Y Y
confining
pressure
Strain softening N N N Y Y Y Y
Bonding and N N N Y Y N N

damage effects
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Volumetric N N N N N N N
deformation
Hydrate N N N N N N N
morphology
Hydrate N N N N N N N
dissociation
Thermodynamics N N N N N N N

3.2 Constitutive model based on Drucker-Prager criterion

3.2.1 Drucker-Prager criterion

Drucker-Prager (D-P) model presents a yield surface that is notably smoother and more
continuous than that of M-C model, which is capable of encapsulating the correlation between the
yield strength of materials and stress (Alejano and Bobet, 2012). Initially conceptualized in the

1950s by Drucker and Prager, this model was designed to describe the plastic behavior of metallic

materials (Drucker and Prager 1952), it was later extended to geotechnical materials. Within the
field of GHBS research, D-P model has been recognized for its efficacy in streamlining the yield
characterization of material, which makes it exceptionally advantageous for analyzing complex

three-dimensional stress states, which can be expressed as:
3, =al,+p (3.11)

I, =0,+0,+0;

(3.12)

J, = %[(0'1 ~-0,)° +(0,—03) +(o, —02)2]

Where o and g are material constants, Jz is the second invariant of the stress deviator tensor, |1 is
the first invariant of the stress tensor, o1, o2, and o3 are the principal stresses.

3.2.2 Extended Drucker-Prager model

In the context of conventional triaxial test, where o2 equals a3, it is imperative to consider the
influence of Sy and stress state on the strength of GHBS. This prediction can be achieved by the

application of subsequent formula while employing D-P criterion: (Zhang et al., 2015):

0-1_0-3:\/§Kf(sh)+\/§ﬁ(sh)'(o-l+20-;) (3.13)
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Where o1-03 is the deviatoric stress, Kr(Sn) and f(Sn) are the functions of Sy.
To accurately reflect the strain hardening observed in GHBS at lower Sh (Sh < 40%) and the

strain softening tendency at higher Sy (Sh> 40%), Zhang et al. (2018) innovatively integrated D-P

criterion into hypoplastic model, which can facilitate an effective prediction of the changes in
strength (Equation 3.14). Nonetheless, it should be acknowledged that the model exhibits optimal
applicability only under the condition characterized by minimal temperature fluctuation and does

not consider the potential dissociation of hydrates.

_3K(S) | 3BAS,)

= + o,
1-\3B(S,)  1-+3p(S,)

According to the D-P theory, g in the aforementioned equation is closely determined by ¢ in

(3.14)

0, =03

Mohr-Coulomb criterion, while K hinges on both ¢ and c. Xu et al. (2023) indicate that ¢ is

correlated with o, and ¢ is dependent on both Sy and o.. Equation 3.14 was modified based on
these findings, suggesting that the strength of GHBS is not solely linearly associated with Sy but
also follows a power relationship with o., which is formulated as

o,—0,=y(c.)* +(S,0,+ S0, (3.15)
Where ot is the tensile stress of hydrates, o, is the effective confining stress, ¢, 7, « and j are the
material parameters.

Through the fitting of experimental parameters, Dong et al. (2020) posited that the failure

strength exhibits a linear relationship with o, and Sh, besides this correlation, a power relationship
with respect to Sy has been found, as presented by the subsequent function:

0,—0,=(a-S, +b)o, +cexp(d-S,) (3.16)
Where a, b, ¢, and d are the constants.

To model the degradation of hydrate, Sun et al. (2016) developed an elastoplastic constitutive

model for GHBS on the basis of D-P framework in p-q space. This advanced model is capable of
predicting the augmentation in strength and stiffness using a function that contains Sy and can
reflect the material softening phenomenon via the correlation between ¢ and bonding factor.
Additionally, the model adopts the assumption of isotropic expansion to estimate the volumetric

strain. The yield and dilatancy equation can be given as:
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f=q-Fp'-c(S,)=0
(3.17)

D:—[a"’c +b}g;’ —c-Zed(S,)
P,

a
Where q is the deviatoric stress, p' is the mean effective stress, c(Sh) is the cohesion equation that
related to hydrate saturation, F is the slope of yield surface, D is the dilatancy ratio, a, b, c and d
are the coefficients of fitting curves, pa is the atmosphere pressure, & is the plastic shear strain.
The mechanical properties of GHBS are determined not only by Sy and hydrate morphology
but also related to structural alterations within sediments occasioned by strain. To elucidate the

impact of strain rate on strain hardening and softening, Deusner et al. (2019) introduced a residual

friction parameter (ares) into D-P yield function to describe the effect of strain rate owing to the
change in sediment structure. The yield function, alongside the internal variables pertaining to the
friction parameter, is delineated as follows:
{azﬂ + e (3.18)
f=q+a(x,)p—c(S,)=0

Where « is the total mobilized frictional resistance, f is a dilatancy component, ores is a residual
friction component, yn denotes the vector of internal plastic variables related to hardening-
softening behavior.

Similarly, building on the above elastoplastic D-P model, Teixeira Parente et al. (2019)

derived a mechanical model that can express the secondary hardening phase of GHBS according
to the strain evolution law caused by friction and expansion. They simplified the model through
dimensionality reduction employing the active subspace method and performed Bayesian
inference on the model. The principal internal parameters governing macro stress expansion in this

model adhere to the following empirical evolution law:
Cc= C(Sh)

B=pB(S,) A-expl—1 ) (3.19)
1
=, Sh Aressh'l__l' &
o =010 (5)+ A (5)- (0 1) -4

Where c is the cohesion, £ is the material dilatancy, ares is the residual frictional resistance, f*, a
sy Aaires, A1, and A2 are experimental equations that associated with Sy, m, and mg are the empirical

coefficients that control the evolution ratio of dilation and frictional resistance.
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Weibull distribution and D-P criterion are both applicable for describing the deformation
characteristic of GHBS. Li et al. (2016) and Zhang et al. (2023) developed a damage statistical

constitutive model, which can capture strain softening and hardening phenomena of GHBS. The
transition process hinges on the combined effects of Sy and ., which is represented through the

conjugate feature of parameters m and Fo in the modified model, expressed as:
o, =exp |:_(F£)m } Ey& +2V-0, + {1— exp [—(Fi)m }} [(tan2 a—-2v)k+2c-tan a} (3.20)
0 0

Where m and Fo are the parameters related to the effective stress, hydrate saturation, and
dissociation, v is the Poisson’s ratio, Eso is the elastic modulus, k is the model parameter, a = #/4
+ 2/, ¢ and c are the internal friction angle and cohesion, respectively, F is the microunit strength.

3.2.3 Features and limitations

Table 3.2 has delineated the attributes of constitutive models founded on D-P criterion,
exhibiting substantial parallel to the formulations derived within M-C framework. The D-P-based
constitutive model for GHBS features a smooth and continuous yield surface, which can grasp the
geo-mechanical behavior under complex stress conditions. This model is developed on a three-
dimensional stress plane, associating failure strength with the parameters related to Sy and o..
Under specific conditions, it can reflect strain softening and volumetric yield. However, there are
several issues that warrant further consideration:

(1) D-P model assumes isotropic material, whereas in reality, sediments exhibit evident
anisotropy attributed to the heterogeneous distribution of hydrates.

(2) D-P model generally assumes a constant temperature; however, as the analysis of
temperature impact presented in Section 2.5, GHBS experiences thermal expansion and strength
degradation when heated, thermal effect should not be non-negligible.

(3) D-P model is relatively complex, along with parameters derived from experiments, but
their significance is not clear and requires further calibration, so the model might fail to generalize

to different scenarios.

Table 3.2: Characteristics of constitutive model based on D-P criterion for GHBS reported in the

existing literature
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Reference Zhang Dong Zhang Xuet Sunet Deusner Teixeira Liet

etal. et al. etal al. al. et al. Parente  al.
Features (2015) (2020) (2018) (2023) (2016) (2019)  etal. (2016)
(2019)
Strength Y Y Y Y Y Y Y Y
Stiffness Y Y N N Y Y Y Y
Dilation N N N N Y Y Y Y
Cohesion Y Y Y Y Y N Y Y
Effective Y Y Y Y Y Y Y Y
confining
pressure
Strain softening N N N N Y Y Y Y
Bonding and N N N N Y Y Y Y
damage effects
Volumetric N N Y N Y Y Y Y
deformation
Hydrate N N N N Y Y Y N
morphology
Hydrate N N N N N N N N
dissociation
Thermodynamics N N N N N N N N

3.3 Non-linear elastic model based on Duncan-Chang model

3.3.1 Duncan-Chang model

Duncan-Chang (D-C) model, a non-linear elastic framework extensively acknowledged for
its capability to delineate the stress-strain behavior of soils, was initially introduced by Kondner
(1963). The key parameters including tangent modulus (Et), Young’s modulus (Eso), bulk modulus
(K", axial strain (ea), Poisson's ratio (v), and failure ratio (Ry), allow for predicting the mechanical
response of soils from the initial to moderate stage of strain. D-C model characterizes the strain

Non-linear elastic model based on Duncan-Chang model



Recent developments in the constitutive models for GHBS 106

hardening in soils through an approximately hyperbolic relationship, which is written as (Duncan
and Chang, 1970; Kondner and Horner, 1965):
£ 1

— a —_
0,=-03=

bs,+a (E)er (3.21)
ga

Where o1-03 represents the deviatoric stress, ea is the axial strain, a =1/E;j and b = 1/qui, Ei is the
initial tangent elastic modulus and quit is the maximum deviatoric stress.
Janbu (1963) proposed a function which can represent the relationship between tangent elastic

modulus E;j and o
E, =K, P ()" (3.22)
Pa
Where pa represents the atmosphere pressure, Kn and n are the material parameters, o is the

effective confining stress.
3.3.2 Extended Duncan-Chang model

Temperature variation can alter the cementation effect provided by hydrates, thereby

affecting the stiffness of GHBS. Consequently, Sun et al. (2023) expanded the above equation by

incorporating the thermal effect on E; (Equation 3.23). Nonetheless, this model fails to illustrate
how the dependence of R on ¢, and T.

Et _ a~bT2—cT+d D, (i)—aThﬂT—y (323)

a
Where a, b, ¢, d, a, #, and y are the constants.

Yan et al. (2017) refined the D-C model to better encapsulate the distinct stress-strain

characteristic of GHBS. Through fitting experimental data, a proportional relationship between Ry
and o, was identified. Additionally, it has been proven that initial Poisson's ratio v diminishes as o
. increases. Drawing upon this observation, a linear correlation between v and Shwas established
while considering the presence of hydrates, which satisfies the following equation:
R, =6,+6,0,
dg —~aS, —blog(c.)+c¢ (3.24)

V= =
0z [1-(a+ 45, +7log(o,)e, |

Where a, b, c, d1, a, B, y, 61and J2 are the constants, e is the lateral strain.
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The strength dependency on Sh hinges on cohesion, as opposed to internal friction angle
(Masui et al. (2005)). Hence, Miyazaki et al. (2012) incorporated M-C failure theory into D-C

model, taking into account the influence of Sy and o, on mechanical properties (Equation 3.25).
However, it did not still address volumetric strain and was unable to represent the volumetric
deformation of GHBS.

7, = ZCO_S(D c+af(S,)’ + 25|.n¢) o,
1-sing 1-sing
E, =1+06S,” (3.25)

E = (- Ry T&)Z -Eq

f

Where «, 5, 01, and d. are material parameters.

Ma and Xu (2021) suggested that the cementation effect induced by hydrates plays a pivotal

role in mitigating deformation under effective stress. Based on this opinion, the bulk modulus K'
was adapted into D-C model to assess the abilities of GHBS to resistance deformation. Empirical
findings from their study revealed a positive correlation between K' and Sh, and an inverse
relationship between K' and o, . Furthermore, Rs decreases linearly with Sp. The empirical
relationship is quantitatively expressed in the subsequent formula:

K =(ao, +h) exp[(c exp(—d -a;))Sh]
E =K'p,(o./p)"" (3.26)
R, =6,-6,S,

Where a, b, ¢, d, J1, d2, 93, and d4 are the constants, Rtis the failure ratio.

Considering the magnitude of strain, Yu et al. (2011) categorized the stress-strain response

of GHBS into two phases: rapid structural failure and complete failure. Then D-C model was
modified to describe the material properties in different phases by setting the stiffness modulus.
Furthermore, this model not only incorporates variables such as T and o, but also introduces a

damage factor w to reflect the bonding degradation, yielding the following expression:

8&
- . (3.27)

(—0)E.+0E, (o)A +Ac )+ o(aT +b)°

0, =03=
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Where w is the damage factor, T is the temperature, Ein is the initial elastic modulus related to o,
and T, in which n represents the phase number, A1, A2, a and b are the constants.

Temperature can prompt the transition from strain hardening to softening in GHBS in certain
situations. Also, hydrate dissociation markedly weakens the shear strength of host sediments, with
the impact becoming more pronounced over time. In response to these phenomena, Song et al.
(2016) modified D-C model by integrating the impacts of both dissociation time tq and T on
structural characteristics of GHBS. However, this equation can only characterize the hardening
behavior while ignoring the softening. The failure strength can be expressed as:

r, =a—bT —(c+dT +aT )ty +[5,+ Bexp(T 1 5,)|t,* (3.28)
Where tqis the dissociation time, a, b, ¢, d, a, 8, 1, and d2 are the constants.

Typically, the nonlinear constitutive model of GHBS struggles to depict the strain softening

phenomena. To address this limitation, Yan et al. (2021) introduced the concept of "strain softening

index", which is defined as the slope of linear fit of stress-strain curve after 3% of peak strength.
Further, the following formula was used to describe the progressive damage experienced by the
sediments under shearing after reaching the peak strength:

® =1-exp(-ne,) (3.29)
Where w is the damage factor, n is the model parameter related to o.and Sy, €a is the axial strain.
3.3.3 Features and limitations

Table 3.3 has illustrated the features of non-linear elastic models, showcasing their enhanced
ability to cover a broader spectrum of properties relative to the model developed in accordance
with M-C and D-P criteria. Overall, the nonlinear elastic model can generally reflect the stress-
strain trend and elucidate the strain hardening observed in sedimentary media. The establishment
of such models mostly relies on the fitting relationship derived from experimental data.
Mechanical responses of GHBS are evaluated through a functional correlation between effective
parameters (hydrate saturation, effective confining pressure, temperature, dissociation time, axial
strain) and indexes such as strength, stiffness, and lateral deformation. Yet, there are several
aspects to be noted:

(1) Nonlinear elastic model can only describe the strain hardening phenomena, but GHBS
typically exhibits initial strain hardening due to hydrate-induced strengthening, followed by strain

softening as the hydrate bonds progressively fail, which has been shown in the discussion of stress-
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strain behavior in Section 2.4. In addition, this model ignores the dilatancy and volumetric changes
of GHBS, while GHBS exhibits strong dilatancy at high Sy, which is contradicted by the volume
assumption in D-C model.

(2) Nonlinear elastic model overlooks the impact of hydrate decomposition, but GHBS
undergoes evident stiffness and strength degradation during hydrate dissociation as presented in
Section 2.4, which the nonlinear model cannot capture.

(3) Similar to M-C criterion, the nonlinear elastic model simplifies the assumption by
primarily attributing variation in mechanical properties of GHBS to Sy, but as concluded in Section
2.4, GHBS with cementing hydrates demonstrates greater strength than pore-filling hydrates, even
at identical S.

Table 3.3: Characteristics of nonlinear elastic model for GHBS reported in the existing literature

Reference Sun et al. Yan et Miyazaki Ma and Yu et Song et Yanetal.

(2023) al. et al. Xu al. al. (2021)

Features (2017)  (2012) (2021) (2011)  (2016)
Strength Y Y Y Y Y Y Y
Stiffness Y Y Y Y Y Y
Dilation N N N N N N N
Cohesion N N Y N N N Y
Effective Y Y Y Y Y N Y
confining
pressure
Strain N N N N N N Y
softening
Damage ratio Y Y Y Y N Y Y
Volumetric N N N N N N N
deformation
Hydrate N N N N N N N
morphology
Hydrate N N N N N Y N
dissociation
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Thermodynami Y N N N Y Y N

CS

3.4 Critical state model

The majority of constitutive models for GHBS focus on shear strength and stiffness,

frequently neglecting volumetric deformation (Dong et al., 2024). Nonetheless, the process of

hydrate exploitation can precipitate substantial volumetric changes within host sediments,
potentially triggering instability in adjacent geological strata, which has been evidenced by marine
settlement or landslide found in some cases. Understanding the evolution law in volume is
imperative for the prediction and mitigation of such geohazards, thereby ensuring hydrate
extraction safely. In response to this gap, a contingent of researchers has initiated the integration
of critical state concepts into the constitutive modelling of GHBS.

The critical state theory represents a core principle in contemporary soil mechanics,
highlighting a stable state that soil can reach under prolonged shearing, termed the critical state

(Britto and Gunn, 1987). This theory differs from M-C criterion mainly in that the latter focuses

on defining the loss of strength of soil at maximum stress angle, whereas the critical state model
(CSM) concentrates on volume change in soils and provides a detailed description of soil transition
from its initial consolidated state to the critical state. Although nonlinear elastic model can
characterize strain hardening occurring in soil, CSM offers a more holistic prediction of both
hardening and softening responses, demonstrating excellent versatility across intricate stress
pathways. While constitutive models rooted in D-P criterion can capture the plastic deformation
of soils to some extent but tend to ignore soil dilatancy. In contrast, CSM is better equipped to
handle these issues.

