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by Maria De La Fuente Ruiz

This three-paper format thesis is divided into the following scientific topics; geomechan-

ical investigation of methane hydrate-bearing sediments (MHBS), fully coupled thermo-

hydro-mechanical (THM) modelling of their behaviour during hydrate dissociation and

prediction of hydrate saturation in pores inhibited by capillary pressure.

The occurrence of hydrates in pores increases the sediment strength, stiffness and di-

latancy and favours its mechanical stability. However, hydrate dissociation may com-

promise its structural integrity and cause failure. To assess the risk of occurrence of

hydrate-related geohazards or geotechnical issues it is imperative to ascertain the fac-

tors controlling the mechanical behaviour of gas hydrate reservoirs. The first part of

this thesis develops a new mechanical model for MHBS. The Hydrate-CASM model at-

tributes the stress-strain changes observed in MHBS to variations in the host sediment

available void ratio, isotropic yield stress and swelling line slope due to hydrate forma-

tion and dissociation. In particular, the model assumes that the decrease of the available

void ratio of the host sediment during hydrate formation stiffens its structure and has a

similar mechanical effect that the increase of the sediment density. The Hydrate-CASM

model is successfully applied to published experimental tests that cover a wide range of

hydrate saturation, several hydrate morphologies and confinement stress. The results

capture the main features observed in the mechanical behaviour of synthetic MHBS and

provide novel insights into understanding the role of hydrate saturation at governing the

mechanical properties of the sediment.

MHBS are characterized by highly interdependent physical processes, including mechan-

ical deformation, fluid flow, thermal flow and phase change reactions. Reliable simula-

tions of their behaviour require efficient mathematical models capable of capturing the

aforementioned interdependencies in a coupled manner. The second part of this thesis

develops a fully coupled THM formulation for hydrate-bearing geological environments.

The formulation extends the governing equations of energy and mass conservation of the

3D finite element simulator Code Bright and incorporates the Hydrate-CASM model, as
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well as additional constitutive equations and equilibrium constrains required to describe

the fundamental physical phenomena governing the behaviour of MHBS. The extended

version of Code Bright offers a new open-source numerical tool to better understand

the response of gas hydrate reservoirs to mechanical and thermal loading. The model

capabilities are validated against the numerical solution of the second benchmark prob-

lem described in the first NETL-USGS international gas hydrate code comparison study

and published experimental data from hydrate dissociation tests performed under triax-

ial shear. The results show that the formulation captures the dominant mass and heat

transfer phenomena and the main mechanical features observed on synthetic MHBS

during hydrate dissociation.

Accurate estimations of hydrate saturation in sediments are crucial in the simulation of

gas hydrate reservoirs. Hydrate saturation controls the mechanic and hydraulic proper-

ties of the porous medium and determines the resource potential of the reservoir. The

third part of this thesis explores the effects of the capillary pressure at the hydrate-liquid

interface in inhibiting hydrate thermodynamic stability and controlling its saturation.

To do so, a new equilibrium model for hydrate formation in pores is developed. The

model combines a new expression of the Clausius-Clapeyron equation for the methane-

water system with the van Genuchten’s capillary pressure to relate the thermodynamic

properties of the system with the host sediment pore-size distribution and the hydrate

saturation. The model is applied to simulate hydrate formation in sand, silt and clays

under equilibrium conditions and without mass transfer limitations, so that capillary

pressure at the hydrate-liquid interface is the only factor controlling the resulting hy-

drate saturation. The simulations show that for typical thermodynamic conditions found

in the seabed, capillary effects in fine-grained sediments may limit the maximum hydrate

saturation to about 50%.
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De La Fuente, M.; Vaunat, J.; Maŕın-Moreno, H. (2016). A Composite Mechani-

cal Model for Methane Hydrate Bearing Sediments, ICEGT 29-31 August 2016, Kiel,

Germany.

European Geoscience Union General Assembly 2016
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xxi



Acknowledgements
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Chapter 1

Introduction

Put a match to this sea ice and it doesn’t just melt, it ignites

-Martha Henriques (BBC journalist)

This chapter provides the background and motivations behind this thesis and its di-

vided into six sections. Section 1.1 defines the fundamental core of this research and

lists the aims of the thesis. Sections 1.2 and 1.3 introduce the general topic of study

and summarize the fundamentals of the current understanding of marine gas hydrates.

Sections 1.4 and 1.5 describe the current state of numerical modelling of the thermo-

hydro-mechanical behaviour of methane hydrate-bearing sediments and highlight the

key role of geomechanics. To conclude, section 1.6 summarizes the content of each of

the chapters presented in this thesis.

1.1 Rationale and aims

Fundamental understanding of the thermo-hydro-mechanical (THM) behaviour of methane

hydrate-bearing sediments (MHBS) is key in many engineering and environmental ar-

eas, including safe production of natural gas (i.e., well-bore stability and flow assurance

assessment in exploitation scenarios), geohazard risk assessment and prevention of ocean

water acidification or global warming increase. However, the experimental study of the

behaviour of MHBS is hindered by the thermodynamic stability of methane hydrate. Hy-

drate dissociation and the mechanical stability of the host sediment are highly susceptible

to pressure and temperature changes induced during core recovery. Such susceptibility

limits the sampling and testing of natural MHBS unless pressure-coring technology is

used. Controlled laboratory experiments on synthetic MHBS offer an alternative to gain

insights into the THM behaviour of these sediments. Although, laboratory synthesis has

its own challenges and the resulting specimens are not always representative of what is

found in nature.
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Over the past 15 years, numerical modelling of MHBS have been prompted as a vi-

able tool to improve the understanding of the physical processes that govern the THM

behaviour of these sediments. Nowadays, numerical models are standard tools within

the research community and industry, to study and simulate alternative gas production

methods and evaluate the geotechnical risks associated with hydrate dissociation. The

accuracy of their results is, however, dependent on several factors including the strategy

employed to tackle the mechanical behaviour of the sediment. Current numerical models

for MHBS have generally disregarded the mechanical behaviour of these sediments or

considered it with simple approaches. Thus, recent modelling efforts focus on developing

suitable mechanical constitutive laws for MHBS.