3.4.1 Extended on modified Cam-clay model

The critical state model adapted from the modified Cam-clay model (CCM) stands as a classic
application of critical state theory, which establishes a circular yield surface using three basic

parameters (effective stress, void ratio, and deviatoric stress) to articulate the response of GHBS

across various stress states (Roscoe et al., 1958). The size of the yield surface dynamically evolves

with the accumulation of plastic strain (¢°) during shearing. Also, the adaptability of modified
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CCM extends into grasping the hardening and softening characteristics of soils and simulating
complex stress paths. Associated flow rule (f =g) is applied in modified CCM to govern the plastic
deformation behavior of soil. Hardening parameter (pcs) is introduced to represent plastic
volumetric strain (e ), which determines the capacity to undergo volumetric changes. The
mathematical expression for this yield function is given by:
f=g°+M?p>*-M?p_p’ (3.30)

Where p' is the mean effective stress, q is the deviatoric stress, and M is the critical stress ratio.

In CCM, pcs is derived from the volumetric response of soils subjected to isotropic loading,
which is contingent upon two parameters: the slope of swelling line (1) and the slope of normal
compression line (x), with the function as follows:

_A-xdp,

= 3.31
1+e dgf (3.31)

Cs

Where e is void ratio.
On the basis of CCM, Uchida et al. (2012) introduced two hardening parameters (pcc and ped)

to describe the dilation and cohesion enhancement in the presence of hydrates, both of which are
related to effective hydrate saturation (S;). In addition, the degradation factor (y) is defined to
consider hydrate dissociation upon shearing. To facilitate a smoother transition from elastic to

plastic behavior, subloading surface ratio (R) is employed in yield function (Hashiguchi, 1989).

Nonetheless, it is important to acknowledge that this model is limited to the shape of yield surface

as an ellipse. The methane hydrate critical state (MHCS) model can be represented as:
f :q2+M2(p'+ pcc)[pl_R(pcs+pcd+pcc)] (332)
Where pec and ped represent the enhancement in cohesion and dilation induced by hydrates,

respectively.

Considering the impact of intermediate principal stress, Lin et al. (2015) further modified

MHCS model by employing the concept of Spatially Mobilized Plane (SMP), which comprises
three main components (Nakai and Matsuoka, 1983): i. Differ from the traditional MHCS model,

SMP model introduces a parameter (y2) to represent the effect of hydrate accumulation habits on
hydrate dissociation during shearing; ii. Account for the incremental volumetric yielding (pcd)

induced by hydrates; iii. SMP sub-loading yield surface is introduced, allowing plastic deformation
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to occur across diverse loading trajectories (Hashiguchi et al., 2005). Building upon these

considerations, SMP yield function is proposed as follows:
In (L] 2 Py (3.33)
R(pcs+ pcd) ﬂ Mp
Where f governs the shape of yield surface related to the particle size, pcs and pcs are the hardening
parameters, ps represents the shear stresses on SMP.

From the perspective of thermodynamics, Sun et al. (2015) improved the MHCS model by

utilizing the dissipation function to automatically calculate the flow rule (Collins and Hilder, 2002).

Considering the limitations of the traditional MHCS model, which is constrained to a singular
yield surface. Hence, the spacing ratios « and y are introduced to simulate different shapes of yield
surface, enabling the accurate representation of stress softening and dilatancy behavior in this
model. Additionally, it considers the anisotropies in critical state line under tensile and
compressive directions through two stress ratios Me and Mc. The advanced model can be expressed
in the following form:
(p'—ly(pw+pcs)R+(1—y)pccR)2 2
2 . T q -1 (334

~ M _-M
e ((1— "+ +—¢ "eg+RMp. )’
MC+M9(( a)p'+ap) YRR Pec)

(@ 7)P+RC 7Py + P+ P)F

c e

Where p' is the mean shift stress, y is the spacing ratio related to the stored plastic and dissipated
work, o represents the relationship between the maximum deviatoric stress and the deviatoric stress
at critical state point on yield surface, Mc and M. are the slopes of the critical state lines in the
compressive and tensile directions, respectively, pes, Pec and ped equal to the hardening parameters
displayed in MHCS.

Recognizing the intricate interaction between the strength and dilatancy of GHBS, Uchida et
al. (2016) introduced a unified hardening parameter (pcd) that encapsulates both the augmented
cohesion and dilatancy effects attributed to hydrate presence, further simplifying MHCS model.
This model posits that hydrates act as bonding agents between adjacent soil particles, impeding
their relative movement, which is identified as the mechanism for increased strength of sediments.

The enhanced yield function is given by:

f=9°+M?p'[p'=R(Pg + Pey)] (3.35)
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Given the heterogeneity of hydrates, the anisotropy in GHBS is an important factor that
cannot be ignored. To address this challenge, Zhou et al. (2018) based on MHCS model introduced

a rotating yield surface (fan) to model the strength anisotropy of sediments and then developed
three types of anisotropic methane hydrate critical state (AMHCS) models: i. AMHCS-H model,
which considers the heterogeneous distribution of hydrates in each soil layer with different hydrate
saturations; ii. AMHCS-T model, which accounts for the anisotropy of turbidites formed in the
absence of hydrates; iii. AMHCS-TH model, which combines the consideration of anisotropic
turbidite layers and various hydrate saturations. The definition for the proposed AMHCS model is

as follows:

f= (q _ﬂan p')2 + (M ? _ﬂanz)( p + pcc) I: p - R( pcs + pcd + pcc):l (336)
Where fan is the parameter defining the amount of tilt of the yield surface, pcs, pec and ped equal to
the hardening parameters displayed in MHCS.

To model the anisotropy induced by stress and the mechanical properties of under-

consolidated soils, Sun et al. (2019) developed an innovative constitutive model for GHBS that

primarily relied on two loading surfaces: i. Sub-loading surface, to describe the nonlinear stress-
strain relationship prior to structural yielding; ii. Super-loading surface, to reflect the structural
characteristics of GHBS. The hardening rule of this model is aligned with those previously

proposed by Uchida et al. (2012), besides, the extended model introduces an additional structural

parameter to represent the under-consolidated state of sediments. The associated yield function is
delineated as follows:

1 77*2 pl2 *
f= In(p +pcc)+|n(1+ \ )+InR —InR - In(pcs + pcc) (337)
(M ? _ﬂanz)(p + pcc)2

Where 7" represents the difference between the stress ratio and anisotropic stress tensor, fSan is an
anisotropic state variable, R"and R represent the similarity of super-loading to normal yield surface
and super-loading to sub-loading yield surface, respectively, pcc and pes equal to the hardening
parameter proposed in MHCS model.

Abundant studies have proved that the mechanical behavior of GHBS depends on Sh and
hydrate occurrence where hydrate morphology affects the strength and deformation properties of

sediment to a notable extent. In light of these findings, Yan and Wei (2017) investigated the
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mechanical response of GHBS in various hydrate morphologies under loading. Effective hydrate
saturation Sywas introduced into MHCS model to characterize various hydrate morphologies:

S; =(s,-Ls;) (3.38)
Where < > is Macaulay brackets, <x>= x when x > 0, <x>= 0 when x < 0, L=0 represents the
cementing type, L=1 represents the pore-filling or load bearing type, Shis total hydrate saturation,

S, is the critical hydrate saturation.
Building upon S; conceptualized by Yan and Wei (2017), Liu et al. (2020) proposed a unified

formula, particularly applicable to commenting and pore-filling type (Equation 3.39). In addition,

combining the drop-shaped yield function proposed by Yao et al. (2019) and considering both the

solid phase and hydrate contribution, an advanced elastoplastic constitutive model for GHBS was

developed as follows (Equation 3.40):

S¢ =S, {1—exp{—(%)3}} (3.39)
f - ln{(ﬂ%)p# p@}— In(py + p)—LE+E) (3.40)
M7p°- 7. A—x

Where H is the hardening parameter, yc is the critical state parameter, pcs is the volumetric yield
stress, po is the initial mean effective stress, e is the void ratio, S;= 0 when hydrate morphology in
cementing type, S;= 25%~40% in pore-filling type.

Similarly, Iwai et al. (2022) observed that GHBS with various hydrate morphologies exhibit

unique stress-strain and dilatancy characteristics. The total hydrate saturation could be categorized
into cementation type (CM-type S..,), load-bearing type (LB-type Si), and pore-filling type (PF-
type S;;) and defined the proportion of induvial type of hydrate saturation in total hydrate saturation
(S/') as hydrate morphology ratio (&, S, y). Through the analysis of the relationship between
morphology ratio and Sy, the hardening rules manifested across various hydrate morphologies were

elucidated. The evolution in hardening parameters (pe and p;,) can be expressed as:
dp(':em = acembcem (a S:_' )bcem_l(adSrH - maa

dp, = 3b, (B8} { A0S, +(m,

s)

p
de.

(3.41)

p
de,

+ my;/dgvp)SrH }

Where a, 5, and y are the morphology ratios for the CM-type, LB-type, and PF-type, respectively,
S, is the total hydrate saturation, 0 and & are the plastic shear strain and plastic volumetric strain,
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respectively, acem, bcem, ab, and Sip are the material constants related the mechanical enhancement
by hydrates, m, and m, are the degradation factors related to CM-type and PF-type, respectively.
Considering the cementation effect of hydrate and damage in structured soil, Wang et al.
(2022) based on elastoplastic and damage mechanics theories incorporated two hardening
parameters into modified CCM model: i. One is to describe the hardening phenomenon exhibited
in structured soil; ii. Another is to characterize the enhancement in cohesion by hydrates.

Meantime, the unified hardening framework proposed by Yao et al. (2009) was adopted to more

accurately describe the strain hardening and softening behavior of GHBS across different
occurrence habits. The corresponding yield function is obtained as follows:

(1+e,
A—K

f=In( P+ P, )+In( P )+ In[l—exp(—cagsp —cb)] (3.42)

pO p + pCC

Where H is the unified hardening parameter, pcc is the enhanced cohesion provided by hydrates,

2 H
+'3|2)-

po is the initial mean effective stress, eo is the initial void ratio, & is the plastic shear strain, 7 is
the current stress ratio, ca is the parameter controlling the damage ratio of structure, cy is the
parameter reflecting the strength of initial structure which is related to Sh.

Sultan and Garziglia (2011) integrated the concept of hydrate fraction as a state variable into

a critical state framework, laying the groundwork for a new constitutive model specifically
designed to encapsulate the strain softening and degradation phenomena to GHBS, which was
constituted according to two assumptions: i. Hydrate formation impedes the normal consolidation
of sediments while dissociation induces sediment collapse; ii. The compressibility of GHBS
decreases with increasing hydrate content and tends to approach the compressibility of pure

hydrate. The yield equation can be written as:

2 .qp 2 1 12 ]'pI 2
=Zp' 22+ (M —p?)+= 3.43
q 3|0|Op \/ (p'p, p)gppqp (3.43)

Where gp and pp are the projection of the additional stress tensor in the g-p diagram.
The Hierarchical Single Surface framework can comprehensively capture the strength and
deformation of soils through a single and continuous stress surface, which is celebrated for its

exceptional adaptability and flexibility (Desai et al., 1986). Leveraging the advantages of HISS

framework, Gai and Sanchez (2017) proposed the Hierarchical Single Surface-Methane Hydrate

(HISS-MH) model to accommodate the diverse yield surface shapes of GHBS by adjusting several
parameters. Moreover, some elements proposed by MHBS model are integrated into HISS-MH
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model including sub-loading surface ratio, cementation, and bonding degradation. The expression
for HISS-MH yield surface is as follows:

a , " n
f =Wq2—3zyp 24377 p"(R(Pg + Peg))’ (3.44)

Where a and y are constants, n is the parameter related to the transition from compressive to dilative
volume change, pcs is the pre-consolidation stress, ped is the strength enhancement by hydrates.
Given the phase variation in hydrate and the structural change in sediment during loading and

dissociation, Sanchez et al. (2017) incorporated the concept of stress distribution into the HISS-

MH model to capture the individual mechanical contribution of hydrate and soil skeleton.
Additionally, damage theory was utilized to track the hydrate degradation under loading

(Kachanov, 1986). The stress component of hydrate and sediment together constitute the global

effective stress, expressed as follows:

Cde . X Xy X Xy
do =d "2 _do, =| D, +(—2%—)*D, |d d —Z __C dc. (3.45
o =do, +1+Ch}( o, { X +(1+Ch ) h} g+{ c, T O (1+Ch)( h(l+Ch;() )} o ( )

Where Ch is the volumetric concentration of methane hydrate (Ch = Sh ¢), y is the strain partition
variable during loading, D is the stiffness matrix, o represents the portion of stress, dch shows the
effect of hydrates on effective stress, the subscript s and h represent the host sediment and hydrate,
respectively.

HISS-MH model can work well for predicting the mechanical responses of GHBS. However,

it is unable to evaluate the effects of temperature and strain rate. Further, Zhou et al. (2022)

expanded the HISS-MH model by adding three components: i. An enhanced hardening law was
proposed to characterize the high expansion observed in MHBS; ii. The pre-consolidation stress
expression was added to the term associated with thermal effect; iii. Perzyna's overstress theory
was used to analyze the dependency of mechanical behavior on strain rate. The hardening law

results from the combined effects of shear plastic strain and volumetric plastic strain (Nova, 2004):

pCS = ];_—eo pCS (d 8vp + asdgsp)
K (3.46)

T
pcs = pcso (1_ rT |Og T_)

0
Where as is a parameter controlling the effect of the deviatoric strain on hardening, To is the

reference temperature, pcs is the pre-consolidation mean stress, peso is the pre-consolidation mean
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stress at To, rr is a model parameter related to the effect of temperature, & and &} are shear plastic
strain and volumetric plastic strain, respectively.

The critical state models proposed based on modified CCM often consider the contribution
of hydrates while incorporating other effective parameters to capture the different geo-mechanical
characteristics of the host sediments. The evolution of the yield surfaces within this framework

can be summarized in the following figure:
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Figure 3.1: Schematic of yield surfaces for critical state model extended on modified CCM

3.4.2 Extended on state-dependent model

Numerous studies have indicated that sand as kind of frictional material, the plastic strain
induced by constant stress ratio at lower confining pressure is negligible. Additionally, it has been
observed that sands undergo limited plastic volumetric change prior to reaching yield stress
(Manzari and Dafalias, 1997). Consequently, the deformation characteristics of sands is largely
dependent on the stress ratio. Based on this insight, Li et al. (1999) posited that sands demonstrate

minimal plastic deformation before reaching a critical stress ratio. The yield trajectory of sands
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can be approximated as a straight line that maintains a constant stress ratio (Poorooshasb et al.,

1966). On the g-p plane, the yield function adhering to this behavior can be represented as follows:
f=q-Mp' (3.47)
Where q is the deviatoric stress, p' is the mean effective stress, M is the critical stress ratio.
Considering the cementation provided by hydrates, a hardening parameter pcq was introduced
into the above equation, which is given by (Shen et al., 2016):
f=q-M(p'+ py) (3.48)

Where pcd represents the bonding effect of hydrates.

GHBS experience volume changes and exhibit dilatancy during shearing, which depends on
the prevailing stress state. Therefore, state-dependent dilatancy theory has been adopted for the
modelling of CSM where dilatancy is defined as the difference between critical stress ratio M and

current stress ratio  (Rowe and Taylor, 1997). Also, it can be found in previous studies that

dilatancy is not only linked to the stress ratio but also hinges on the internal state of material.

Subsequently, within the critical state framework, Li and Dafalias (2000) incorporated a state-

dependent parameter (o) that is defined as the difference between critical and current void ratio

into the dilatancy model to better reflect material expansion, as depicted in the following equation:

D(¢,) =4, {eXp(m “0p) _&}

Py =€—€ :e_(eco _51(pl/ pa)§z)

(3.49)

Where do and m are positive modeling parameters, ¢o is the state parameter, ec is the critical void
ratio whose initial value is eco, pa is the atmosphere pressure, 1 and o> are the material constants.
Shen et al. (2016) discovered that for Sh below 60%, M increases nonlinearly with respect to

Sh. Consequently, the dilatancy model for MHBS was refined that characterize the evolution law

of cementation by employing a proportional factor, the corresponding expression is given by:

D(%,) =ﬁ°(8h)8[(M +A(S,)%)exp(m-g, —m, ./ p. / pa)—n] (3.50)

Where A and B are model parameters, pa is the atmosphere pressure, pcd represents the cementation
effect of hydrates, m and my are the positive parameters.
The above model involves too many model parameters and is relatively complex. Therefore,

Yuan et al. (2020) simplified the dilatancy equation proposed by Wan and Guo (1998) by refining
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a new state parameter that was expressed by the ratio between critical and current void ratio, whose
equation only includes three model parameters:

D(p,) =Mgy -1
e e (3.51)

- € - €0 _51(pll pa)g2

Where m, d1, and J» are the model constants.

The mechanical characterization of MHBS within the stable regions has been relatively

underexplored in reported literature. In response to this phenomenon, Ng et al. (2020) established

a state-dependent model based on the theoretical framework of bounding surface plasticity, which
introduces a phase parameter (L) to capture the coupling effects of current temperature (T1) and

pore pressure (P1) for hydrate formation (Dafalias, 1986). Finally, by combining the correlations
among Sh, phase parameter, and current stress state, a novel dilatancy model was established as

follows:

D(coo):%[wl (1 p)* exp(m-g,) 1]

,—e—e, =e— eco+5(p/pa) a(l+L)[exp(b-S,) —1] (3.52)

L= mm(\/(1 b)? 4+ b)ZJ

Where do, m, a, d1, @, b, and ¢ are material constants, # is the current stress ratio, p and p; are the

Euclidean distances of the actual and image stress states, respectively, L is the minimum distance
of T-P state, Tp and Py are the temperature and pore pressure on the phase boundary with a
minimum distance to current T-P state, respectively.