Mechanical constitutive modelling of MHBS within a THM framework is one of the most

challenging aspects in the numerical modelling of these sediments and builds the core

of the scientific topics developed in this thesis. Current international efforts, such as

the Second International Gas Hydrate Code Comparison Study (IGHCCS2), focus on

advancing and verifying the capabilities of notable simulators for MHBS at modelling

gas production scenarios considering geomechanics. To contribute on such an active

research field, this thesis aims to:

• Identify and decrease the uncertainty of the factors governing the mechanical be-

haviour of MHBS.

• Develop and validate a mechanical constitutive model for MHBS particularly suit-

able for sand, the most likely initial target for commercial exploitation of hydrates.

• Develop and implement a fully-coupled THM formulation for MHBS capable of

capturing hydrate dissociation-induced deformation.

• Examine the effect of sediment pore size distribution in inhibiting hydrate stability

and controlling its saturation in natural sediments.

1.2 Background

Gas hydrates are naturally occurring crystalline compounds comprised by low molecular

weight gases in excess of saturation, typically methane (Collett, 2001; Xu and Ruppel,

1999), encaged in a lattice of hydrogen-bonded water molecules (Figure 1.1) (Sloan,

1998). Their first discovery goes back to 1810, with the pioneering synthesis of chlorine

hydrate by Sir Humphrey Davy (Davy, 1811). In the 1930s gas hydrates were observed

to form spontaneously within natural gas pipelines in permafrost regions (Hammer-

schmidt, 1934). The recognition of their potential to block gas transmission lines, led

the hydrocarbon industry to invest in gas hydrate research. In the late 1960s, Russian

scientists inferred the occurrence of gas hydrates in nature (Vasilév et al., 1970), but
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it was not until after a series of deep-ocean scientific drilling expeditions in the late

1970s and early 1980s that their abundance in the natural environment was widely rec-

ognized (e.g., Kvenvolden, 1993; Shipley and Didyk, 1982). Recent seismic surveys and

well-logging campaigns have allowed to identify and characterize in detail different gas

hydrate reservoirs as well as evaluate its resource potential (e.g., Hyndman et al., 2001;

Lu et al., 2007; Riedel et al., 2006; Suess et al., 2001).

Figure 1.1: Typical chemical structure of a gas hydrate molecule. Modified from
Maslin et al. (2010).

The thermodynamic stability of gas hydrate in nature is mainly governed by the in situ

pressure-temperature conditions, gas composition and pore water salinity. Among which,

the pressure-temperature control (gas hydrate can only exist under conditions of high

to moderate pressure and low temperature) constrain their occurrence to continental

margins, deep marine environments and permafrost regions (Collett, 2001; Kvenvolden

and Lorenson, 2001) (Figure 1.2). Gas hydrate distribution within a geologic formation

is, however, influenced by other factors such as water chemistry, gas migration (Hyn-

dman and Davis, 1992; Minshull et al., 1994) and the sediment porosity, permeability

and lithological structure (e.g., Brewer et al., 1997; Clennell et al., 1999; Collett, 1993;

Kraemer et al., 2000).

Figure 1.2: Map showing locations where gas hydrate has been recovered (black dots)
or inferred from seismic data (red dots). Modified from Ruppel (2018).
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Methane hydrate (MH), CH4nhH2O, is the most common naturally occurring gas hy-

drate in nature, which makes up ∼ 80% of the total inventory (Kvenvolden, 1993), and

represents a promising alternative energy source to conventional fossil fuels (Grozic,

2010; Ruppel, 2018). This compound traps between 1.800 - 12.400 gigatons of carbon

(GtC) with an estimate of 150 GtC of global recoverable volume (Boswell and Collett,

2011). It is estimated that such volume of methane could meet the increasing energy de-

mand of methane consumption in the coming decades (Krey et al., 2009; Muradov, 2013;

Smith, 2011). In addition, it could also bring energy self-sufficiency to countries that

lack conventional reserves but have methane hydrate accumulations within their exclu-

sive economic zones (e.g., Japan, India, and South Korea) (Birchwood et al., 2010). The

energy potential of methane hydrates is majorly due to its energy density (i.e., volume of

CH4 at standard temperature and pressure conditions per volume of sediment), which

is 10 and 2-5 times greater than that of coal bed methane and conventional natural gas,

respectively (Englezos and Lee, 2005). However, methane has never been produced on a

commercial scale due to the geomechanical complexity associated with the hydrate dis-

sociation phenomenon. To date, only a few short-term trials of gas production from gas

hydrate reservoirs have been reported (Boswell et al., 2017; Grozic, 2010; Uchida et al.,

2016a), where significant wellbore deformation and sand migration was encountered.

Methane hydrate dissociation poses a major risk for offshore drilling and gas production

operations (Nimblett et al., 2005), global climate change (Archer, 2007; Dickens et al.,

1995; Minshull et al., 2016; Ruppel and Pohlman, 2008), ocean water acidification (Luo

and Boudreau, 2016; Yamamoto et al., 2014a) and seafloor instability (Sultan et al.,

2004) (Figure 1.3).