3.4.3 Features and limitations

Table 3.4 presents the characteristics of the critical state model for GHBS as reported in the
literature. When compared with the extended models based on M-C criterion, D-P criterion, and
D-C model, critical state model can reproduce most mechanical performance in GHBS, even
including volumetric yield and strain softening, which involves several aspects: a. The evolution
of pre-consolidation stress in sediments can be evaluated through an isotropic loading curve; b.
Incorporating hardening parameters to describe the contribution of hydrates to the overall structure;
c. Introducing the degradation factor to explain the bonding damage between sediment particles

due to hydrate dissociation; d. Rotating yield surface to simulate the anisotropic distribution of
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hydrate; e. Utilizing sub-loading surface concept to achieve a smooth transition from elasticity to
plasticity; f. Introducing effective hydrate saturation or relative morphology ratio to quantify the
impact of hydrate morphology; g. Considering thermodynamic coupling in modelling. Despite
these advancements, there are still some limitations that pose challenges to modelling:

(1) Certain models are confined to predefined yield surface shapes (e.qg., elliptical) and cannot
capture the stress-strain characteristic of GHBS across diverse yield surface geometries.

(2) Most models are only applicable to hydrate-bearing sands and coarser granular soils, while
for finer particles containing hydrate, the interparticle bonding effects due to electrochemical and
van der Waals forces would affect their mechanical response, which require different constitutive
formulations.

(3) While critical state models adeptly address stress change caused by temperature variation,
GHBS behavior under temperature changes is not just a thermal expansion issue, which also
involves hydrate dissociation, gas migration, and pore pressure evolution.

(4) All the mentioned models omit considerations of pore fluid dynamics, which on one hand
determine the pore pressure of material; And on the other hand, the interactions between pore
fluids and sediment particles such as capillary and electrochemical effects are related to

mechanical response of GHBS.

Table 3.4: Characteristics of critical state models for GHBS reported in the existing literature

Reference Sultan et Uchida et Linetal. Sunetal. Shen et Uchida et
al. (2011) al. (2012) (2015) (2015) al. (2016) al. (2016)

Features

Strength Y Y Y Y Y Y
Stiffness Y Y Y Y Y Y
Dilation Y Y Y Y Y Y
Cohesion N Y N Y Y Y
Effective confining Y Y Y Y Y Y

pressure
Strain softening Y Y Y Y

Bonding and Y Y Y Y Y Y

damage effects
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Volumetric Y Y Y Y Y Y

deformation

Hydrate morphology N Y Y Y Y Y
Hydrate dissociation N N N N N N
Thermodynamics N Y N Y N Y
Yield surface shape N N N Y N N
Anisotropy Y N Y N N N
Reference Gaietal. Sachez et Yanand Zhou et Sunetal. Yuan et
(2017)  al.(2017) Wei al. (2018) (2019) al.
Features (2017) (2020)
Strength Y Y Y Y Y Y
Stiffness Y Y Y Y Y Y
Dilation Y Y Y Y Y Y
Cohesion N N Y Y Y Y
Effective confining Y Y Y Y Y Y
pressure
Strain softening Y Y Y Y
Bonding and Y Y Y Y Y Y
damage effects
Volumetric Y Y Y Y Y Y
deformation
Hydrate Y Y Y Y Y Y
morphology
Hydrate dissociation Y Y N N N N
Thermodynamics Y N N Y N N
Yield surface shape Y Y N N N N
Anisotropy N N N Y Y N

Critical state model



Reference Liu et al. Ng et al. Zhou et al. Wang et al.
(2020) (2020) (2022) (2022)

Features

Strength Y Y Y Y
Stiffness Y Y Y Y
Dilation Y Y Y Y
Cohesion N N Y Y
Effective confining Y Y Y Y

pressure
Strain softening Y Y Y Y
Bonding and damage Y Y Y Y

effects

Volumetric deformation Y Y Y Y
Hydrate morphology Y N Y Y
Hydrate dissociation N N N N
Thermodynamics N Y Y N
Yield surface shape Y Y N N
Anisotropy N N N N

3.5 Creep constitutive model

The evaluation of the long-term stability of GHBS is paramount for forecasting potential risks
during hydrate extraction. The primary features and determinants of creep have been synthesized
in Section 2.6, drawn from existing experiments. The establishment of constitutive models is vital
for precise simulation and numerical prediction of the deformation behavior of GHBS under
sustained loading conditions. Currently, the report on creep constitutive model for GHBS in the
literature is scarce, primarily focusing on mathematical fitting of experimental data and extension
of classical elasto-viscoplastic model. Key models employed include Nishihara model, Perzyna

model, Bingham model, among others (Perzyna, 1966). Creep model integrates a series of

elements—viscous, viscoelastic, viscoplastic, and viscoelastoplastic—via mechanical components

such as springs, dampers, and sliders to simulate three phases of creep behavior, aiming to
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characterize the dynamic interrelations among stress, strain, strain rate, and time (Wang et al.,
2014).
3.5.1 Fitted model through experiment

The high-temperature creep law offers an effective method for characterizing creep strain rate

during steady-state creep phase of crystalline materials, which is also applicable to GHBS (Poirier

1985) (Equation 3.53). Durham et al. (2003) successfully implemented this law in their analysis

of a triaxial creep experiment conducted on sediments containing pure methane hydrates. Under
substantial effective confining pressure changes (o. from 0 to 100MPa), it noted that the model
parameter A; is considerably greater than o, As. Consequently, the equation can be approximated
as Equation 3.54:

é=A1(acs)"exp<—%> (3.53)
é=A<acs)”exp<—R;%> (3.54)

Where . is the axial creep strain rate within steady creep stage, ocs is the creep stress, T is the
temperature, o, is the effective confining stress, Rq is the gas content, A1, Az, As, and n are the
material constants.

Upon the analysis of the viscoplastic behavior presented in GHBS, certain researchers have
embarked on the development of creep models grounded in the empirical fitting of experimental

data. Specifically, Yan et al. (2019) ascertained through uniaxial creep test that total strain in the

elastic stage is comprised of elastic strain and creep strain. Upon the transition into the plastic
region, the composition of total strain evolves to plastic strain, elastic strain, and creep strain. Also,
it has been found that the creep curve bears resemblance to those of permafrost near 0<C. Based
on this observation, a creep model was derived by:

(o)

A(1+Tn)B) t (359

e=(

Where ¢is the strain, o is the stress, Ty is the negative temperature, tc is the creep time, A, B, C, D
is the experimental fitting parameters.

Wang et al. (2012) demonstrated that the cementation effect contributed by hydrates within

host sediment is correlated with porosity. Similarly, the viscoplastic behavior of GHBS is also
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dependent on porosity. Then, an equation was developed that can delineate the evolution of strain
over time, which allows for the calibration of model parameters to match various experimental
curves. Nonetheless, this model does not account for the impact of the ratio between shear stress

and normal stress on the creep curve.

= (i)%tc% (3.56)
52
Where 01, 2, and m are the fitting parameters.
Given the significance of drilling fluid density in ensuring wellbore stability and mitigating
stress concentration, coupled with the observation that NGH undergo an accelerating creep process

exclusively under elevated stress, Li et al. (2022) assumed accelerating process has no impact on

wellbore stability. Their scrutiny was directed toward data emanating from the creep decay phase,
suggesting it could be represented by a logarithmic function. Furthermore, they proposed a linear
correlation between creep parameters and Sh, culminating in the establishment of a creep model.

e=(S, +1,)-exp(l,o)-lo(t.) (3.57)
Where |1, |2 and Iz are the constants, ocs is the creep stress.

The development of GHBS creep model predicated on the fitting of experimental data is
relatively straightforward and can be used for initially predicting creep deformation. Nonetheless,
these are inevitably marred by several deficiencies:

(1) Parameter specificity constrains the models' applicability across varied conditions,
diminishing their universality.

(2) Limited time scale, data from short-term experimental observations are insufficient to
support the prediction of long-term creep behavior.

(3) Most models struggle to forecast the accelerating creep phase, oversimplifying the creep
process.

3.5.2 Extended visco-elastic-plastic model

The Nishihara model is extensively applied to describe the creep characteristic of
geotechnical materials, which is consist of Kelvin body in series with viscoplastic body. Fig. 3.2
illustrates the representation of the components in Nishihara creep model, where 1, I, and IlI

represent Hooke element, Kelvin element, and ideal viscoplastic element, respectively. It is
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optimally suited for steady-state creep analysis yet does not encompass the accelerating creep
phase (Nishihara, 1952).

111
n

—

—t——

Figure 3.2: Schematic diagram of the components of Nishihara creep model

To elucidate the accelerating creep phase of GHBS, Hu et al. (2024) posited three

assumptions: i. A nonlinear relationship between viscosity coefficient and creep time; ii.
Permanent failure of GHBS occurs solely upon the axial load surpassing the long-term load; iii.
Damage in GHBS is isotropic. A novel creep model was formulated based on Nishihara model, in
which a linear viscous element was replaced by linear viscous element in Kelvin element to better
reflect steady creep stage. Furthermore, a time-dependent damage elasticity element was
undertaken to simulate the accelerating creep process, characterized by implementing a time

threshold to articulate the delay of damage onset for GHBS.
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Where ¢is the total strain, Eo, E1, and E> are the elastic modulus in Hooke element, Kelvin element,
and ideal visoplastic element, respectively, 7o and #:1 are the viscosity coefficients in Kelvin
element and in viscoplastic element, respectively, t, is the time threshold, e is the damage-related
parameter, ac is the creep parameter.

The creep behavior of GHBS can be differentiated into the diminishing creep phase and the

accelerating phase. Li et al. (2023) refined the attenuation creep process into a rapidly decreasing

phase and a nonlinear slowly decreasing phase. To address the shortcomings of Kelvin model in
capturing the slowly decreasing phase, a creep model was established that amalgamates nonlinear

viscous elements with Kelvin model, thereby effectively simulating the attenuation creep behavior
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of GHBS. Additionally, this model accommodates the viscoplastic deformation observed in GHBS
by integrating a nonlinear Newtonian element, particularly in the accelerating phase. Utilizing
long-term strength ocs as the phase threshold, the visco-elastic-plastic model can be expressed as:

Lz{l_exp(_itc)}it; o <o,
E, E m k

£(t) = : T2 (3.59)
£+£|:1_exp(__ltc)i|+itck +itcz O'ZO'Cs
E, E 7 kn, = 2n,

Where ¢ is the total strain, Eo and E: are the elastic modulus in Hooke element and in Kelvin
element, 71, 72, and 73 are the viscosity coefficients of visco-elastic element, viscous element, and
viscous element in accelerating creep phase, respectively, k refers to the fitting parameters.

Regarding the time-dependent behavior of CO> hydrate foundations, Yoshimoto and Kimoto

(2022) and Iwai et al. (2019) extended an elasto-viscoplastic model, which is an expansion of the

constitutive framework initially proposed by Adachi and Oka (1982). The improvement in this

model is demonstrated in two aspects: i. Kinematic hardening, where the hardening parameter was
introduced within the yield surface concept to reflect strain hardening and softening. Generalized
Hooke's law was applied to calculate elastic strain rate, while the overstress flow law for

viscoplastic strain rate (Perzyna, 1963); ii. Hydrate contribution, which involves the sensitivity of

shear modulus, hardening parameters, and viscoplastic parameters to Sh. The creep model can be

presented as follows:

=g 4P 5 (3.60)
2G " 3@1+e)p

vp * _ *
i — TTijo)

ej =C,p exp(mf,) i
(3.61)

. Vp * o w
Emn Czpexp(mfy){nw}
n

Where s;jj is the deviatoric stress tensor, dij is Kronecker delt, p* is the mean effective stress, p is

the time differentiation for p', C1, C2and m are the viscoplastic parameters, ;ei,- is the elastic strain

Y . p . . . . . . .
rate tensor, ¢, and, are the viscoplastic deviatoric strain rate tensor and volumetric strain rate,

respectively, 7 is the stress ratio, #,, and ,, are the stress ratio tensor and the relative stress ratio,

Creep constitutive model



Recent developments in the constitutive models for GHBS 127

respectively, fyis the static yield function, e is the void ratio, « is the swelling index, G is the shear
modulus.

Weibull distribution is instrumental in assessing the variation in the fracture threshold of
brittle materials during creep. To simulate the creep characteristic of cement between hydrate

particles, Xu and Wang (2023) proposed an innovative parallel-bar creep model. This model

conceptualizes hydrate as numerous equidistant bars, each representing an intergranular bond,
which is founded on three assumptions: i. Each bar contributes equally to the structural strength;
ii. The axial creep of each bar is equivalent to the overall structural axial creep; iii. The fracture

threshold of each bar is independent and adheres to Weibull distribution. This model is extended

based on the parallel-bar model proposed by Krajcinovic and Silva (1982), which is given by:
AL(.)" exp(- %)
=1-exp| —( SR (3.62)

&g

D

weibull

Where & and k are Weibull parameters, A1, A2, and n are the material constants.

3.5.3 Limitations and prospects

In summary, current constitutive models for the creep behavior of GHBS exhibit notable
deficiencies and struggle to theoretically simulate the mechanical response due to hydrate
cementation. The scope and determinants of these models fall short of fulfilling the requirements
for predicting the long-term deformation of hydrate reservoirs within practical engineering
scenarios. Hence, further discussions on the promising breakthroughs in the creep model for GHBS
are needed, focusing on several key areas:

() The difficulty of capturing the accelerating creep phase, where existing literature relies on
segmented function with an explicit threshold for creep strain, which may produce potential
discontinuities. Future efforts should concentrate on the formulation of a unified model that can
delineate all creep phases, with parameters that can depict phase transition.

(2) The micro-mechanism in creep of GHBS requires further exploration. Multi-scale
modelling techniques such as Molecular Dynamics (MD) and Discrete Element Method (DEM)
offer potential solutions. MD can model the intermolecular interactions and microstructural
alterations within GHBS at the atomic level, and DEM for the calibration of macroscopic

parameters, which holds promise for optimizing the creep model.
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(3) The potential for hydrate dissociation induced by the changes in reservoir temperature and
pressure has not yet been covered in existing models. The integration of thermodynamic
dissociation model for hydrate with creep models, along with the introduction of relevant
dependency parameters, represents a vital direction for future research.

(4) The cementation effect of hydrates largely hinges on its concentration and occurrence.
The development of creep models that include parameters related to hydrate pore habits is also

necessary.

3.6 Insights and evaluation on constitutive equations of GHBS

In our previous section, we systematically reviewed the constitutive models for GHBS across
various theoretical frameworks while discussing their applicability and limitations. To further
optimize these models for precise prediction of response mechanisms on GHBS during the
recovery of hydrates, we delve deeply into the reported constitutive models. Our emphasis lies in
synthesizing and critically evaluating the mechanical equations pertinent to the presence of
hydrates, especially concerning strength, stiffness, and bonding degradation equations.

3.6.1 Evaluation of strength equations

The quantification of failure strength is of paramount importance, providing critical
information on the elastoplastic deformation of materials subjected to shear stress until failure,
which has been thoroughly investigated through the triaxial test. Subsequently, strength prediction
equations have been established with the aid of classic theoretical frameworks. Table 3.5 has
compiled the strength equations for GHBS reported in current literatures, revealing that the
strength attributes are primarily influenced by three aspects: a. Interparticle friction and cohesion
of the sediment matrix, similar to the description in Section 2.4.3; b. Cementation strength
provided by hydrates; c. External applied stress (Pinkert and Grozic, 2015). The contribution of

hydrates to strength is reflected in the term associated with Sp, manifesting in three forms: a. Linear

correlation, 7t =<aSh (Yang et al. 2020); b. Power-law correlation, zt <(Snh)? (Miyazaki et al., 2012;

Santamarina and Ruppel, 2010); c. Exponential correlation, 7z o<exp(Sn) (Zhou et al., 2023).

Additionally, the enhancement of strength by effective confining stress exhibits two distinct
patterns: a. Linear correlation (Dong et al., 2020); b. Inverse exponential correlation (Li et al.,
2013; Pinkert and Grozic, 2014).
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Upon preliminary examination, a nonlinear augmentation in failure strength corresponding to
Sh is discerned. Effective stress plays a key role in governing interparticle frictional strength, with
the degree of influence exerted by hydrates on strength being intimately linked to porosity (Song

et al., 2014). Utilizing M-C strength criterion, the strength equation incorporates the term

containing Sh to reflect ¢ contributed by hydrates, along with confining pressure to describe ¢ of
host sediments. In addition, this equation encompasses additional variables, it is noted that tq
correlates negatively with strength. Also, the suction within GHBS demonstrates marked
sensitivity to strength enhancement facilitated by hydrates, exhibiting a positive correlation.
Predicated on M-C failure criterion, the strength equation is simplified into one interaction where
failure strength is directly proportional to both o, and Sp, substituting the material's ¢ and ¢ with
the function contingent upon Sh. Conversely, extended D-C model focuses solely on ., neglecting
the impact of hydrate. After integrating with M-C failure criterion, it bifurcates failure strength
into components attributable to the host sediment and hydrates. For a straightforward and practical
approach to predicting the strength of GHBS, it is desirable to add the term associated with Sy into
the modified M-C strength equation. Nevertheless, given the complexity introduced by pore habits
of hydrates and other determinants affecting the sensitivity to strengthening under cementing

action, deeper exploration is imperative to ascertain the precise model parameters.