Figure 1.3: Conceptual cartoon (not to scale) of potential hydrate-related geotechnical
and environmental issues.
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Offshore oil and gas industry have reported several cases of hydrate-induced borehole

instability, gas blowouts and seafloor subsidence while producing deeper conventional

hydrocarbon targets (e.g., Hovland and Gudmestad, 2001; Nagel, 2001). Additionally,

large underwater landslides along continental margins have been inferred from the weak-

ening of MHBS during natural dissociation of hydrates (e.g., Booth et al., 1994; Paull

et al., 2007; Pecher et al., 2005).

The thermodynamic stability of methane hydrate is limited to the range of high-pressure

and low-temperature located above the methane hydrate phase boundary (solid black

line in Figure 1.4), which location in the pressure-temperature space may vary according

to the physical properties of the hosting sediment and the salinity of the medium.

Figure 1.4: Pressure-temperature conditions for methane hydrate equilibrium in bulk
conditions (no sediment) predicted at different salinity (S) using the empirical solution

presented by Tishchenko et al. (2005).

The methane hydrate phase boundary separates the gas hydrate stability zone (GHSZ,

shaded area in Figure 1.4) from a free gas phase zone situated below it (FGZ, white area

in Figure 1.4) (Hillman et al., 2017; Plaza-Faverola et al., 2012). Hydrate dissociation

occurs when the pressure-temperature conditions of the reservoir are shifted outside

of the GHSZ. During dissociation hydrate breaks down into its forming components

(Eq. 1.1), releasing gas and water and altering the mechanical, thermal and hydraulic

properties of the sediment.

(CH4nhH2O)solid⇐⇒ (CH4)gas + nh(H2O)liquid (1.1)

Where the hydration number (nh) describes the number of water molecules per unit

cell and varies between 5.99 and 5.99 (+/-0.07) according with the temperature and

pressure at which the hydrate is formed (Circone et al., 2005). The bi-directionality of

the equation (⇐⇒) indicates the reversibility of the reaction.
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Hydrate dissociation can occur naturally as part of geological processes (e.g., drop of the

sea level or ocean warming) (e.g., Biastoch et al., 2011; Garg et al., 2008; Riboulot et al.,

2016), induced during petroleum drilling/production operations (Nimblett et al., 2005)

or intentionally during hydrate-sourced methane exploitation (Collett et al., 2009). The

release of water and gas and the loss of the solid hydrate phase during this phenomenon

significantly alter the properties of the reservoir (Hyodo et al., 2013; Soga et al., 2006;

Song et al., 2016; Sultan et al., 2004; Yoneda et al., 2018) and may compromise its

mechanical stability.

1.3 Exploration of marine gas hydrates

Marine sediments, including shallow continental margins, slopes, and deep waters, host

nearly 99% of the world’s gas hydrate (Milkov, 2004; Ruppel, 2018). The pressure-

temperature conditions for hydrate occurrence in marine environments at mid-latitudes

are schematically represented in Figure 1.5.

Figure 1.5: (a) Conceptual cartoon of the pressure-temperature conditions for hy-
drate stability in marine environments at mid-latitudes and normal seawater salinity.
Intersections of the temperature profile (black dashed line) with the methane hydrate
phase boundary (black solid line) define the limits of the GHSZ. (b) Inferred thickness
of GHSZ at a schematic continental margin assuming a typical geothermal gradient of
28°C km−1. Typical bottom water temperatures are shown. Modified from Bohrmann

and Torres (2006).

The first 2 km of the black dashed line show a typical temperature profile through the

water column in the Atlantic Ocean. Within the thermocline (i.e., layer of water near

the sea surface where temperature changes more rapidly with depth than it does in the

layers below), the temperature is too warm and pressure too low for hydrate to be stable.

Below it, the temperature profile changes its gradient and intersects the hydrate phase

boundary at the upper limit of the GHSZ (∼ 450 m water depth). If water temperatures

are colder, as it happens in the Arctic Ocean, this limit becomes shallower and hydrate
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can form at 250 - 300 m water depth (Buffett and Archer, 2004). The local geothermal

gradient in marine settings determines the temperature profile below the sea-floor (black

dashed line within the sediment sequence in Figure 1.5). As the temperature in the

sediments increases with depth, this eventually meets the phase boundary and defines

the base of the GHSZ, beneath which hydrate is no longer stable. Other factors like gas

composition, salt content of the pore water and pore-size distribution of the sediment

may also influence the precise location of the GHSZ boundaries (Ruppel, 2018).

Although the pressure-temperature conditions in most of the ocean floor lie within the

GHSZ, the occurrence of methane hydrate is limited to the Gas Hydrate Occurrence

Zone (GHOZ), where gas availability is enough to ensure dissolved methane concentra-

tions in pore water at or above saturation value (Sloan and Koh, 2007). Methane supply

in marine environments usually comes from a variable mixtures of biotic (i.e., methane

formed by microbial degradation and thermogenic decomposition of sedimentary or-

ganic matter) and abiotic methane (i.e., methane formed during the high-temperature

serpentinization of ultramafic rocks). The availability of microbial methane is mainly

controlled by the amount of metabolizable organic carbon and can vary due to its re-

action rate and burial preservation (Malinverno, 2010; Pohlman et al., 2009; Wallmann

et al., 2006). Thermogenic methane (e.g., Gulf of Mexico in Figure 1.2) is related to the

long-term history of the basin and require adequate migration pathways to reach the

GHSZ (Milkov, 2005). Finally, abiotic methane, which has been recently recognized as

an additional sub-seafloor methane source, is restricted to slow to ultraslow-spreading

mid-ocean ridge environments (Cannat et al., 2010; Proskurowski et al., 2008).

The occurrence and lateral continuity of methane hydrates in marine sediments have

been commonly inferred from seismic data by the identification of “bottom-simulating-

reflectors” (BSRs) (e.g., Andreassen et al., 1995; Shipley and Didyk, 1982). This reflec-

tors parallel the seafloor and have a negative acoustic impedance contrast between the

base of the GHSZ and the FGZ (Figure 1.6) (Holbrook et al., 1996; Paull et al., 1996).

The occurrence of BSRs is key to identify free gas in the sediment, however, theoretical

models (Xu and Ruppel, 1999), synthetic studies (Wood and Ruppel, 2000) and in-situ

drilling surveys (Mathews and von Huene, 1985) have proved that methane hydrate also

occurs in sediments without BSRs being identified.

Sophisticated geological and geophysical exploration techniques are employed nowadays

in combination with seismic data to ensure the occurrence of methane hydrate and

characterize its nature within the sediment (Boswell and Saeki, 2010; Tsuji et al., 2009).

Controlled source electromagnetics (CSEM) and quantitative seismic data analysis are

employed to estimate in-situ hydrate saturation (e.g., Fohrmann and Pecher, 2012; Hsu

et al., 2014; Lee and Collett, 2006; Schwalenberg et al., 2010; Weitemeyer et al., 2006).

These techniques use the increase in electrical resistivity and P wave velocity relative to

those parameters from the hydrate-free sediment to estimate hydrate saturation within

the sediment (e.g., Hsu et al., 2014; Lee and Collett, 2006; Schwalenberg et al., 2010;

7
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Figure 1.6: (a) Seismic image acquired by the U.S. Geological Survey on the U.S.
Atlantic margin about 300 kilometres offshore Delaware in 2014. (b) Conceptual seis-
mic velocity model showing the strong contrast of velocity across the BSR. Sediments
shallower than the BSR are likely to host hydrate, while sediments deeper than the

BSR contain gas bubbles in the pore space. Modified from Ruppel (2018).

Weitemeyer et al., 2006). Alternatively, P and S wave attenuation can be used as

an indirect geophysical parameter to estimate hydrate saturation (Best et al., 2013;

Guerin and Goldberg, 2002; Priest et al., 2006), especially in reservoirs where hydrate

grows in the pore space away from grain contacts, and therefore traditional P and S

wave velocity methods are not effective (Maŕın-Moreno et al., 2017). However, these

techniques are based on either elastic properties or electrical resistivity of the medium

and may yield uncertain values of hydrate saturation due to their high dependence on

empirical correlations (e.g., Ecker et al., 2000; Malinverno et al., 2006). Geophysical

well-logging tools are also used to infer the presence of methane hydrate (e.g., Lu et al.,

2008a). In addition, infrared scanners allow detecting cold spots in recovered cores,

which can be related to the endothermic nature of the dissociation phenomenon.

1.3.1 MHBS: Pore-scale approach

The study of recovered MHBS from marine environments indicates that hydrate spatial

distribution within the sediment and its pore-scale morphology are highly variable and

mainly controlled by the physical properties of the host sediment (Boswell, 2011). Natu-

ral methane hydrate commonly exist in two main morphologies according to the spatial

distribution of the hydrate crystals within the sediment pore space (Holland et al., 2008).

Grain displacing hydrate physically moves apart the sediment grains, forming solid hy-

drate volumes larger than the original sediment pore size (e.g., hydrate veins, layers,

and lenses generally found in fine-grained sediments). In contrast, non-grain displacing
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hydrate grows freely inside the intact structure of sediment pores and are mostly ob-

served in coarse-grained silty to sandy layers. Within the non-grain displacing hydrates,

several morphologies can be differentiated according to the hydrate-grain interaction at

the pore-scale (Figure 1.7).

Figure 1.7: Pore-scale morphologies of methane hydrate in sediments. The distinction
here results from the recent identification that hydrate does not cement the particles
mechanically, but alters their kinematic response to shearing. Note that a bound water
film of up to several micron thicknesses remains at grain surface and in particular near
intergranular contact points (Chaouachi et al., 2015). Modified from Pinkert and Grozic

(2014).

Pore-filling or disseminated hydrate grows freely in the pore space away from grain

contacts affecting the pore fluid bulk stiffness and the sediment conduction properties

(Ecker and Nur, 1998; Helgerud et al., 1999). Load-bearing hydrate bridges neighbour-

ing mineral grains reducing the sediment permeability and its water storage capacity

(Santamarina et al., 2015) and are assumed to contribute to the bearing capacity of the

sediment. Among load-bearing hydrates, frame-supporting and grain contact hydrates

can be differentiated according to the hydrate nucleation point. Frame-supporting hy-

drate results from the transition of a pore-filling morphology when the increase in hydrate

saturation (above 25 - 40%) allows the contact between grains (e.g., Lee and Waite, 2008;

Sahoo et al., 2018b; Yun et al., 2007). Instead, grain contact hydrate, which has been

commonly described as cementing hydrate (Helgerud et al., 1999), directly nucleates be-

tween the grain contacts and bridges the host sediment structure even at low saturation

values.

Marine methane hydrate have been observed widely distributed in coarse-grained sedi-

ments, disseminated as nodules within fine-grained sediments, filling fractures in clayey

materials and forming massive sea-floor units with minor amounts of sediment. However,

most of field expeditions, e.g., Eastern Nankai Trough, (Konno et al., 2015; Priest et al.,

2015; Santamarina et al., 2015), Ulleung Basin - East Sea of Korea (Lee et al., 2013;

Yun et al., 2011), Okushiri Ridge - Japan Sea (Tamaki et al., 1990) and the Alaminos

Canyon - Gulf of Mexico (Boswell et al., 2009), indicate that major accumulations of
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methane hydrate in marine environments occur as pore-filling hydrate within sand-rich

reservoirs. As such, pore-filling hydrate-bearing sand account for a significant proportion

of the global marine gas hydrate reservoir and represent the most likely initial target for

commercial exploitation (Beaudoin et al., 2014; Boswell and Collett, 2011; Zhao et al.,

2015).