Table 3.5: Summary of strength equations for GHBS in the existing literature

Article Theoretical Strength equations Parameters
framework
Santamarina NA r, =ac, +b-7,(S, | 4)° a, b, and ¢ are the
and Ruppel coefficients, on is the
(2010) normal stress, ¢ is the
porosity, w is the
hydrate strength, Sh is
the hydrate saturation.
Yang et al. Mohr-Coulomb 7, =C,+a-S,+o, tang Co is the cohesion of
(2020) strength criterion host sediment, ¢ is the
internal friction angle, a
is the constant.
Pinkert and Mohr-Coulomb 7, =o,tanp+c[1-exp(-o,/w) [+c,S? o . is the effective
Grozic strength criterion confining stress, w, Ci,
(2014) C2, Czare the constants.
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Song et al. Mohr-Coulomb ry =a-exp(-t, /b)+c+o,(6,-5,-t,)  a, b, c, d1, and o, are the
(2014) strenath criterion fitting parameters, tq is
g the dissociation time.
Ary oo T e parametrs
strength criterion st is the total suction of
GHBS, 10 is the shear
strength of host
sediment.
Dong et al. Mohr-Coulomb e%[c-exmdsh)h%q a, _b, c and d are the
(2020) failure criterion " " fitting parameters.
Li et al. Duncan-Chang 7, =0, +aexp(-o, /b) a and b are the fitting
(2013) model parameters.
Miyazaki et Duncan-Chang T, =1 +a(S,)’ a and g are the model
al. (2012) parameters.

model / Mohr-
Coulomb failure

criterion

3.6.2 Evaluation of stiffness equations

The stiffness matrix is fundamental in developing constitutive models, quantifying stress-

strain behavior during the transition from elastic to elastoplastic phases (Sheng and Fredlund,

2008). The core of deriving the elastoplastic matrix lies in capturing the evolution of stiffness
modulus (elastic modulus, shear modulus, and bulk modulus). In essence, the stiffness modulus
serves as a pivotal metric for characterizing the stiffness of GHBS. Table 3.6 summarizes the
stiffness equations for GHBS reported in existing literature, with a particular emphasis on the
contribution of hydrates to stiffness. This is most apparent in the term combining Sn with various
coefficients. The interrelation between S and stiffness follows three patterns: a. Linear correlation
with both being directly proportional (Dong et al., 2022; Klar et al., 2010; Pinkert and Grozic,
2014; Sun et al., 2015; Uchida et al., 2012, 2016; Wang et al., 2022); b. Exponential relationship
(Miyazaki et al., 2012); c. Power relationship (Ma and Xu, 2021).

The stiffness equation as informed by M-C criterion considers only a simplistic linear

relationship, which is dictated by its theoretical assumption. It is also observed that o, exerts a
discernible effect on stiffness in a positive correlation. Despite D-P criterion being the

improvement of M-C framework, it similarly adheres to a linear relationship in stiffness equation
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with respect to Sp due to the unchanged assumption. Moreover, given that o, modulates material
stiffness by augmenting frictional contact forces, two terms related to o, have been introduced to
the equation: one serving as a weighting coefficient and the other formulated as a power expression,
denoting the nonlinear impact of o, on stiffness. The stiffness equation derived from D-C model
encompasses the mentioned three relationships involving numerous fitting parameters, yet its
applicability is circumscribed, especially concerning the power term which posits an increase in
stiffness attributable to Sp reduces the sensitivity to o, (Yan et al., 2021). Most CSM default to a

linear correlation with Sy for the ease of numerical computations, incorporating the hydrate
contribution with stiffness modulus of remolded soil, which can be quantified as the multiplication
of material coefficients and Sh. Nevertheless, the majority of CSM prefer effective over actual Sh
in considerations of hydrate degradation upon shearing. The subsequent subsection will further

explore the degradation equation and the relationship between effective and actual S.

Table 3.6: Summary of stiffness equations for GHBS in the existing literature

Article Theoretical Stiffness equations Parameters
framework
Klar et al. Mohr-Coulomb @F, =a+bs, Eso is the elastic modulus, Shis
(2010) criterion the hydrate saturation, a, b are
the constants.
Pinkert Mohr-Coulomb @g, =a(o./p,)’ +c-S, 0. is the effective confining
and o stress, a, b, and c are the fitting
: criterion :
Grozic parameters, pa is  the
(2014) atmosphere pressure.
Miyazaki Mohr-Coulomb ®E =E +Ea(S,)”  Eilisthe elastic modulus of host
et al. criterion sediment, a and b are the fitting
(2012) parameters.
Dong et Drucker-Prager ~ @E, = (ao. +b)S, +c(c.)* & b, ¢, and d are the fitting
al. (2022) criterion parameters.
Ma and Duncan-Chang O —(a+b-s,)0 /p)*» & b, c, and d are the fitting
Xu (2021) model parameters.
Yan et al. Duncan-Chang @g —(E +a-5,)0./p,)> aandb arethe model constants.
(2021) model
Uchida et  Critical state model @E =31-2v)K +a-s¢  K'is the bulk modulus of host
al. (2012); sediment, S is the effective
Sun et al. hydrate saturation, v is the
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(2015); Poisson’s ratio, a is the material
Uchida et constant.
al. (2016

Wanget  Critical state model ®E, =E +ay-Sf a is the model parameter, y is
al. (2022) the degradation parameter.

3.6.3 Evaluation of bonding degradation equations

Within the comparative analysis presented in previous sections regarding the assumptions
and applicability of diverse theoretical models, it has been substantiated that critical state model
can describe the mechanical characteristics of GHBS to the greatest extent. Diverging from
conventional CSM, the significant difference in CSM for GHBS lies in the hardening rule. The
hardening parameters are utilized to delineate the enhancement in material’s strength during
elastoplastic deformation and to determine the yield threshold, which also serves as the critical

point distinguishing between strain hardening and softening (Soga and O’sullivan, 2010). The

hardening parameters specific to GHBS consist of two components: a. The frictional resistance
within host sediments, termed pre-consolidation stress; b. The cohesive bonding and volumetric

expansion engendered by hydrate presence (Shen et al., 2022). The hardening parameters

contributed by hydrates can be reflected through equations pertaining to effective hydrate
saturation S;. This is because the bonding structure formed by hydrate cementation progressively
degrades upon shearing, implying that Sy is not a static variable but rather subject to dynamic
fluctuation. Accordingly, a degradation parameter y is necessitated to represent the variation in Sh.
This mechanism further explains why GHBS experience strain softening under specific condition.

Table 3.7 presents a summary of degradation equations pertinent to GHBS reported in the
literature. Within the framework of CSM, the analysis of hydrate bond degradation substantially

leverages the foundational work by Uchida et al. (2012). These investigations aim to introduce a

degradation factor to establish a link between effective and actual Sh, where y diminishes as plastic

shear strain increment escalates (Gai et al., 2017; Sun et al., 2015; Wang et al., 2022). Given the

variability in the degradation extent of hydrates across various pore habits, it has been proposed to
decompose y into the product of two parameters (y1, y2), reflecting hydrate accumulation habit

alongside its corresponding degradation magnitude (Lin et al., 2015). To separately refine the

degradation effect for GHBS in pore-filling, load-bearing, and cementing types, the degradation
equation incorporates the morphology ratio (the proportion of different hydrate morphologies in
total hydrate) multiplied by Sn (Iwai et al., 2022). It is assumed that hydrate degradation occurred
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in GHBS with cementing type adhering to the accumulation of &, while those in pore-filling type
follow plastic volumetric strain increment, with the degradation in load-bearing type determined
by an additional set of morphology ratio. Additionally, in consideration of the anisotropy in GHBS,
hydrate degradation provokes a transition from anisotropy to isotropy. This process can be
represented by a linear correlation between the rotated angle of yield surface (1) and Sh, with fn
approaching zero as & increases (Zhou et al., 2018). In examining the degradation effects under

various consolidation states of host sediment, the degradation factor can be divided into two
aspects: one for depicting the decline in shear strength across different hydrate occurrences (ya),

and the other for simulating degradation effects under under-consolidated conditions (yv), both of

which are subjected to & (Sun et al., 2019). Moreover, the damage law effectively explains
material degradation caused by hydrate dissociation, with the introduction of a damage variable
(L) revealing the evolution of partition variables (yp), thus presenting the response of pre-

consolidation stress to hydrate degradation (Sanchez et al., 2017). The shift in normal compression

line and critical state line is contingent upon interparticle bonds (¢), with hydrate degradation
precipitated by plastic deformation as well as bond disruption triggered by the variation in Sp,
which suggests that &£ and &) contribute equally to the deterioration in bonding structure (Ng et al.,
2020).

To accommodate the prerequisites of numerical simulations, the majority of researchers have
conceptualized S;, as the product of a degradation factor and actual Sh. The evolution of degradation
factor primarily depends on the changes in &}, with model parameters intimately related to hydrate
occurrence. Despite these advancements, certain limitations persist:

(1) The current equation's reliance on a single parameter falls short of effectively
encapsulating the diversity of hydrate pore habits. It is recommended to develop a formula that
correlates S; with the saturation across different hydrate morphologies. This should take into
account the degradation of hydrate bonds contingent upon S;.

(2) While the inclusion of morphology ratios aids in distinguishing the degradation impacts
of various hydrate morphologies, the abundance of model parameters necessitates sensitivity
analysis to refine the model for improved predictability.

(3) Existing degradation equations overlook the sensitivity of hydrate degradation to

temperature fluctuations and the movement of gas and water within the host sediment. It is advised
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to integrate thermodynamics and multiphase flow dynamics into the degradation equation to fully

capture the degradation behavior.

Table 3.7: Summary of degradation equations for GHBS in the existing literature

Article Degradation equations Parameters
Uchida et al. Sg=yxS, dy=-myde? Shis the effective hydrate saturation, y is the
(2012, 2016); degradation factor, Sp is the hydrate
Gai et al saturation, m is the material constant, & is the
(2017); Sun et plastic shear strain.
al. (2015);
Wang et al.
(2022)

Linetal. (2015)  S; =22, dz=-m(z,)" nde? 1 1S a degradation parameter, y2 is related to
the hydrate accumulation habit, mgand h are
the model constants.

Sun et al. dr.=-myde! dy=-mxydsl  ya and yp are the structure factors, my and my

(2019) are the material constants.
Iwai et al SY —gS"  [da=-malde?|  Sim Sk, and Sy are the hydrate saturation of
(2022) St =pst |y =—mylder CM-type, LB-type, PF-type, S/ is the total
SH = 45" 4f=—da—dy hydrate saturation, o, £, and y are the
S PV morphology ratios, m,and m, are the material

parameter related to the CM-type and PF-
type, & and & are the plastic shear strain and
volumetric strain, respectively.
Sanchez et al. g, =y,¢, 20=Z exp(—L)  xp Is the partition parameter, xo is the initial
(2017) 2 partition parameter, L is damage variable, ¢ is
the porosity, and represents the effect of
hydrate degradation on pre-consolidation

pressure.
Zhou et al. B ,=wyS, dy,=—my,de’ pu is the rotated parameter, ys is the
(2018) degradation factor, m: is the mechanical

parameter, w is the model parameter.
Ngetal. (2020) & =ay, dé=¢&(-x[de’|+dy/y) & represents the shift of normal compression
line due to bonding whose initial value is &,
dx = afexp(S,)ds, deP is the plastic strain increment, x is the
degradation factor, y is the shift of critical
state line in which yo is the initial value, « and
S are the constants.
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3.7 Conclusions

Drawing upon the extant literature about GHBS, this chapter concentrates on the
contemporary advancements in understanding the development of constitutive models for GHBS.
The following conclusions have been deduced:

(1) Constitutive model based on M-C criterion integrates equations that involve Sy and o,
effectively replacing the internal friction angle and cohesion. This simplifies the impact of hydrates
on strength, stiffness, and dilation into a linear relationship. However, these models neglect the
nonlinear behavior of GHBS, failing to capture volumetric yield and strain softening.

(2) Constitutive model utilizing D-P criterion proposes the nonlinear relation that correlates
failure strength with ¢, and Sh, which can represent strain softening and volumetric yield under
certain condition. Nonetheless, these models ignore the anisotropic distribution of hydrates and
phase changes induced by temperature fluctuations.

(3) Nonlinear elastic model extended from D-C model can reflect the stress-strain and strain
hardening characteristics of GHBS, which allow for directly quantifying the sensitivity of strength,
stiffness, and lateral deformation to various factors. Yet, it falls short in simulating strain softening,
volumetric deformation, and hydrate dissociation.

(4) CSM can predict most mechanical properties pertinent to GHBS, especially in volumetric
yield and strain softening, yet few models represent diverse shapes of yield surface and anisotropy
effect. Additionally, existing models are primarily applicable to coarse-grained sediments, and
further need to be validated for fine-grained sediments, also with a gap in accounting for the effects
of thermal phase transitions and pore fluid.

(5) Creep model delineates the relationship between strain, strain ratio, and time, employing
a strain threshold to demarcate the accelerating creep phase. However, these models are prone to
potential discontinuities, an issue that could be rectified through the development of the unified
model. The combination of creep model with multiscale modelling techniques such as Molecular
Dynamics and Discrete Element Method presents a promising avenue for exploration. Further
considerations could incorporate hydrate dissociation and hydrate accumulation habits into creep

models.
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(6) The contribution of hydrates to the strength and stiffness of GHBS can be explained
through linear, power-law, and exponential expressions. Similarly, confining pressure exhibits
linear or inverse exponential dependency on strength. However, the model parameters that involve
hydrate morphology necessitate further validation. Linear relationship is commonly adopted in
stiffness equation, typically formulated as the product of material parameter and Sn. The equation
that combines effective hydrate saturation with degradation factor can be simplified to their
multiplication, suggesting a pathway for modelling bonding degradation triggered by hydrate
dissociation. The degradation factor depends on the evolution of plastic shear strain. Nonetheless,
the current reliance on singular parameters is insufficient to encapsulate various hydrate pore
habits. Sensitivity analysis, alongside the incorporation of temperature fluctuations and multiphase

flow dynamics, could provide valuable insights into hydrate degradation.

Conclusions



Chapter 4. The proposed constitutive model for GHBS

In the research of GHBS, understanding their mechanical behavior is crucial for predicting
the stability and rheological properties of submarines. In Chapter 2, we indicate that the presence
of NGH significantly impacts the physical and mechanical properties of sediments, including shear
strength, compressibility, and permeability. However, due to the multiphase feature and complex
microstructure of GHBS, as well as the distribution of hydrates within the pores, even experimental
investigations can generally capture their mechanical characteristics, but in some fine-scale
scenarios and specific contexts, mathematical physical models and numerical modeling can more
accurately reproduce their detailed mechanical responses. Therefore, numerical analysis methods
are widely used to simulate and predict the mechanical behavior of these sediments. The core of
the numerical approach focuses on developing robust constitutive models that serve as a theoretical
basis for modeling the mechanical response of GHBS. In Chapter 3, we have comprehensively
compiled the existing geotechnical models, including those based on the M-C criterion, D-P
criterion, nonlinear elastic models, CSM, and creep models. Given the inherent limitations of
models under different theoretical frameworks—for instance, models based on the M-C criterion
cannot reflect strain softening behavior, those based on the D-P criterion fail to consider volumetric

deformation, and nonlinear elastic models assume an elastic domain within the yield surface—we

found that constitutive models based on critical state theory exhibit excellent in characterizing the
mechanical properties of GHBS. Currently, advanced critical state models can effectively assess
the volumetric deformation and elastoplastic stress-strain behavior of GHBS. Yet, most models
assume the material is isotropic, overlooking the cross anisotropy presented in the sedimentary
layer, which would limit their application in practical engineering. Hence, to better evaluate
deformation and settlement in reservoirs containing hydrates during extraction, my work is to
propose a new elastoplastic constitutive model for GHBS based on HISS framework, which can
reflect the anisotropic effects of sediments and structural dilatancy. This model has been validated
against experimental data from existing literature via the numerical approach, confirming its

reliability and applicability.
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4.1 Introduction of modified Cam-clay model

4.1.1 Basic stress-strain equation

In 1963, Roscoe from the University of Cambridge introduced the Cam-clay model, which
was formulated based on the results of drained and undrained triaxial tests on normally

consolidated and over-consolidated soils (Roscoe and Schofield, 1964; Roscoe et al., 1958). This

model, grounded in the associated flow rule and the principle of energy conservation, was the first
to introduce crucial concepts such as the critical state line, yield surface, and the p-q stress space.
However, constrained by classical plasticity theory, the model had shortcomings such as sharp
corners on the failure surface, difficulty in determining the direction of plastic strain, and hard in
effectively reflecting the dilatancy of soil. To address these issues, Roscoe and Burland modified

the Cam-clay model in 1968 (Roscoe and Burland, 1968). The primary improvements included

reshaping the yield surface from sharp corners to an elliptical form and enhancing the model's
ability to predict plastic deformation before entering the critical state. The stress-strain relationship

derived from the modified CCM is presented as follows (Britto and Gunn, 1987).

Hydrostatic stress p', termed as mean effective stress, is defined as the average of the three
principal stresses acting at a point under a specific stress state, which is closely related to volume

changes:

1 _Ou+0p+05 _ I

1
3 3 4.2)
Where 11 is the first stress tensor invariant.