1.4 Geomechanics of MHBS

From a soil mechanics perspective, the occurrence of methane hydrate in pores has a

significant impact on the mechanical behaviour of the host sediment. Over the last

decades, the mechanical properties of MHBS have been extensively studied at labora-

tory and field scale, using both destructive (e.g., core recovery) and non destructive

(e.g., seismic prospecting and in-situ testing) techniques. These studies determined that

hydrate favours the sediment to behave as a denser, bonded or cemented sediment,

exhibiting greater stiffness, strength, and dilatancy with respect to those of the same

sediment without hydrate (Soga et al., 2006; Waite et al., 2009) (Figure 1.8).

Figure 1.8: Qualitative effect of hydrate saturation in the mechanical behaviour of a
sediment subjected to drained triaxial shear. Modified from Uchida (2012).

The mechanical properties of MHBS are highly dependent on factors such as hydrate

saturation and morphology, the physical properties of the mineral grains (e.g., specific

surface area and particle shape), the host sediment structure and its own mechanical

behaviour. The assessment of these factors in natural sediments is, however, challeng-

ing and require accurate in-situ measurements. Pressure-coring technology has been

designed to collect MHBS while preserving the in-situ pressure-temperature conditions.

Using this technology the samples never exit the hydrate stability conditions and hydrate

dissociation and sediment destructurization are prevented (e.g., Beaudoin et al., 2014;

Schultheiss et al., 2009; Suzuki et al., 2008; Winters et al., 2004). The acquired pressur-

ized samples can be used to obtain complex and representative measurements and obser-

vations of the MHBS, such as undisturbed triaxial tests or X-ray imaging, which provide

critical information to comprehend their mechanical behaviour (Yamamoto, 2016). How-

ever, the expensive cost of the pressure-coring technology has limited its use and has
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promoted the synthesis of MHBS in the laboratory to further investigate the mechanical

behaviour of these sediments.

Methane hydrate can be synthesized in the laboratory employing several methods; (i)

partial water saturation method or “excess gas method”, (ii) gas-saturated method or

“excess water method” and (iii) “ice-seeding formation method” (Lee, 2007; Priest, 2005;

Waite et al., 2004). Controlled laboratory experiments employing synthetic methane

hydrate allow exploring a wide range of hydrate saturation and morphologies for differ-

ent sediment types under multiple pressure-temperature combinations. Most published

studies used the “excess gas” (e.g., Helgerud et al., 1999; Hyodo et al., 2013; Miyazaki

et al., 2011a; Priest, 2005; Seol and Kneafsey, 2009; Waite et al., 2004) or “ice-seeding”

methods (e.g., Circone et al., 2004; Masui et al., 2005; Stern et al., 2004) because they

ensure a relatively fast formation of hydrates. However, using these methods hydrate

preferentially nucleates at water-grain interfaces and eventually coats the grains sur-

face, which differs from the pore filling morphology typically found in natural sand-rich

sediments (Dai et al., 2012; Dallimore and Collett, 2005; Pinkert, 2016; Ta et al., 2015).

1.4.1 Elastic wave properties: small-strain stiffness

Compressional P -waves and shear S -waves are extensively used for mapping hydrate

occurrences and estimate its saturation (Waite et al., 2009). P and S wave velocities

are controlled by the bulk density and the small-strain dynamic bulk modulus of the

sediment (K) or its shear modulus (G), respectively. In natural MHBS, K is controlled

by both grains and pore fluid properties, while G is governed by the shear stiffness of the

granular skeleton. Thus, changes in S -wave velocity can be reasonably used as a direct

indication of the effect of hydrate saturation and morphology on small-strain stiffness

of MHBS (e.g., Clayton et al., 2005, 2010; Priest, 2005; Priest et al., 2009; Sahoo et al.,

2018b; Santamarina and Ruppel, 2008; Yun et al., 2011).

Figure 1.9 shows the effect of hydrate saturation on small strain shear stiffness for

different hydrate morphologies (Clayton et al., 2010). For grain contact hydrate, the

rate of increase in the shear stiffness with small hydrate saturation (Sh < 10%) is

greater than that of the pore filling case. This feature is due to the capacity of the grain

contact morphology at connecting the granular skeleton of the host sediment even at low

hydrate saturations. However, for cases with Sh > 10%, both specimens show a similar

linear increase of the shear stiffness with hydrate saturation.
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Figure 1.9: Effect of hydrate saturation and morphology on the small-strain stiffness
of synthetic MHBS. Modified from Clayton et al. (2010).

1.4.2 Geotechnical testing: intermediate and large-strain

The mechanical properties of MHBS at intermediate to large-strain scale have been

mainly studied through triaxial and plane strain compression tests (e.g., Hyodo et al.,

2013, 2017; Kato et al., 2016; Li et al., 2011; Masui et al., 2005, 2006; Miyazaki et al.,

2011a; Winters et al., 2005). These tests have been mostly performed under constant

hydrate saturation in both natural and synthetic MHBS using apparatus equipped with

a high-pressure cell inside a freezer. The experimental results demonstrate that hydrate

occurrence increases the sediment strength, dilation and stiffness. They also show that

the degree of their increase is highly dependent on hydrate saturation, confining effec-

tive stress, host sediment physical properties (e.g., sediment density, particle size and

structure) and strain rate.

Recent experimental efforts have focused on examine the effect of hydrate dissociation

in the mechanical properties of synthetic MHBS. The experimental data show that the

sediment tend to weaken during hydrate dissociation (e.g., Hyodo et al., 2013; Li et al.,

2018; Madhusudhan et al., 2018; Masui et al., 2007; Sultaniya et al., 2018) and that

undergoes drastic changes in its porosity, permeability and stress state (e.g., Santamarina

et al., 2015; Yoneda et al., 2018).

1.4.2.1 Influence of hydrate saturation

The results from the several drained triaxial shear tests performed by Masui et al. (2006)

on natural MHBS with different hydrate saturations show that the increase in the peak

strength, stiffness and strain-softening response of the sediment increase with hydrate
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saturation (Figure 1.10a). Dilatancy enhancement with hydrate saturation is also seen

by the increase in volumetric strain (negative denotes dilation) (Figure 1.10b).

Figure 1.10: (a) Deviatoric stress-axial strain and (b) volumetric strain-axial strain
relationships for natural hydrate-bearing sand with different hydrate saturation sub-

jected to triaxial shear. Modified from Masui et al. (2006).

1.4.2.2 Influence of confining effective stress

Figure 1.11 shows the deviatoric stress-axial strain relationships and the peak deviatoric

stress for Toyoura sand specimens with hydrate saturation of approximately 41−45%

that are subjected to drained triaxial shear under different confining effective stress

(Miyazaki et al., 2011a).

Figure 1.11: Effect of confining effective stress (0.5, 1, 2, and 3 MPa) on (a) the devi-
atoric stress-axial strain relationship and (b) peak strength of Toyoura sand specimens
with hydrate saturation of approximately 41-45% subjected to triaxial shear. Modified

from Miyazaki et al. (2011a).
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For a given hydrate saturation, the peak strength of the sediment show a clear depen-

dency on the confining effective stress. As in the case of other geomaterials, the higher

the confining effective stress, the greater the strength, stiffness, dilatancy and ductile

behaviour observed in MHBS.

1.4.2.3 Influence of host sediment density and particle size

The sediment density and its particle size control the sediment interactions at a particle

level and influence its mechanical behaviour at macroscale (Cho et al., 2006). Hyodo

et al. (2017) performed a series of triaxial tests to investigate the influence of the sediment

density and fines content on its mechanical properties. Figure 1.12 shows the deviatoric

stress-axial strain relationships and volumetric behaviour of host sediments with different

densities (reached at different tamping energies) and those for the corresponding hydrate-

bearing specimens with Sh ≈ 63%. The experimental data evidence that the decrease

in the host sediment void ratio and so the increase of its density enhances the peak

strength and stiffness of both host and hydrate-bearing sediments. Besides, sediment

densification attenuates the contracting behaviour of the host sediment and increases

the dilatant response of the sediment with hydrate.

Figure 1.12: (a) Deviatoric stress-axial strain and (b) volumetric strain-axial strain
relationships for host sediments with different initial densities and the corresponding

MHBS with Sh ≈ 63%. Modified from Hyodo et al. (2017).

Miyazaki et al. (2011a) studied the triaxial compressive properties of sand specimens

with different particle sizes (Toyoura, No.7 silica and No.8 silica sand) with and without

hydrate. As shown in the cumulative frequency curves (Figure 1.13a), Toyoura sand

specimen presents the coarsest particles while No.8 silica sand specimen present the

maximum fines content. After shearing (1.13b), both the host sediments and MHBS

specimens show a common trend in their behaviour. The experimental data evidence

that the coarsest sand (i.e., Toyoura sand) show the greatest stiffness and deviatoric
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stress among the specimens analyzed, so that these properties seem to be proportional

to the sediment particle size.

Figure 1.13: (a) Cumulative frequency curves of particle size for Toyoura, No. 7
silica and No. 8 silica sand specimens without hydrate. (b) Deviatoric stress-axial
strain relationship for each sand specimen with (Sh= 48−49%) and without hydrate
(Sh= 0%) subjected to triaxial shear under confining effective stress of 1 MPa. Modified

from Miyazaki et al. (2011a).

1.4.2.4 Influence of strain rate

Miyazaki et al. (2011b) investigated the time-dependent behaviour of synthetic MHBS

subjected to triaxial shear. The experimental results (Figure 1.14) show that the stress-

strain curve of the host sediment varies very little with changes in the strain rate.

However, the behaviour of MHBS (Sh= 41-43%) appears to vary significantly with the

strain rate, so that the higher the strain rate the greater the sediment strength is.

Figure 1.14: Deviatoric stress-axial strain relationship for the host sediment and the
MHBS with Sh= 41-43% subjected to triaxial shear at different strain-rate. Modified

from Miyazaki et al. (2011b).
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1.4.2.5 Influence of hydrate dissociation

Hydrate dissociation has a significant impact on the mechanical (e.g., strength, stiff-

ness, volumetric behaviour) and hydraulic (e.g., retention curve, hydraulic conductivity)

properties of the sediment and can compromise its mechanical stability (e.g., Hovland

and Gudmestad, 2001; Nagel, 2001). Similarly to the well-known phenomenon of thaw

settlement during melting of frozen ground (e.g., Nelson et al., 2001; Pullman et al.,

2007), hydrate dissociation is expected to destabilize the seafloor and cause damage to

preexisting infrastructures (Beaudoin et al., 2014; Lee et al., 2010; Maslin et al., 2010).

Over the last decade, a few experimental tests involving depressurization and thermal

stimulation have been conducted to investigate the mechanical behaviour of MHBS dur-

ing hydrate dissociation (e.g., Hyodo et al., 2014a; Lee et al., 2010; Li et al., 2018;

Santamarina et al., 2015). Santamarina et al. (2015) studied the effect of hydrate disso-

ciation on the behaviour of natural MHBS under oedometric conditions. In this study,

two pressurized cores were subjected to oedometric loading before and after hydrate dis-

sociation was induced under constant effective stress. Figure 1.15 shows the evolution

of the void ratio of both cores during the complete loading history.