Deviatoric stress g represents the residual stress component after the removal of hydrostatic

stress, which is primarily associated with the material's shear deformation:

S = Gi‘j - p'é‘ij (4.2)
1

J, = Esijsji (4.3

G =143J; (4.4)

Where J; is the second deviatoric stress tensor invariant, dij is the Kronecker delta (with i =1 if i

=jand gi; =0 if i#j), oy is the stress tensor, sij the deviatoric stress tensor.
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According to elastoplastic theory, a material's strain (increment) can be divided into elastic
strain (increment) &°* and plastic strain (increment) &°. Elastic strain is reversible, which reflects the
recoverable deformations within the material's elastic limits. In contrast, plastic strain is

irreversible, indicating permanent deformation of materials that occurs after yielding:
e(de)=¢e+&P(de® +deP) (4.5)

Strain, induced by deformation within the material, can be categorized into volumetric strain

ev and shear strain s, each further divisible into elastic and plastic components:

E=¢,+é& (4.6)

— p
g, =&, t&, 4.7)

e =& +&!
Upon triaxial stress loading, volumetric strain can be expressed by the sum of the principal

strains:
&, =&, tEytEy= tr(gij ) (4.8)
Shear strain is given as:
1

& =& _gtr(‘gij )é‘u (4.9)

Where ¢ij is the strain tensor.
4.1.2 Elastic behavior

Modified Cam-clay model provides a detailed description of the nonlinear elastic behavior of
soil within small strain ranges, assuming the soil serves as an isotropic material. Within this model,
the relationship between strain and stress during elastic phase is determined using the bulk
modulus K and shear modulus G. During unloading or reloading processes, the soil exhibits

dilatancy characteristics, thus the bulk modulus is employed to describe these changes:

V=1+e (4.10)
K=!p
K

Where e is the void ratio, V is the specific volume, « is the slope of the swelling line, p' is the
mean effective stress.

The void ratio e is defined as the ratio of pore volume V, to particle volume Vs:
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SV V-V Vo
SEVAREEVEREY (4.12)

S S S

Assume Poisson's ratio is constant, the shear modulus can be expressed as follows:

G- 3K (1-2v)

2(1+V) (4.12)

According to Hooke’s Law (Hooke, 1678), the relationship between volumetric elastic strain

and bulk modulus, as well as shear elastic strain and shear modulus, can be articulated:

dp'
def =— 4.13
&, K (4.13)
dqg
def=—
& =3 (4.14)

In matrix form, the above relationship can be represented as:

o1 1

S

4.1.3 Hardening parameter and yield function

Vi

Swelling line

Normal consolidation line
Ve

Vi [ ——

Inp. Inp. Inp

Figure 4.1: Schematic diagram of consolidation line (V - Inp)

As seen in Fig. 4.1, the specific volume and mean pressure at the intersection of the swelling
line and normal consolidation line are referred to as normal consolidation specific volume and

normal consolidation pressure, considering an incremental change in stress bringing the point from
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state B to state A. At B, there is a corresponding consolidation volume Vg, and consolidation

pressure pg; At A, there is a corresponding consolidation volume Va, and consolidation pressure

pa; The increment of plastic volume change AV ", is measured by the vertical distance between
swelling lines (associated with points A and B):

AV? = (1 x) P (4.16)

After the division of the left and right member by specific volume, modified Cam-Clay model
set volumetric yield stress p,, as the hardening parameter, increasing with plastic volumetric strain
increment de}

dp,, = &dg;’ (4.17)
A—K

Modified CCM features an elliptical yield surface (Fig. 4.2), where the soil remains in an
elastic state as long as the stress state is within the yield surface (f < 0). When f =0 and df = 0, the
current stress state is on the yield surface, which requires the stress correction. The yield function

is expressed as follows:

Q" oo
f :W-I_ p (p - pcs) (418)

Where M is critical stress ratio.
qa

4
4

Critical state llns M

4 f=0anddf=0
Elastoplastic state

/Yield surface

v

~-

P P'es p

Figure 4.2: Diagram of the yield surface for modified CCM
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4.1.4 Flow rule and consistency condition

Modified CCM utilizes the associated flow rule, whereby the plastic potential function is

identical to the yield function (f = g) (Lubliner, 2008). Consequently, the increment of plastic

strain depends on the plastic multiplier A :

def = Aa—g.

ap
def = Aé—g (4.19)

aq

Where A is the plastic multiplier.
The yield function is fully differentiated to get the consistency condition:
df =ﬂdq +i.dp'+i.dp'cs =0 (4.20)
aq op 0P

By incorporating the flow rule and hardening parameters into the consistency equation, the

plastic multiplier can be calculated:

—dp +—dq
dA 0 0
A
Ao O VP, Of (4.21)
0P, A—K0p

Where A is the hardening parameter.
The plastic multiplier is further used to compute the increment of plastic strain tensor, which
leads to the derivation of the increment of elastic strain tensor:

dst =da-8 (4.22)
Oy
dey =dg, —dgg (4.23)

Multiply both sides by elastic matrix C{, , stress tensor increment can be obtained:

! e e a
doy = Coyda, —Cod A2 (4.24)

doy

The elastic matrix is given as:
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E(1-v) VE VE
(1-2v)@+v) (1-2v)@+v) (1-2v)(1+v)
VE E(1-v) VvE
(I-2v)@+v) (1-2v)@+v) (1-2v)(+v)

VE VE E(1-v)

_| 1-2v)@+v) (1-2v)@+v) (1-2v)@+v)

(4.25)

Subsequently, after substituting the plastic multiplier into Equation 4.24, the stress-strain

constitutive relationship of the modified CCM is yielded as follows:

d O-ilj = Ci?l?l de,

In this relationship, the elastoplastic matrix is expressed as:

€
Cijkl A

0o, 00,

of g ce

ijki
kI

Ci?EI = Ci?kl - of . og !

of Vp, o9

ij

4.1.5 Numerical applications

'Cijkl N '
oo 0o, Ops A—kop

(4.26)

(4.27)

Obtaining mechanical parameters through experimental research is the basis for simulation.

Table 4.1 presents the material parameters for the modified CCM, it exhibits two consolidated

states (OCR=1, 2, 5), and OCR refines the ratio between pre-consolidation stress and initial mean

effective stress. All the simulated results are highly consistent with experimental outcomes.

Table 4.1: Model parameters for modified Cam-clay model

Parameter Value Meaning
\ 1.788 Specific volume
M 1.2 Critical stress ratio
A 0.077 Slope of compression line
K 0.0066 slope of swelling line
% 0.3 Poisson’s ratio
Pes 200 kPa, 500kPa Pre-consolidation stress

100kPa (Over consolidated state),

Mean effective stress
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200kPa (Normal consolidated state)
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Figure 4.3: Numerical results for normal consolidated soil (OCR=1)
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Figure 4.4: Numerical results for over consolidated soil (OCR=2)
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Figure 4.5: Numerical results for over consolidated soil (OCR=5)

4.2 Model theory

4.2.1 Hierarchical single surface theory

In traditional soil and rock mechanics research, researchers commonly employ multiple yield
surface models to characterize the yielding behavior of materials under various stress paths. While
comprehensive in theory, the complexity of these models increases the difficulty of analysis and
numerical calculations. To streamline this process, the Hierarchical Single Surface (HISS) theory
was proposed in the 1980s by Desai and others, aimed primarily at developing constitutive models
for geological materials such as soil, rock, and concrete (Desai et al., 1986). The core of HISS

theory lies in simplifying constitutive modeling by implementing a hierarchical single yield

surface, which refines the description of complex mechanical behaviors of materials (Desai, 1989).

This method offers the advantage of a singular, smooth yield surface with a distinct normal
direction at each point, facilitating the consistent distribution of plastic strain increments across
the yield surface and accurately capturing behaviors like shear contraction and dilation.

The hierarchical structure of HISS theory enables the model to evolve from a basic model (SO

model), which describes the isotropic hardening behavior of initially isotropic materials, to more
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sophisticated models by incorporating correction terms. The SO model posits that the plastic strain
increment is aligned with the normal direction of yield surface. The S1 model introduces a non-
associated flow rule to modify the plastic potential function, where plastic strain increment
deviates from the normal direction of the yield surface. The S2 model considers stress-induced
anisotropy, which is characterized by the movement of a single plastic potential surface within and
possibly intersecting the yield surface. Additionally, there are strain-softening models that enrich
the basic model by incorporating damage variable that reflects the material’s softening behavior.

The yield function from HISS theory framework is typically represented by a polynomial

expansion of the stress tensor and the plastic strain tensor (Desai et al., 1991):

F=J3,+(a(l)"-r(1)")A-pS,)"*
y
_9*  [a(3p)"-¥(Bp)*]
F(pa8) =+ S

(4.28)

Where J; = sijsij / 2, 11 = tr(cij), J2 = sijsiksk / 3, Sris the stress ratio, S, =3+/33,3,°/2, a, 8, 7, and
n are the model parameter that controls the shape of yield surface.

In HISS model, the impact of four main parameters («, £, n, and y) on the shape of the yield
surface is thoroughly analyzed. Common parameters for sand materials are selected, and the results

are displayed on the p-q plane (Desai et al., 1990; Wang et al., 2014). By controlling the variation

of a single parameter while keeping others constant, it can be observed that all the yield surfaces
consistently exhibit a bullet-shaped form (Fig. 4.6). Specifically, a primarily controls the overall
size of the yield surface, while n and y both influence the size of the yield surface and the initial
tangential slope. Meanwhile, § predominantly determines the specific shape of the yield surface
within the principal stress space.

a=0.02 n=25y=0102
a=0,025 n=3.0y=0102
— a=0.03 —— n=4.0y=0102
@ = 0.035 n=2.5y=008
n=25y=005

Deviatoric stress q
Deviatoric stress q

Mean effective stress p Mean effective stress p
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Figure 4.6: The change of yield surface induced by shape parameters

4.2.2 Subloading surface theory

In traditional plasticity theory, it is generally assumed that material behavior within the yield
surface is entirely elastic, and plastic flow occurs when the stress state reaches or exceeds the yield
surface. Traditional model often overlooks the nonlinear responses and progressively increasing
plastic effects as the stress state approaches the yield surface. To address this issue, T. Hashiguchi
proposed the subloading surface theory in the 1980s (Fig. 4.7) (Hashiguchi, 1989). This theory

posits a subloading surface positioned within the main yield surface, specifically designed to
describe the plastic behavior of materials before they fully engage the main yield surface. Distinct
from traditional yield surfaces, the subloading surface facilitates plastic deformation even before
conventional yielding. The subloading yield surface, similar in shape to the main yield surface,
can expand within the stress space in response to changes in stress states until it eventually
coincides with the main yield surface. When the stress state lies on the subloading surface, the
material demonstrates elastoplastic behavior (Hashiguchi and Chen, 1998).

q

CSL M

Normal yield surface

Sour>0
Subloading yield surface Jfu <0

Son <0 p' Pl p'

Figure 4.7: Schematic diagram of subloading surface relative to normal yield surface
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The dynamics of the subloading yield surface, encompassing both expansion and contraction,
are delineated through the introduction of a scaling factor (Equation 4.29) (Hashiguchi and

Okayasu, 2000). This factor modifies the area ratio between the subloading and the normal yield

surfaces, effectively capturing changes in the material's stress state.
fsub(aij’é,) = fn(aij’R'g)

R=Po (4.29)
pCS

Where (is the internal variable, p, is the initial effective confining stress.

In subloading surface theory, the scaling factor evolves as plastic deformation accumulates,
which illustrates the nonlinear enhancement effects as the material nears the main yield surface.
This evolutionary relationship is articulated as follows:

dR=U|ds]| (4.29)

U relies on the shape of the yield surface and the stress path, and needs to meet certain
conditions: when R = 0, the material exhibits an entirely elastic state, and corresponding
subloading surface is similar to a point; when 0 < R < 1, the material remains sub-yielding state
without reaching the main yield surface; when R =1, the subloading yield surface aligns perfectly
with the main yield surface, where the material has entered the yield state; when R > 1, the material
displays unconventional plastic deformation, often accompanied by softening behavior, which is

described by the following formula:

R=0:U =+ Elastic state
0<R<1:U>0 Sub-yield state
R=1:U=0 Normal-yield state (4.31)
R>1:U <0 Super-yield state

4.3 Proposed elastoplastic constitutive model

4.3.1 Yield function

Most constitutive models for GHBS are derived based on critical state theory, among which
the modified Cam-clay model is fundamental and commonly used. On the one hand, GHBS exhibit

consolidated behavior similar to soils under triaxial stress conditions; on the other hand, the
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presence of hydrates in sediment pores imparts mechanical properties akin to denser soils, as
discussed in detail in Chapter 2. Despite its effectiveness, the modified CCM has limitations,
notably its restriction to a standard elliptical yield surface. While this model effectively predicts
the mechanical responses of GHBS under triaxial stress states, its practical application in real-
world engineering poses significant challenges, particularly under the complex stress conditions
found in deep-sea sediments. A key advantage of the HISS theory is its flexibility in not confining
the yield surface to any predetermined shape, thereby accommodating different material types and
stress states. Within the HISS framework, by incorporating shape parameters into the modified
CCM, a single yield surface can adapt to various yielding conditions. The yield function is

specified as follows:
a ' "\n -n
=z d 97 (P) +97(P)'(p.)’ (4.32)

Where a, y, and n are the shape parameters, q is the deviatoric stress, p' is the mean effective stress,
pc is the pre-consolidation pressure, M is the critical stress ratio.
In the above equation, the shape of yield surface is governed by three coefficients a, y, and n.

Drawing from Gai et al. (2017), we have listed several shape parameters appropriate for GHBS

yield surface in Table 4.2. It is observed that modified CCM is one of the yield surfaces, which
emerges upon substituting these parameters into the yield function (S1). Equation 4.33 presents all

the yield equations, while the corresponding yield surfaces are depicted in Fig. 4.8.

Table 4.2: Parameters related to controlling the shape of yield surface

Parameters S1(modified CCM) S2 S3 S4

a 1 09 09 0.9
n 1 3 5 095
Ve -1/9 1/9 1/9 -0.13
1 2 '2 '
szq +P" —=PP, (S1)
LRETIVE 9’ -p*+p°(p)* (S2)
R TTVEARLIR N CON (S3) (4.33)
RTIVE q*+1.17p% -1.17p°*p® (S4)
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Figure 4.8: Schematic diagram of various shapes of yield surface in p-q space

As outlined in Section 2.4.3, hydrate particles serve as fillers within the sediment skeleton,
bonding loose grains and augmenting the sediment's structural strength. Upon shearing, the
rearrangement and slippage of particles may induce volumetric changes, with hydrates
contributing to increased expansiveness of the structure. We have confirmed in section 2.5.1 that
the enhanced cohesion primarily arises from the cementing effect of the hydrates, significantly
bolstering structural strength. Uchida et al. (2012) proposed that the improvement in sediment

cohesion and dilation due to hydrates warrant separate discussion. In his constitutive model, two
additional hardening parameters were introduced to reflect these effects, respectively. However,
subsequent research indicates that strength and expansiveness are interconnected, with these two
enhanced mechanisms driven by hydrates occurring simultaneously. Consequently, it is available
to simplify the hydrate contribution, and the additional strength improvement for host sediment
provided by hydrates can be effectively represented by a dependent hardening parameter pq, as

depicted in the following yield function (Uchida et al., 2016):

a : - "
=78 97 () +97(P)' (P +Py)’ (4.34)

Subloading surface theory suggests that materials can undergo nonlinear plastic deformation
even when the stress state remains within the yield surface. Thus, to facilitate a smooth transition

from elastic to plastic phases, a scaling factor R is introduced within the yield surface (Fig. 4.9):
a : n i,
=gz d ~97(P) +97(P)"(R(P. + )’ (4.35)

Assuming that for GHBS, the stress state point consistently lies on the subloading surface,

and the expression for the scaling factor is as follows:
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D, + P, (4.36)

q A

Normal yield surface

Subloading
yield surface

h
>

Rp-tps) P pctpa  p’
Figure 4.9: Schematic diagram of subloading yield surface

4.3.2 Hardening law

Within the context of this theory, two pivotal hardening parameters (pc and pq) are defined on
the yield surface:
Pre-consolidation stress pc, also known as the volumetric yield stress, is an important

hardening parameter in geotechnical engineering (Solanki and Desai, 2008). It denotes the stress

level at which material shifts from an elastic to a plastic state, accompanied by significant
volumetric changes. As course-grained soils undergo various loading and unloading paths, pre-
consolidation stress continues to evolve, mirroring soil's hardening or softening behavior. During
the recovery of hydrates from coarse-grained sediments, pre-consolidation stress represents the
historical maximum stress state of host sediment. If applied stress exceeds the pre-consolidation
stress, sediments would undergo volumetric yield, leading to plastic deformation and settlement.
Furthermore, hydrate extraction often triggers hydrate decomposition by reducing pore pressure,
progressively causing the effective stress to surpass the pre-consolidation stress and heightening

the risk of sediment instability. Hence, the volumetric yield stress can be delineated as follows:
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dp, de&

pc Cp

C, = A-K (4.37)
l1+e

Where 4 is the slope of normal compression line, « is the slope of swelling line, de& is the plastic
volumetric strain increment.

By integrating both sides, we can obtain the evolution law of the volumetric yield stress as a
function of plastic volumetric strain as follows:

eP
= P EXP(=
pc pcO p(C )

p

(4.38)

Where pco is the initial value of volumetric yield stress.

Drawing on a simplification of hardening parameters from Uchida's (2016) model, hardening

parameter pq has been implemented to represent the cementing effects of hydrates within course-
grained sediments. The magnitude of improvement in both strength and dilation of the whole
structure provided by hydrates is dependent on Sy, as proposed by the empirical formula from

Miyazaki et al. (2012). The expression is as follows:

Py =a(xS,)” (4.39)
Where pqg controls the strength enhancement provided by hydrates, y is the degradation factor,
which reflects the hydrate decomposition upon shearing, o and g are the constants, which are
related to the hydrate occurrence, Sy is the hydrate saturation.