Figure 1.15: Void ratio evolution during oedometric loading of the natural MHBS
specimens (a) Core 10P and (b) 8P subjected to hydrate dissociation under constant

effective stress. Modified from Santamarina et al. (2015).

Significant volumetric compaction is observed in Core 10P (Figure 1.15a) due to mi-

gration of fines through the gaps around the specimen’s porous stone. This behaviour

is not observed in Core 8P because of the stone through which the core was vented

had a sealed perimeter that prevented particle migration. This behaviour points out

the mechanism of grain detachment that can take place during the exploitation of gas

hydrate reservoirs (Uchida et al., 2016a). The flow of solids within the sediment domain
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enhances gas production and contributes to increasing the permeability of the reservoir.

However, this mechanism may also compromise the well-bore stability due to mechanical

stress reduction in the well vicinities and cease its productivity due to well clogging.

Hyodo et al. (2014a) conducted a series of triaxial compression tests during which hy-

drate dissociation was induced at different axial strains by either depressurization and

thermal stimulation. This study concludes that in the case of isotropic consolidation

and dissociating the specimen by thermal recovery, the failure strength of MHBS af-

ter dissociation is less than that of the host sand. However, their initial stiffness and

volumetric strain are higher than that of the host. It also shows that MHBS failure

may occur when the axial load is higher than the failure strength of the sediment after

dissociation and that the larger the reduction of pore pressure during depressurization,

the larger axial and volumetric strain is induced in the sediment.

1.5 Numerical modelling of MHBS

MHBS are characterized by highly interdependent physical processes, including mechan-

ical deformation, fluid flow, thermal flow and phase change reactions. Reliable simula-

tions of their behaviour require efficient mathematical models capable of capturing the

aforementioned interdependencies in a coupled manner. Numerical models for MHBS

need to account for the heat and mass balance equations of each component of the

system as well as for the constitutive equations and equilibrium constraints that allow

describing the fundamental physical phenomena governing the behaviour of MHBS.

The initial modelling of gas hydrate reservoirs focused on evaluating the productivity

of methane extraction from in-situ sediments. As a result, numerous fluid-flow models

were developed (Table 1.1).

Table 1.1: Notable numerical models for MHBS

Model Formulation scope

TOUGH-HYDRATE (Moridis, 2003) Thermo-Hydraulic
MH21-HYDRES (Masuda et al., 2002) Thermo-Hydraulic
HydrateResSim (Moridis et al., 2005) Thermo-Hydraulic
STOMP-HYD (White and Oostrom, 2006) Thermo-Hydraulic
CMG−STARS (CMGSTARS, 2007) Thermo-Hydro-Mechanic
TOUGH-HYDRATE & FLAC (Rutqvist and Moridis, 2008) Thermo-Hydro-Mechanic
(Klar et al., 2010) Thermo-Hydraulic
(Kimoto et al., 2010) Thermo-Hydro-Mechanic

These models improved considerably the understanding of the thermo-hydraulic be-

haviour of MHBS but generally disregarded geomechanics or considered it with simple

approaches. An international effort to compare the capabilities of these models was con-

ducted by the National Energy Technology Laboratory (NETL) and the United States

Geological Survey (USGS) (see section 4.3.1). Their first international gas hydrate code
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comparison study shows a good agreement between the different model outputs at mod-

elling the thermo-hydraulic behaviour of MHBS subjected to dissociation. However,

current advances in natural gas hydrate simulators focus on the inclusion of coupled

geomechanical processes (White et al., 2018).

1.5.1 Mechanical modelling

Geomechanics of MHBS have become a key factor in reservoir simulation to ensure well-

bore stability in production scenarios and to mitigate hydrate-related hazards (Boswell

et al., 2017). Even though the current understanding of the mechanical behaviour of

MHBS is still limited, recent modelling efforts focus on developing suitable mechanical

models to capture the behaviour for these sediments. Most of the mechanical models

developed for MHBS have attributed the increase in sediment strength, stiffness and

dilatancy observed in these sediments to a physical bonding/cementation between the

hydrate crystal and the sediment grain. This bonding has been modeled using different

strategies; (i) addition of a cohesion constituent in the failure criteria (Jung et al., 2012;

Pinkert et al., 2015; Pinkert and Grozic, 2014; Klar et al., 2010), (ii) enlargement of

the yield surface by cohesion and dilatation (Sánchez et al., 2017; Uchida et al., 2012),

(iii) impediment of sediment normal consolidation and enlargement of the yield surface

(Sultan and Garziglia, 2011), (iv) partition of the stress between hydrate and matrix

in a bonding damage framework (De La Fuente et al., 2016; Sánchez et al., 2017) (see

Chapter 6), (v) attribution of physical bonding properties in discrete element methods

(DEM) (Jiang et al., 2014) and (vi) expansion of the failure envelope in a spatially

mobilized plane (SMP) model (Lin et al., 2015). Recent investigations suggest that the

increase in the strength observed in MHBS may not necessarily be related to sediment

bonding/cementation, but rather to kinematic constrictions at pore/grain scale during

shearing (e.g., Cohen and Klar, 2019; Pinkert, 2016; Pinkert and Grozic, 2016; Pinkert,

2017). Alternatively, Chapter 3 develops a new mechanical model for MHBS based on

the densification and stiffening effect that pore invasion by hydrate has on the mechanical

properties of the sediment.

1.6 Thesis structure

This thesis follows the “three-paper thesis format” established by the University of

Southampton. The chapters were prepared as individual papers, therefore they may

contain some overlapping introductory information. The development of the methods

presented in these papers was done by me with the guidance of my supervisors Héctor

Maŕın-Moreno and Jean Vaunat. The implementation of the numerical formulation in

the Code Bright platform was done by me in collaboration with my supervisor Jean

Vaunat. The chapters writing was done mainly by me with the contribution of my
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supervisors Héctor Maŕın-Moreno and Jean Vaunat for Chapters 3 and 4 and Héctor

Maŕın-Moreno, Jean Vaunat and Tim Minshull for Chapter 5.