The term xSh denotes the effective hydrate saturation S; , recognizing that hydrates may
gradually decompose upon shearing, which reduces the effective hydrate saturation and weakens
the cementing effect. This degradation effect is quantified by a degradation factor y that decreases
with plastic shear strain, with the rate of reduction being proportional to the current state of

degradation. This evolutionary law is articulated as:

dy =-puyde] (4.40)
Furthermore, after integrating the above formula, we can delineate the relationship between
the degradation factor and plastic shear strain (Yuan et al., 2020):

X = Xo Xp(—pel) (4.41)
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Where yo is the initial degradation factor, the value of which equals to 1, x« is the degradation
parameter, which represents the degradation rate, d&? is the plastic shear strain increment.

The incremental form of the hardening parameter pq, informed by these relationships, can be

determined as follows:
dpy = xS, (dS, ~uS,de]) (4.42)
During the loading process, the area of subloading surface evolves in response to changes in

the initial stress state. The accumulation of plastic strain directly influences the evolution of the
scaling factor R, which can be represented by the following expression:

dR =U|ds| (4.43)
U =-7lnR (4.44)
Rinter = R + dR (445)

Where ‘dgi” is the total plastic strain increment vector, 77 is a sub-loading coefficient, the

subscript inter represents the value after iteration, U is a monotonically decreasing function of R,

as illustrated in Fig. 4.10.

—— U= -ninR

Subloading surface ratio R

Figure 4.10: The relationship between U and R

The module of the plastic strain increment refers to the total plastic deformation of the
sediment, both shear and volumetric plastic deformations are taken into account in a scalar form

to eliminate directional complications:
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def|=dal -def = (&) deh+deh-def +def -ded) (4.46)
4.3.3 Cross-anisotropy in elastic phase

In the constitutive model for GHBS, the sediment's stress-strain behavior within the elastic
range is described by its elastic relationship. Within the limits of small deformations, this
relationship generally adheres to Hooke’s law and assumes isotropic loading conditions. The
elastic response is governed by the bulk and shear modulus, which collectively determine the
overall stiffness of sands. Regarding the bulk modulus of GHBS, it is often postulated to be
comparable to that of the matrix sediment, indicating that the contribution of hydrates to the bulk
modulus is negligible. This assumption is based on the idea that the bulk modulus largely relies on
the stiffness and configuration of the particle skeleton, while hydrates merely fill the inter-particle
pores and exert minimal impact on the stiffness of sediment skeleton. The expression for the bulk
modulus of GHBS is as follows (Uchida et al., 2012):

{Kﬁs =K +K, (4.47)

K, =0
Where K, represents the bulk modulus of GHBS, K is the bulk modulus of soil skeleton, K is

the bulk modulus of hydrate.
The bulk modulus for soil skeleton is given by:
K =18y (4.48)
K
Contrary to prevalent opinions, we posit that the presence of hydrates indeed contributes to
an increase in the bulk stiffness of sediments, especially at higher Sy, primarily for two reasons: i.
Hydrates possess inherent stiffness and are less compressible than the fluids in sediment pores.
Thus, when hydrates fill these pores, the overall compressibility of the structure will decrease,
consistent with our description in Section 2.2.3; ii. The cementation effect of hydrates impedes the
relative movement of sediment particles under loading, thereby diminishing volumetric
deformation. Based on the data presented in the existing literature, we have established a
relationship between Sy and stiffness modulus, which reveals a linear correlation, as shown in Fig.
4.11. The bulk modulus for GHBS can be expressed as (Feng et al., 2020):

K, =K (1+£S,) (4.49)
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Where Sy, is the hydrate saturation, ¢ is the fitting parameter.

1200

@ Cementing (Masui et al. 2005)
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Figure 4.11: Elastic modulus versus hydrate saturation (Masui et al. 2005)

In terms of isotropic materials, the formula for the elastic constitutive relationship can be

decl |, o |Jdp (4.50)
des ° 3 /ldq

The stress-strain relationship can be given through the isotropic flexibility matrix:

expressed as:

Where G is the shear modulus.

&y 1 v -v O 0 0 Vo,
£y v 1 -v 0 0 0 |o,
E5| 1|V v 1 0 0 0 oy
& E[O O 0 1+v O 0 || o, (4.51)
£, 0 0 0 0 1+v 0 | o,
& 0O 0 0 0 0 1+v)io,

However, GHBS show limited forms of anisotropy due to their layer distribution. A
transversely isotropic material possesses an axis of symmetry because its properties are
independent of the sample's rotation about the symmetry axis. In soil mechanics, transverse
isotropy is also termed cross-anisotropy. It is assumed that the elastic properties of materials hinge

on their sedimentary type and stress history. The behavior of cross-anisotropy material can be
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explained by an anisotropic elastic matrix depending on five constants (Ci1, C12, Css, C23, and Caa),

which is shown as (Liu and Zheng, 2019):

Cll C12 C12
C12 C33 C23
e _ C12 C23 C33 0
| 0 0 0 Cu-Cy,
0 0 0 0
0 0 0 0

0 o0
0 o
0 0
0 0 (4.52)
C, O
0 C,

In general, when subjected to uniaxial tension loading, the stress in the axial direction # O,

while the stresses in other directions equal to 0, according to the Hooke’s law, we can get:

1 .
& =—0.
1 1
E,
V.. .
&,=—>220
E
1
V.. .
g =——220
E
1
Ep =3 =63 =0

Where E; is the Young’s modulus in axial direction.

(4.53)

Similarly, assume this situation happening in different directions, the relationship between

the flexibility coefficient and elastic constant can be extended as follows:

Sl vy
gll_Eo-ll_E_O-ZZ_
1 2

Vip 1 .
&y E‘711+E_‘722
1 2
e —_Yi3 o Va
33 E 1T Oy
1 2
O.
&1 2(;2
12
Oy
2
2G,,
O.
‘931—2(;1
31

E,

V. '
31
O3

(4.54)
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Where G12, G23, and Gaz are the shear moduli in different directions, E1, E», and Ez are the Young’s
moduli in various directions.

The flexibility matrix can be expressed as:

(Cl) "oy =&y (4.55)

GHBS can be assumed to be layered anisotropic media, as depicted in Fig. 4.12. In this regard,
each sedimentary layer is considered a homogeneous medium associated with isotropic properties
in the horizontal direction. Still, it differs from that in the vertical direction, with variations in

elastic coefficients across different orientations (Pegah and Liu, 2020). Apply two Poisson's ratios

vy and vw to control the deformation caused by loading applied to the horizontal plane and vertical
axis, respectively. En and Ev are used to describe the elastic modulus displayed in the horizontal
plane and vertical axis. Gy and Gy explain the shear modulus across the horizontal and vertical

directions.

Isotropic plane

&3 (Vertical direction)

Figure 4.12: General representation of the anisotropic sediments

The flexibility matrix can be modified as follows (Liu and Zheng, 2019):
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A R
E, E,
W 0 0 0
én E, E E, On
€2 W Ve i 0 0 0 6?2
€33 E/ Eqv  Ey O3
28 o 0 0 - o o |°= (4.56)
&3 2G,, O3
b1 o 0 0 0 % 0 |\
0 0 0 0 ﬁ

After transforming the above flexibility matrix, we can get the stiffness matrix, in which the

items related to the matrix parameter are represented as follows:

Cy = Al—(v, )2) =M,

E
C33 = A(E_H_(Vv )2) =M H
v

Cp, = A, (1Hvy)

E
C, = A=V, +(v,)2) (4.57)
E,
E
C33 _Czs = 1+CH =2G,
Cu =26,

E
Where A=E,, /(l+vH)[(EH)(1—vH)—2(vv)2], Mu and My are the deformation modulus across

the horizontal and vertical direction, respectively.

Therefore, we can get the elastic stress-strain relationship for the anisotropic material:
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M, Av, (1+vy,) Av, (1+vy,) 0 0 0
| | Av, @+v,) M, A(E—HVH +(v,)) 0 0 0 j“
O v 2
%5 || Av, (1+V,) A(IIEEV—HVH +(v,y)?) M., 0 0 0 ?3 (4.58)
O3 23
oy 0 0 0 2G, 0 0 | &,
o, 0 0 0 0 2G, 0 | g
0 0 0 0 0 2G,

The anisotropic elastic matrix encompasses six parameters involving the horizontal and
vertical direction: two Young's moduli (Ex and Ev); two shear moduli (Gn and Gv); two Poisson's
ratios (vu and vyv). Compared to the isotropic materials, it can be assumed that the anisotropy effect
can be explained by multiplying the stiffness coefficients to increase the stiffness in a horizontal

direction by an anisotropy factor o, the shift form is given by:

C, C, Cp, o) a,Cp, a.Cj,
Coriginal = C12 Cll C12 _%_) Cansitropy = a*cl*z (06* )2 Cl*l (a* ) ? Cl*z (459)
C, C, Cy aC, (a.) ? Chp (@) ? o

Though the multiple formulation is able to alternative, the above equation is considered the

most effective hypothesis referred to Lodge et al. (1955). For a. = 1, the sediments are isotropic.
For a. > 1, the sediments exhibit stronger stiffness horizontally than vertically. For a. < 1, the
sediments are stiffer vertically than horizontally.

Under the above assumption, the isotropic parameters E and v can be replaced by E* and v*

that can reflect the anisotropic behavior, the modified form is given by:

1-v* aV aV’ 0 0 0

' * 2 vt 2. %
ol a*v* o (12 *v ) Za:[ \ * g g &,

- v v —v
o a, a; a,(1-v) 2 * & (4.60)
O | _ E* 0 0 0 a(d-2v) 0 0 Ex
o, | @+V)A-2v') 2 P
Oy 0 0 0 0 % (1; 2v) 0 P
0_1-2 . €1p

0 0 0 0 0 @

Where E* and v* represent the modified values of Young's modulus and Poisson's ratio, a. is the

anisotropy parameter.
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Through the comparison between Equation 4.56 and Equation 4.60, we can get the correlation
between original elastic constants and modified parameters, as displayed in the following:

E, =E’
E,=a’E’
V*
v, =
Qa,
v, =V’ (4.61)
a.E”
2G, ==
S 1+Vv"*
2 *
2G, = a, E*
1+v

In case of anisotropic materials, considering the cross-coupling between volumetric and
distortional effects, Equation 4.50 can be modified to (Graham and Houlsby, 1983):

W 2] 452
dq| | 3 3G"| de

Where K* and G* are used to distinguish the bulk modulus and shear modulus for anisotropic

materials, d&§ is the elastic volumetric strain increment, defis the elastic shear strain increment, J

is a parameter that reflects the cross-dependency of shear strain on mean effective stress as well as
volumetric strain on deviatoric stress.

When subjected to conventional triaxial test, we have o,, = o5 and e22 = £33, SO We can get
these basic equations:

. doy, +2doy,
3
dq=doy, —doy,

dp

, (4.63)
de; = g(dgll —déy,)

de; =de, +2dey,

As for the standard form of the elastic stiffness matrix, we can simplify it by multiplying the

second and third columns by a. to give this basic form:

do,, A" B aB" |(dg,
do,, |=| a.B" o’A" o’B" || dg,, (4.64)

' * 2P * 2 A*
do,, aB” aB" oA )\ dey,
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*

With the derivation using the basic equations, the stiffness coefficients consisting of A", B
and a. are given by:
K*=[A"+4a,B" +2a?(A"+B"]/9
G =[A"—2a,B"+a’(A"+B")/2]/3 (4.65)
J=[A"+a,B —a’(A"+B")]/3

Therefore, according to Equation 4.60 combined with the above equation, we can calculate

the stiffness coefficients:

= *E —(1-V" +4a, +2a7)
9(L+v')(L-2v)
= *E —(2-2V' —4a v +af) (4.66)
6(L+Vv')(L-2v)
J= *E — -V +aV -a?)
3L+v)[A—-2v)

When stress applied in hydrostatic loading path, only volume change occurs without shearing,
which implies dg = 0, so we can get:

Jde® +3G"def =0 (4.67)

After transforming the above equation, we can obtain the additional parameter that controls

the anisotropy in sediments through isotropic compression testing:

de; 3 2Q0-V+aV -dl)

S —_—

def 36" 3(2-2v' —4daV +a’)

(4.68)

In the case of the undrained test, de; =0, that means in p-g plane, the stress path is no longer
vertical, with dependent on a.:

dg 3G" 3(2-2v —4a Vv +a?)
dp’  J 20—V +a v —a?)

(4.69)

For the anisotropic Poisson's ratio v*, it was quantified similarly to the isotropic parameter v,
we can assume this value to be the constant:
. B
V=——=V
A +B
Considering the stiffness coefficient varying with the stress variation, it is required to reflect

(4.70)

the correlation between the stress increment and modified Young's modulus. By applying the
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compression modulus, which measures the compressibility of the material in the one-dimensional
compression test, it is limited that no lateral deformation occurs, that is, the lateral strain is 0 (e22

=e33=0, Y, =0). Substituting it into Equation 4.59, the relationship between the axial strain and
the mean effective stress can be obtained as follows:

dp  E"(1-v+2va,)
de, 31+v)A-2v)

(4.71)

In case of GHBS, if we assume it to be the isotropic material while only subjected to the axial

compression, we have:

dp .
P _k. (4.72)
de,
Combined with the above equations, the formula for the stiffness coefficient depending on
stress is derived:
dp E'(1-v+2va,)
= =(1+£S
de, 3(1+v)A-2v) d+<S)p
3A+Vv)A-2v)L+£S,))L+e)p!
k(l-v+2va,)

J1+e

K (4.73)
E*=

After substituting anisotropic Young's modulus into Equation 4.60, the elastic stress-strain

relationship is modified to:

1-v aVv aVv 0 0 0

. 201 2
ol aNv  a; (ZI.2 V) za* % 0 0 0 &,
.y ayv o a’(l-v) 0 0 0 . (4.74)

. 2
o |_ 3@+£S)A+e)p'| o 0 o «l=2 4 0 &2
o Kk(+v—2va,) 2 £
) 0 0 0 0 <. (12_ 2) &y
o1, _ &2

0 0 0 0 0 a.(1=2v)

2
It is noted that if a.. = 1, this elastic behavior is suitable for the isotropic material.

4.3.4 Flow rule and consistency function

The flow rule is pivotal for determining the direction and rate of plastic deformation. In this
study, we adopted the associated flow rule, which posits that the plastic potential function is
identical to the yield function. Consequently, the direction of the plastic strain increment is aligned

with the normal to the yield surface, and the incremental form can be expressed as follows:
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dgkl =A—=A—— (475)
oy ij
The yield function includes effective parameters such as p', q, o', pPc, pPd, R, SO the consistency

equation can be written as:

of . of of of
= ! - - 4.7
df %, do; +6pc dp, +8pd dp, s drR (4.76)
Where:
af. do, =i apl. do, +§a—q.do{ (4.77)
00;; Yoop 00;; "o 00;; i
o9 _3%
00y 24 (4.78)
oo _1s
60;]- 3"
By computing the differentials in the formula, we derive the results as follows:
af "\n-: -n '
6—p=9y[(n<p) '(R(p. +p4))* " -2p) ] (4.79)
of 2a
Z_C 4.80
54 M2 q (4.80)
of  3as; o . : .
oo = Gz +3 L (P (R(p.+ P )" =2p) ] 6)do (4.81)
ij
i =9(2—n)y(p)"R*™" L 4.82
P y(P)"R™"(p, + py) (4.82)
A =9(2—n)y(p)"R*" - 4.83
o y(pP)"R™"(p + py) (4.83)
d
af "\h pl-n 2-n
R - 22=my(P) R(P: + Py) (4.84)

Substituting Equations 4.77-4.84, 4.38, 4.42 4.43, 4.74 and 4.75 into Equation 4.76 yields the

expression for the plastic multiplier:
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oA o of o 500 vapr ) s,
B op aa aq oo opy
Bu(ys. ) o of og INR of 8g _p, vV o ag (4.85)
Y o, 0q T aRloor| P a—k ap, op
According to the elastic assumption:
de, =dg +dg]
dailj = Ci?kldglfl (4.80)
The elastic matrix is given by:
1-v aV aV 0 0 0
ayVv af(l-v) a’v 0 0 0
aV a’v aZ(l-v) 0 0 0
co L 3+£8)A9p| o g A ) B 0 (4.87)
i k(+v-2ve,) 2
0 0 0 0 al-2)
2
0 0 0 0 o %=
2

Integrating the plastic flow rule and the previously stated assumptions about elasticity into

the consistency equation results in the determination of the plastic multiplier as follows:

of op of oq , of
%a"‘ 20 o0 )Cukldgkl +aﬂlﬂ(8h)ﬁ 1ad3h
A== of g
H+——Ch ()T
+ aaij ijkl (anj )
The expression for hardening parameter H is defined as:
VvV of of of of | o
H=p 2D opu(ys,y 22 -pinR S
K Op, Op opy 0q R |0c;

Further, after shifting Equation 4.86, it can be obtained by:

! e e a
daij = Cijkldgkl _CijkIA_g

ij

Substitute the plastic multiplier into the above formula (Klar et al., 2010):

do—ilj = Ci?Eldgkl +Ci?ll<1ldsh

Where the elastoplastic matrix Cg, is calculated by:

(4.88)

(4.89)

(4.90)

(4.91)
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a9 of of 8g vV o og
— S, )Y —+nInR—|=--
. aq” apB(xSy) o, IR e T < p, op' e
Cijkl = T Cijkl (492)
5 6f a9 VvV o og ag
a ﬁ(ls ) InRﬁ 67 ﬂ +— ukl A
P4 K 8pc op' 60 00;;

The improvement of stiffness by hydrates is expressed in terms of a matrix containing hydrate

saturation, which can be written as:

09 e of
aau Cuklaﬂ(lsh)ﬁ £/Sh

vV o a9 Lo 09
A—k p, op' 60 z oo,

G == ] (4.93)

a9 of
= S )’ nInR=—
o uap(xS,) — pd R

Bl

As mentioned in Section 2.1, the thermal properties of GHBS are crucial, particularly during
the extraction of hydrates from sedimentary reservoirs. The decomposition and recrystallization of
hydrates involve temperature changes that can induce thermal expansion or contraction of the
material, leading to changes in stress. Thus, it is essential to consider thermal expansion effects in
the constitutive model.

Due to the anisotropic expansion in various directions, according to the law of thermal
expansion, the volumetric strain of material is directly proportional to the temperature variation.

The proportionality constant is the coefficient of thermal expansion:

?/V =& ZIBTAT
o (4.94)

200 +1

ﬁT :a*Tﬂist

Where V, is the initial volume, AV is the volume change, ¢, is the volumetric strain, AT is the
temperature variation, S, is the thermal expansion coefficient, the subscript ist represents the
isotropic.

Observations indicate that sediments with higher porosity exhibit a weaker response to

temperature fluctuations. Accordingly, we have integrated the temperature dependency of the

material into the model, which is encapsulated by the following equation:

hs™ij

a"i} o 9
T dT :,BTK o0.dT = CIJkI (L+&S,)p; ?dT

2a 1 (4.95)

pr =
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Where ¢ is the porosity, Cj, is the elastoplastic matrix, T is the temperature, the subscript s, h,

and f represent the soil, hydrate and fluid, respectively.
In summary, the elastic-plastic constitutive model considering the shape of yield surface and

thermodynamic effects can be expressed as:

‘ o s, 80';1-
do—ij = Cijkldgkl +Cijk|dsh +8_TdT (496)

4.3.5 Model parameters

The proposed constitutive model involves 19 model parameters, where 12 parameters are
related to the mechanical properties of host sediments, and 7 parameters correspond to the hydrates.
Parameters related to host sediments include: 6 conventional parameters from soil mechanics e, «,
A, Pe, v, and M; 3 shape-dependent parameters from HISS yield surface: a, n, and y; 2 parameters
associated with the subloading surface: R and #; 1 parameter control the cross-anisotropy in elastic

phase: a.. Parameters describing the contribution by hydrates include: Sy, o, S, x, &, pd, and &

Table 4.3 represents the meaning of corresponding model parameters.

Table 4.3: Detailed explanation for the model parameters

Parameter Meaning

K The slope of swelling line in e-Inp space

A The slope of compression line in e-Inp space

e The ratio between pore volume and sediment volume (Initial value eo)

Pe Preconsolidation stress (Initial value pco)

M Critical stress ratio

v Poisson’s ratio
a,y Shape parameters that control the size of yield surface

n Shape parameter that affects the location of the critical point of shear expansion and

shear contraction

R Subloading surface ratio (Initial value Ro)

n Parameter that controls the plastic deformations that may occur inside initial yield
surface

O Anisotropy factor
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Sh Hydrate saturation (Initial value Sho)
a, Parameters depending on the type of pore habit and hydrate concentration
X Degradation factor (Initial value yo)
U Parameter that reflects dissociation rate of hydrates
Pd Hardening parameter that describes the strength enhancement contributed by
hydrates
¢ Parameter that reflects the stiffness enhancement provided by hydrates

The determination of e, «, 4, pc, vand M:

e is defined as the ratio between pore volume and sediment volume, which can be measured
through a standard consolidation test. x can be obtained through the unloading curve (rebound
curve) produced by the host sediments under consolidated test. 4 can be determined through the
loading curve (compression curve) during consolidation. pc is determined with the variation in
plastic volumetric strain. The value of M equals the generalized stress ratio when dey = 0. v can be
calculated through the ratio between coefficient of lateral pressure and coefficient of earth pressure
Ko (Equation 4.97).

KO

V=
14K, (4.97)

The determination of a, n, y, R, # and o

a, n, and y can be modified to adapt various host sediments. R is determined by the variation
in plastic strain. The value of # can be determined by the degree of curvature of the normal
compression curve in compression test. a. can be determined through isotropic compression (dq =
0) or undrain triaxial testing (ds; = 0).

The determination of Sh, a, £, x, 1, pe, and ¢

Shis defined as the ratio of hydrate volume to the total pore volume, which can be measured
through pressure drop method. pq is mainly determined by the hydrate concentration. o and g
describe the influence of hydrate saturation and morphology on hardening parameter pg, which can
be measured according to the triaxial test results. y and x« quantify the extent of hydrate dissociation
during shearing, which are determined through the triaxial test. ¢ is determined in terms of the
variation in elastic-related parameters with respect to hydrate saturation, which can be calculated

through the fitting correlation.
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4.4 Numerical analysis

4.4.1 Program implementation

The developed elastoplastic model utilizes tensorial formulations and is further developed
and scripted using Python within the Anaconda software, accommodating various loading paths
including hydrostatic stress loading, triaxial stress loading, hydrostatic strain loading, and triaxial
strain loading. Set the implementation of triaxial strain control as an example, which follows the
procedural steps outlined in the flow chart (Fig. 4.13):

(1) Set n as the number of incremental steps, starting the iterative calculations at the first step.
Initialize variables and constants, such as the initial elastic modulus and material parameters, and

then compute the elastic matrix Cg,, .

(2) Calculate the strain increment dew based on predefined strain value and incremental step.

trial

The trial stress o™ is computed using the elastic relationship do;; = C{,ds, , which yields the

effective stress p' and deviatoric stress g. Determine initial hardening parameters pc and pqd
following established hardening rules.

(3) The new stress state and hardening parameters are input into the yield surface equation to
assess if the trial stress is within or on the yield surface. Elastic loading occurs if F (6"?) <0,
otherwise, it exhibits elastoplastic loading that requires plastic adjustment when F (¢""®) > 0.

(4) If loading is elastic, update the stress state directly where the elastoplastic matrix equals
the elastic matrix. Proceed to the next incremental step.

(5) Determine whether the current plastic behavior transitions from elasticity or continues
from previous plastic behavior by evaluating the yield function value of the preceding increment.
If F (™) <0, the material was in an elastic state before the current increment; if F (¢") > 0, the
increment continues the previous plastic behavior.

(6) If the current plastic behavior is a transition from elasticity, compute the elastic component
of the strain increment for the current loading step, along with the remaining strain increment for
elastoplastic loading. Set this remaining strain increment as the initial strain increment for the
subsequent step; if the current increment continues the previous plastic behavior, proceed directly

with this strain increment.
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(7) To make the stress state always on the yield surface, we need to perform the elastoplastic
correction, which involves the development of residual equations correcting the stress increment
and equivalent plastic strain increment in accordance with the iterative Newton-Raphson method
(Equation 4.98). Simultaneously, compute the plastic multiplier to update hardening parameters
after multiple iterations.

(8) Resubstitute the updated stress state and hardening parameters into the yield function and
compute the yield value. If F (¢"P%®) < 107, the stress state is deemed sufficiently close to the
yield surface, which satisfies the convergence criteria, and after that update the elastoplastic matrix.
If F (¢“P9%) >10°%, further iterative adjustments are required until convergence is achieved.

(9) Finally, encapsulate stress state, strain, and hardening parameters for each loading step

using history loading variables. Save the compiled data and generate visualization plots.

cCt 0 r | Ac™ a®

n ij
0 -1 h | Ag"® |=—|p® (4.98)
FO FY 0] sA® F®

Where C is the stiffness matrix, dA is the plastic multiplier increment in Newton-Raphson iteration,
r and h are the flow direction and hardening parameter, respectively, ¢° is the equivalent plastic
strain, a is the elastic predicted stress residual, b is the equivalent plastic strain increment residual,

F is the yield function value, n represents the increment step, k represents the iteration number.
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Figure 4.13: Procedures for the program implementation
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4.4.2 Triaxial test using synthetic GHBS

To validate the accuracy of this model, this study employs the described numerical analysis
procedure and compares the results with experimental data from various types of GHBS (In-situ
natural GHBS and synthetic GHBS). The parameter settings for the simulations are detailed in
Section 4.3.5.

Masui et al. (2005) synthesized Toyoura sand containing hydrates with different pore habits,

where specimens prepared using the ice-seeding method primarily exhibited pore-filling features,
while those prepared via the partial water saturation method were predominantly cementing. To
replicate conditions of natural GHBS at depths below 800m in deep-sea environments, triaxial
compression tests were conducted with a pore pressure of 8 MPa, a constant temperature of 278
K, and an initial effective confining pressure of 1 MPa. Experimental conditions are summarized

in Table 4.4. The model parameters for simulation are listed in Table 4.5.

Table 4.4: Detailed experimental conditions (Masui et al. (2005))

Features Type | Type Il Type Il

Host specimen type Synthetic Toyoura sand Mixture of sand Mixture of sand with
(Pure) with ice water

Pore habit Hydrate free Pore filling Cementing

Temperature 278K

Effective confining 1MPa

pressure

Hydrate saturation 0 40.9% 40.7%

Porosity 36.3% ~ 42.9%

Test type CD test

Table 4.5: Numerical modelling parameters (Masui et al. (2005))

Parameters Type | Type Il Type |1
K 0.003 0.003 0.003
0.18 0.18 0.18
€o 0.587 0.587 0.587
pc (MPa) 12 12 12
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M 1.07 1.07 1.07
Ro 0.09 0.06 0.05
v 0.2 0.2 0.2
a 1 1 1
y -1/9 -1/9 -1/9
n 1 1 1
n 15 15 15
Ols 0.66 0.4 0.2
Sho 0 0.409 0.407
o (MPa) - 25 68
B - 1.6 1.6
X0 1 1 1
U - 1.5 5.5
4 - 2.28 6.69

Deviatoric stress g (MPa)

|
(o' =1.g=0) |
2 4

—#— Stress Path (Cementing)

Final Yield Surface (Cementing)
—&— Stress Path (Pore-filling)
—— Final Yield Surface (Pore-filling)
—e— Stress Path (Hydrate-free)
—— Final Yield Surface (Hydrate-free)
Initial Yield Surface
= Max-iteration Yield Surface

6 8 10
Effective mean stress p'(MPa)

Figure 4.14: Simulations for the stress paths and yield surfaces with various hydrate morphologies
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Figure 4.15: Numerical modeling for the mechanical response of GHBS through the comparison

between experimental results obtained from Masui et al. (2005)

Fig. 4.14 shows the changes in stress paths and yield surfaces concerning different hydrate
morphologies. Fig. 4.15 illustrates a comparison between the experimental results and the
simulation outcomes for specimens with varying hydrate occurrences. The model successfully
predicts the stress-strain responses of the sediments, with consistent trends across the curves. For
HFS and GHBS in pore-filling morphology, the stress-strain curves show hardening behavior,
while GHBS in cementing morphology displays a strain-softening characteristic. The numerical
simulations reveal a more pronounced hardening effect than the experimental results. Additionally,
the volume strain follows a similar trend: at lower axial strain, the specimen undergoes volume
compaction, whereas at higher axial strain, it tends to expand. Numerical predictions show greater
volumetric expansion in hydrate-free and pore-filling forms, with those in cementing exhibiting
less dilatancy. The shape coefficient of S1 yield surface was utilized in this simulation, which can
be regarded as MCCM incorporating the cementing effect of hydrates. Under the specific situation,
the model demonstrated good predictive performance.

Hyodo et al. (2013b) synthesized methane hydrate-bearing sand in the laboratory using

Toyoura sand as the host material, employing cooling and pressurization methods to achieve
porosities ranging from 40% to 45%. Subsequently, to mimic real-world conditions, the
synthesized HBS were subjected to triaxial shear drainage tests. During the test, the confining
pressure was maintained at 5 MPa, the temperature was controlled at 5<C, and the shear rate was

set at 0.1%/min. The hydrate saturation of each specimen exhibited evident variation. Specific test
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conditions are documented in Table 4.6, while the parameters used for simulation are detailed in
Table 4.7.

Table 4.6: Detailed experimental conditions (Hyodo et al. (2013b))

Features sl sll sl sV

Specimen type Synthetic Toyoura sand Synthetic methane hydrate-bearing
(Pure) sand

Pore pressure 10MPa

Temperature 5°C

Effective confining 5MPa

pressure

Hydrate saturation 0 24.2% 35.1% 53.1%

Porosity 39% ~ 45.7%

Test type CD test

Table 4.7: Numerical modelling parameters (Hyodo et al. (2013b))

Parameters sl sll slil sV
K 0.004 0.004 0.004 0.004
0.18 0.18 0.18 0.18

€o 0.65 0.656 0.645 0.67

pc (MPa) 10 10 10 10
M 1.15 1.15 1.15 1.15

Ro 0.5 0.38 0.32 0.23

v 0.2 0.2 0.2 0.2

a 0.9 0.9 0.9 0.9
y -0.13 -0.13 -0.13 -0.13

n 0.95 0.95 0.95 0.95

n 65 65 65 65

s 2 15 1.5 2
Sho 0 0.242 0.351 0.531

a (MPa) - 31 31 31
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Figure 4.16: Visualization of predicted yield surface with stress path in p-g space (S1 and S4

model)
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Figure 4.17: Comparative analysis of stress-strain and volumetric behavior of GHBS using S1
and S4 model

To make sure the applicability of different models, it is imperative to visualize the mechanical
properties of GHBS under varying yield surfaces and Sy through simulation. The yield surface
shape factors were tailored for the S1 and S4 yield surfaces, as depicted by the stress paths on the
p-g plane in Fig. 4.16 and corresponding stress-strain characteristics shown in Fig. 4.17. When Sy
=0, due to the impact of subloading surface ratio, the material immediately enters the elastoplastic
phase, and the stress path gradually approaches and intersects with the final yield surface. Both
numerical results for S1 and S4 models exhibit hardening behavior, with the S4 model predicting
a broader yield surface that can better reflect structural effects and dilatancy features, aligning
more closely with experimental observations. Conversely, premature failure occurs in the result
using S1 model at lower deviatoric stress, exhibiting significantly reduced stiffness and strength
compared to those using S4 model. When Sh = 0.531, the presence of NGH markedly influences
the sediment's mechanical behavior, leading to a regressive stage for stress paths characterized by
strain softening. The final yield surfaces predicted by S1 and S4 models show a marked increase
in size compared to the case with Sh = 0, with the S4 model again demonstrating a wider yield
range and more accurately capturing the increase in stiffness and the contribution of bond breakage
due to hydrates, aligning better with experimental data. Therefore, in subsequent numerical

calculations, the S4 model exhibiting superior performance is selected for analysis.

531)

0.353)

Deviatoric stress g (MPa)

Figure 4.18: Simulations for the stress paths and yield surfaces under various Sy

Numerical analysis



The proposed constitutive model for GHBS 177

$h=0
B ipesseee——T T 54=24.2%
--------------- 5,=35.1%
12 H— 5=53.1%
_________________ == Simulated results (5,=0)

= == Simulated results (5,=24.2%)
L i —— e e F -2f --- Simulated results (5,=35.1%) ——
O B = | --- Simulated results (5,=53.1%) e
I Pl i T
o 8 — = e
=] S ]
] L O
2 6t d 5,=24.2% s ‘%&t:-‘:::" S S
= ’ £ \_\- I B e
=1 — 5,=35.1% 2 S o
> 4l — 5=53.1% -2 RE——
a -—- Simulated results (5,=0) T—

2 Simulated results (5,=24.2%) T fa T e

—-=-- sSimulated results (5,=35.1%) N
0 ——- Simulated results (5,=53.1%)
| | | | L L L
0 2 4 6 8 10 12 14 6 £ - - -
Axial strain (%) Axial strain (%)

Figure 4.19: Numerical modeling for the mechanical response of GHBS through the comparison
between experimental results obtained from Hyodo et al. (2013b)

Fig. 4.18 presents the variation in stress paths and yield surfaces under various Sh. Fig. 4.19
compares numerical results with experimental data, demonstrating that adjusting the shape
coefficient of the HISS vyield surface can accurately simulate the stress-strain relationship and
volumetric changes of synthetic GHBS under triaxial drained conditions. The stress-strain curves
show pronounced hardening behavior, aligning closely with experimental outcomes across various
saturation levels. However, it is important to note that when Sy is above 50%, the model predicts
a noticeable softening in the stress-strain curve prior to specimen failure. Additionally, the model
exhibits excellent in predicting the volumetric changes of the specimens; It is clear that the
specimens experience compression for the first three groups with lower Sy, and when Sy = 53.1%,
the model can accurately capture the dilatancy observed when axial strain exceeds 4%.

4.4.3 Triaxial test using natural GHBS

In addition to experiments with artificially synthesized HBS using Toyoura sand, Masui et al.
(2008) conducted a series of triaxial drained tests on natural HBS specimens obtained in-situ from
the Nankai Trough. This study applied the proposed elastoplastic constitutive model to simulate
and predict the stress-strain behavior observed in these tests. During the experiments, sediments
experienced an initial hydrostatic stress of 1 MPa and a pre-consolidation stress of 3.6 MPa, with
porosity ranging from 44% to 50%. The temperature was maintained constant throughout the
experiment, with the loading process controlled by axial strain. Detailed experimental conditions

are presented in Table 4.8, while the simulated parameters are documented in Table 4.9.
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Table 4.8: Detailed experimental conditions (Masui et al. (2008))
Features Type | Type I Type HlI
Host specimen type Natural core specimens drilled from eastern Nankai Trough (Sandy
sediments)
Pore pressure 9MPa
Temperature 5°C
Effective confining 1MPa
pressure
Hydrate saturation 7.7% 22.5% 37.6%
Porosity 50.8% 49% 44.2%
Test type CD test

Table 4.9: Numerical modelling parameters (Masui et al. (2008))

Parameters Type | Type Il Type Il
K 0.008 0.008 0.008
0.15 0.15 0.15
€o 1.033 0.9608 0.791
pc (MPa) 3.6 3.6 3.6
M 1.37 1.37 1.37
Ro 0.22 0.165 0.08
v 0.2 0.2 0.2
a 0.9 0.9 0.9
y -0.13 -0.13 -0.13
n 0.95 0.95 0.95
n 30 30 30
O 5.7 3.2 2.5
Sho 0.077 0.225 0.376
a (MPa) 10 10 21
B 1 1 1
X0 1 1 1
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Figure 4.20: Simulations for the stress paths and yield surfaces in natural GHBS
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Figure 4.21: Numerical modeling for the mechanical response of GHBS through the comparison

between experimental results obtained from Masui et al. (2008)

Fig. 4.20 reflects the development in stress paths and yield surfaces under various Sh. Fig.
4.21 displays the model predictions alongside experimental results for in-situ sandy HBS subjected
to triaxial shear tests. It shows a high level of agreement between the modeled and real stress-strain
and volumetric behavior. As Sh increases, the stress-strain curves progressively exhibit marked
strain-softening phenomena. In the first two sets of test groups with lower Sy, the predictions
closely match the experimental results; however, when Sy = 37.6%, the model predicts a lower
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softening rate after peak stress compared to the experimental findings. Concerning the volumetric
strain, when Sy = 22.5%, the model anticipates a greater amount of compression than observed in
the experiments; while Sy = 37.6%, the magnitude of predicted expansion is smaller than those
seen in the experimental results.
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Figure 4.22: The impact of parameter x on stress responses
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Figure 4.23: The impact of parameter . on volume change

Based on experimental data from Masui et al. (2008), we have validated our model through
simulations, achieving satisfactory predictive accuracy. To further verify the effectiveness of the
model parameters, considering the representativeness of the specimens, natural GHBS with Sy =
0.376. We aimed at maintaining consistency in other parameters, focusing adjustments only on

degradation rate parameter x and anisotropy factor a-. Fig. 4.22 illustrates the impact of parameter
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w1 on the stress-strain relationship; a lower x value implies slower degradation of the hydrate
structure, which enables the deviatoric stress to be sustained longer. Consequently, the stress-strain
curve reaches a higher peak, suggesting that the material can maintain its load-bearing capacity at
a larger axial strain. Conversely, a higher x value accelerates bonding degradation, leading to a
smaller stress peak and faster transition to post-peak softening, displaying a more brittle response.
Thus, parameter u plays a crucial role in predicting the degree of strain softening in GHBS. Fig.
4.23 explores the impact of o« on volume change. a- controls the degree of material anisotropy,
affecting its deformation behavior upon loading. A higher a value results in significant volumetric
expansion under axial strain, which indicates that shear-induced expansion dominates in highly
anisotropic materials. In contrast, a lower a- value results in slight volumetric strain, highlighting
the typical compaction response of isotropic or weakly anisotropic materials. Thus, a has a
decisive impact on the dilatancy of GHBS.

Yoneda et al. (2015b) conducted triaxial compression tests on natural GHBS retrieved from

the Nankai Trough. These core specimens originated from water depths ranging from 1265.6m to
1315.4m, with overburdens ranging from 266.9m to 316.7m, whose porosities were measured
between 40% to 50%. The stress-strain characteristics were analyzed through drained shear tests
considering various initial mean stresses and Sy. Detailed experimental conditions are provided in
Table 4.10. This study used the proposed elastoplastic constitutive model to simulate the observed
behavior, with model parameters outlined in Table 4.11.

Table 4.10: Detailed experimental conditions (Yoneda et al. (2015b))

Features NO.7 NO.8 NO.9

Host specimen type Natural core specimens drilled from eastern Nankai Trough (Silty
sand)

Water content 26.4% 23.3% 22.7%

Temperature 10°C

Pore pressure 13MPa

Effective confining 1.5MPa 1.6MPa 1.6MPa

pressure

Hydrate saturation 38% 70% 79%

Porosity 44.1% 39.6% 39.4%
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Test type CD test

Table 4.11: Numerical modelling parameters (Yoneda et al. (2015b))

Parameters NO.7 NO.8 NO.9
K 0.008 0.008 0.008
A 0.13 0.13 0.13
eo 0.789 0.656 0.65
pc (MPa) 12 12 12
M 1.37 1.37 1.37
Ro 0.09 0.04 0.06
v 0.3 0.3 0.3
a 15 1.5 15
y -0.13 -0.13 -0.13
n 0.95 0.95 0.95
n 45 10 27
Ol 0.25 0.35 0.35
Sho 0.38 0.7 0.79
a (MPa) 18 50 20
B 1.6 1.6 1.6
X0 1 1 1
P 1 3 3
& 17.8 17.8 17.8

stress g (MPa)

Deviatoric

ol =1.5/1.6.9=0)
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Figure 4.24: Simulations for the stress paths and yield surfaces in core specimens
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Figure 4.25: Numerical modeling for the mechanical response of GHBS through the comparison

between experimental results obtained from Yoneda et al. (2015b)

Fig. 4.24 illustrates the development in stress paths and yield surfaces in core specimens. Fig.
4.25 depicts the predicted and experimental stress-strain response of natural GHBS under triaxial
drained test. Overall, the model provides a reasonably good simulation match. Specifically, for
the specimens with Sy = 38%, both simulated and experimental results exhibit notable hardening
behavior. For the specimens with Sy = 70% and 79%, significant strain softening phenomena are
observed; especially for S, = 79%, the model predicts a more gradual softening phase compared
to the experimental outcomes. In terms of volumetric strain curves, when Sy = 38%, the model
exhibits slight expansion following initial compression after an increase in axial strain, whereas
experimental results indicate a slight rebound during the compression phase. When Sy = 79%, the
simulation demonstrates stronger dilatancy compared to the experimental findings.

4.4.4 Simulation for hydrate recovery using depressurization

After validating the effectiveness of the elastoplastic constitutive model for GHBS, it is
expected to use this model to simulate the deformation behavior of the HBS layer and the
dissociated characteristics of hydrates during depressurization exploitation. Fig. 4.26(a) presents
the numerical units and corresponding depressurization path, the depressurization process includes
the reduction of pore water pressure and the increase in mean effective stress during drilling
operations, which may lead to hydrate decomposition and the risk of reservoir collapse, which may
trigger hydrate dissociation and lead to reservoir collapse. To accurately assess the stability of the

hydrate layer, this layer can be segmented into multiple units for analysis, each subjected to
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varying effective mean stress. According to the phase equilibrium curve of methane hydrates that
has been mentioned in Section 1.1.4, this simulation maintains a constant temperature of 285K,
and the initial pore water pressure is set at 10 MPa, subsequently decreasing until 0 MPa. Hydrate
dissociation initiates when pore water pressure reaches the phase equilibrium boundary point (8.75
MPa). The initial effective confining stress is set as 3MPa, so the evolution of mean effective stress
ranges from 3 MPa to 13MPa throughout the recovery process, it is noted that the effect of capillary
pressure is not taken into consideration in this simulation.

The initial state of natural HBS in the simulation aligns with those of scenario drawn by Masui
et al. (2008), the specimen with the initial hydrate saturation of 37.6% is chosen, with the
corresponding model parameters exhibited in Table 4.9. The variation in hydrate concentration
and void ratio with respect to the mean effective stress is demonstrated in Fig. 4.26(b). Initially,
Sh remains stable, the volume change is only influenced by the consolidation pressure. Because of
the cementing effect provided by hydrates, structure stiffness is relatively greater and volume
reduction is less evident. However, hydrate dissociation appears as pore water pressure decreases
to the phase equilibrium boundary, which is quantified as a decline in Sy, gradually weakening the
cementation. This effect leads to decreased resistance to deformation and an increased extent of
volume reduction in the sediments. As Sn approaches zero, the volume reduction eventually tends

towards a nearly linear trend.
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Figure 4.26: Simulation for hydrate recovery using depressurization

Overall, the critical state elastoplastic constitutive model proposed in this study, based on the
HISS vyield surface theory, offers a more comprehensive characterization of natural GHBS
compared to conventional models such as the extended M-C model, D-P model, and modified D-
C model. This model effectively captures a wide range of sediment properties including strength,
stiffness, dilatancy, volumetric strain, the cementation effects of hydrates, bond degradation, and
the material's anisotropy. Consequently, it provides a robust framework for evaluating reservoir

stability during hydrate extraction under certain conditions.

4.5 Conclusions

This chapter introduces the modified CCM, which serves as the foundation for integrating the
HISS yield surface theory and sub-loading surface theory into the critical state framework. The
objective of this integration is to develop an elastoplastic constitutive model tailored for GHBS.
This model can describe the strength and stiffness enhancement provided by the cementing effects
of hydrates, and capture the volumetric yield of GHBS, as well as considering the features such as
bond degradation and cross-anisotropy effect. The model has been validated using experimental
data from both synthetic and in-situ specimens, with the findings summarized as follows:

(1) To accommodate different yielding conditions, this model builds upon the MCCM by
incorporating the HISS yield surface theory, three shape coefficients a, y, n are applied to meet
varied experimental conditions.

(2) To facilitate a seamless transition from elastic to elastoplastic behavior, sub-loading
coefficient R is introduced.

(3) A degradation factor y is also introduced to describe the concentration dissipation effect
of hydrates during shearing. Considering the cementing effect of hydrates and its contribution to
structural strength, the model adds a hardening parameter pq reflecting the strengthening in
addition to the existing pre-consolidation stress pc (hardening parameter) of the MCCM, and
quantifies hydrate contribution through the correlation between pq and Sh. Additionally, a
degradation factor is introduced to reflect the concentration dissipation effect of hydrates during

shearing.
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(4) Considering the reduced overall compressibility induced by hydrate filling the pores, a
stiffness coefficient £ is introduced to represent the stiffness enhancement provided by hydrates.
Moreover, the model simplifies the layered distribution of hydrates and their cross-anisotropic
properties, employing an anisotropy factor a. to describe variations in mechanical properties
between horizontal and vertical directions.

(5) The model demonstrates robust predictive capabilities in simulating the mechanical
responses of GHBS under triaxial drained conditions, which can effectively model the strength,
dilatancy, and strain softening phenomena associated with GHBS.

(6) Elastoplastic model is employed to simulate the process of hydrate exploitation using
depressurization, indicating that volume deformation is not evident initially due to the hydrate
contribution, hydrate decomposition occurs once pore water pressure is lower than the phase
equilibrium boundary, which provokes the deterioration in cementation effect, further reducing the
void ratio with a larger extent. After Sy decreases to 0, the curve related to the volume change tends

to be the normal consolidation line.

Conclusions



Chapter 5. Conclusions and perspectives

5.1 Conclusions

This work is dedicated to developing a constitutive model that can accurately replicate the
geo-mechanical behavior of GHBS and then employing numerical methods to assess the
mechanical performance under various environmental conditions. Initially, an extensive review of
the existing literature on the thermal-hydraulic-mechanical investigations of GHBS conducted in
laboratory settings was performed. It is expected to analyze the mechanical responses of host
sediments in the presence of hydrates as well as the evolution of their mechanical properties
concerning several factors (effective stress, temperature, sediment matrix, loading rate, and
porosity) via normalizing the data from the literature. Subsequently, the current state of
constitutive modeling for GHBS was reviewed. Models were categorized based on various
theoretical frameworks into five types: Mohr-Coulomb criterion-based model, Drucker-Prager
criterion-based model, Duncan-Chang model-based model, critical state model, and creep model.
The features, limitations, and potential research avenues for each model type were explored, while
also discussing the strength, stiffness, and degradation equations involved in the models. Finally,
by integrating data captured during the experimental research phase with the theoretical
foundations provided in the constitutive theory phase, a new elastoplastic constitutive model was
established within the framework of critical state theory, which accounts for volumetric
deformation and anisotropic properties and can adapt to different yield conditions. The reliability
of the model was validated through the comparison between numerical simulations and
experimental results. The main conclusions are driven as follows:

(1) Through the investigation of compressibility of GHBS, it can be found that the presence
of hydrates enhances the sediment's ability to resist deformation. Moreover, the comprehensive
analysis of the mechanical responses in GHBS according to the literature shows that at lower Sy,
GHBS exhibit the stress-strain response analogous to HFS, lacking distinct yield points, alongside

strain hardening and volumetric contraction. In contrast, GHBS display strain softening coupled
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with volumetric expansion at high Sn. The presence of hydrates provides a great improvement in
strength and dilatancy of sediments. The strengthening and dilatancy controlling in HFS and
GHBS in pore-filling morphology are governed by particle contact friction. For GHBS in load-
bearing type, the cementation strength is less than the shear stress. Conversely, those in cementing
type are determined by the cohesive force and tensile strength imparted by hydrates. Strength is
also dominated by hydrates for the grain-coating type, with cementation strength exceeding shear
stress, and the dilation trend hinges on the orientation of the shear plane.

(2) Factors such as S, hydrate dissociation ratio, o, T, sediment composition, ¢, and strain
rate have a certain influence on the mechanical properties of GHBS. c exhibits a dependency on
particle size concerning Sn, with increasing exponentially for the coarse-grained sediments while
linearly for the fine-grained sediments. ¢ is independent of Sy and determined by host sediment

type. v does not show a clear correlation with Sy, but y follows a power relationship w =a+b-(S,)¢,

with related parameters depending on the hydrate pore habit. The strength after hydrate
dissociation is proportional to the residual Sp and inversely to the dissociation rate. CO:
replacement displays the largest residual strength and stiffness compared to other dissociated
methods. o, curtails the evolution of fractures and augments inter-particle linkages within
sediments, thus enhancing the strength and stiffness of GHBS. v decreases parabolically with the
increase of o, indicating the reduced capability to lateral deformation of GHBS under substantial
confinement. Sediments exhibit higher peak strength and strain hardening at lower T, accompanied
by the transition from compaction to expansion. GHBS with larger particle size and well-graded
distribution contribute to greater deformation resistance. An earlier peak in cementation effect
appears and then strengthens GHBS when subjected to a higher strain rate. GHBS with lower
porosity restricts the volume deformation due to the enhancement in structural density.

(3) While models based on M-C and D-P criteria offer simplicity and nonlinear relationships,
respectively, they fail to capture the strain softening, and volumetric yielding comprehensively.
Nonlinear elastic models provide insights into stress-strain behavior but lack robustness in
simulating hydrate dissociation and deformation. CSM stands out for its ability to predict
volumetric yield and strain softening, though challenges persist in representing diverse yield
surfaces, anisotropic behaviors, and thermal effects.

(4) This study developed a critical state model for natural GHBS based on the HISS yield
theory and subloading surface theory. The model incorporates a hardening parameter pqto capture
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the strength enhancement contributed by hydrates within the pores and a degradation factor y to
account for the hydrate dissociation during shearing. Another hardening parameter pc is used to
describe the structural characteristics of the host sediment, and cross-anisotropy features displayed
in sediments are considered by introducing an anisotropic parameter. Additionally, the model
employs a subloading surface ratio R to depict the non-linear elastoplastic behavior of the material
before yielding. The developed model integrates the advantages of the critical state model that can
simulate the volumetric yielding and strain softening, it also can adapt to different yield conditions
and anisotropic characteristics. Numerical simulations building upon the existing triaxial test
conducted on GHBS were performed, and the predictive results obtained through modelling were
compared with experimental outcomes, which successfully demonstrate the model's effectiveness

in reflecting the mechanical properties of sediments under the presence of hydrates.

5.2 Perspectives

NGH, given the abundant reserves and high energy density, are increasingly recognized as a
promising clean energy source for the next generation. Before commercial exploitation, it is
imperative to examine the geo-mechanical behavior of GHBS comprehensively. Both laboratory
investigation and constitutive modeling are the approaches to achieve the recognition of their
behavior. Despite significant findings that have been made, numerous technical and theoretical
challenges persist. Future research should focus on the following key areas:

® Most laboratory tests assume that hydrates are uniformly distributed within the sediment,

with consistent hydrate content between the skeletal structures, which does not align with
the heterogeneous distribution found in natural settings. Techniques such as X-ray
imaging, nuclear magnetic resonance, and ultrasonic imaging can be utilized to gain real-
time insights into the distribution of hydrates. Additionally, advanced experimental
methods, such as using stratified sediment samples or microfluidic chips, can simulate
the heterogeneous distribution of NGH by controlling local scale variations.

® Most constitutive models for GHBS overlook the impact of thermal-induced phase

changes, which is a significant oversight given the high sensitivity of hydrates to
temperature variations. Future research should consider the energy required for hydrate

dissociation, changes in sediment structure, and subsequent mechanical responses. It is
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suggested that models be expanded to include the thermodynamics of phase changes,
energy balance equations, and the impact of latent heat on the sediment matrix.

® Existing constitutive models rarely consider the effects of pore fluids. The dynamics of
pore fluids not only determine the pore pressure but also significantly impact the
mechanical behavior of the host sediments due to interactions between the pore fluids
and the sediment matrix. This is particularly relevant in fine-grained sediments, where
small pore sizes and large surface areas may exhibit stronger capillary forces Therefore,
it is essential that future models address capillary pressure and pore size distribution,
focusing on the coupled effects of thermal, mechanical, and flow processes.

® Although this work has established an elastoplastic constitutive model that considers
anisotropy and can adapt to various yield conditions, its application has so far been
limited to theoretical and numerical calculations. To further validate the practicality of
the model, subsequent work should integrate this model into finite element programs to
simulate and assess the stability of hydrate reservoirs.

Perspectives
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