Chapter 2 introduces the methods used to model the THM behaviour of MHBS and sim-

ulate hydrate formation inhibited by capillary pressure. The chapter also discusses the

rationale and assumptions underpinning the chosen methodology and states its current

limitations.

Chapter 3 develops a new elasto-plastic model to predict the mechanical behaviour

of MHBS. The Hydrate-CASM model introduces the densification mechanism, which

provide novel insights into understanding the contribution of hydrate saturation in the

mechanical behaviour of MHBS. The work presented in this chapter has been submitted

to the International Journal for Numerical and Analytical Methods in Geomechanics and

is currently under review. In addition, preliminary results of the Hydrate-CASM model

are included in Klar et al. (2019) as part of the European funded 2015-2019 COST

Action MIGRATE (https://www.migrate-cost.eu/) that includes advancements in

mechanical constitutive modelling of MHBS.

Chapter 4 develops a fully-coupled thermo-hydro-mechanical formulation for MHBS.

The formulation extends the governing equations of energy and mass conservation of

the 3D finite element simulator Code Bright (Olivella et al., 1996) and implements ad-

ditional constitutive equations, such as the mechanical model developed in Chapter 3,

and several equilibrium constraints that allow describing the fundamental physical phe-

nomena governing the behaviour of MHBS. The work presented in this chapter has been

published in Energies (De La Fuente et al., 2019). A reprint of the published paper is

included in Appendix A.

Chapter 5 develops an equilibrium model to simulate hydrate formation in pores in-

hibited by capillary pressure at the hydrate-liquid interface. The model examines the

influence of the sediment pore-size distribution at inhibiting the thermodynamic stabil-

ity of hydrate in pores and controlling its saturation. The work presented in this chapter

will be prepared for submission in Earth and Planetary Science Letters.

Chapter 6 gives a summary of the outcomes derived from the work presented in this

thesis and presents some ongoing work about modelling the behaviour of frozen MHBS

and the coupling of hydrate kinetics and capillary effects in a thermo-hydro-mechanical

scheme. It also includes ideas for future work.
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Chapter 2

Methodology

2.1 Introduction

This chapter introduces the methods used in this thesis to model the thermo-hydro-

mechanical (THM) behaviour of methane hydrate-bearing sediments (MHBS) and sim-

ulate methane hydrate formation inhibited by capillary pressure at the hydrate-liquid

interface. These methods are described in detail in Chapters 3, 4, 5. Hence, only an

overview of their rationale, assumptions and limitations is presented here as well as some

technical components not fully covered in the following chapters.

Chapter 3 develops a new elasto-plastic model to predict the mechanical behaviour of

MHBS. The model is based on the densification and stiffening effect that pore invasion by

hydrate has on the mechanical properties of the host sediment. The model performance

successfully captures both the stress-strain and volumetric response of MHBS subjected

to triaxial shear and provide novel insights into understanding the contribution of hy-

drate saturation in the mechanical behaviour of these sediments. A summary of this

approach is given in section 2.2, and a detailed description of the model formulation can

be found in sections 3.2 and 3.3.

Chapter 4 extends the formulation of the 3D finite element simulator Code Bright

(Olivella et al., 1996) to hydrate-bearing geological environments. Code Bright’s for-

mulation has been intensively modified to incorporate hydrate as a new phase in pores

and to capture the interdependency between the physical phenomena occurring during

hydrate phase change (including mechanical deformation, advective and non-advective

fluid flow, conductive and advective thermal flow and fluid/solid transformations). The

simulations show that the thermo-hydro-mechanical formulation captures the dominant

mass and heat transfer phenomena during hydrate dissociation and the corresponding

mechanical response of the sediment. A summary of the extended version of Code Bright

is given in section 2.3 and specific details of the formulation can be found in section 4.2.
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Further specifications of the simulator Code Bright can be found in the user manual

(https://deca.upc.edu/en/projects/code_bright/downloads).

The methods developed in Chapters 3 and 4 are only applied to methane hydrate-bearing

sand because of the relevance of sandy reservoirs in hydrate-sourced gas exploitation

activities and due to the availability of experimental tests performed in this type of

sediment. However, the methods presented are general approaches that can be applied

to multiple host sediments by adjusting the input parameters of the mechanical model

(see section 2.1).

Chapter 5 develops a new equilibrium model for methane hydrate formation that exam-

ines the influence of the sediment pore-size distribution at controlling hydrate stability

and accumulation in pores. The formulation combines a new expression of Clausius-

Clapeyron equation derived from the equilibrium of methane and water chemical poten-

tials and the van Genuchten’s capillary pressure to relate the thermodynamic properties

of the system with the sediment pore-size distribution and hydrate saturation. The

model is applied to simulate hydrate formation in sand, silt and clays under equilibrium

conditions and without mass transfer limitations. The results evidence that capillary

effects in fine-grained sediments can significantly inhibit hydrate stability and reduce its

saturation. A summary of this approach is given in section 2.4, and the derivation of

the thermodynamic formulation can be found in section 5.3.

2.2 Mechanical modelling of MHBS

The Hydrate-CASM is a new mechanical model developed for MHBS that extends the

CASM (Clay and Sand model) formulation (Yu, 1998) by implementing the subloading

surface model (Hashiguchi, 1989) and introducing the densification mechanism. The

CASM model has been selected as the base of the mechanical formulation because of

its simplicity and flexibility in describing the shape of the yield surface as well as its

proven ability to predict the mechanical behaviour of sand, the most likely target for

the commercial exploitation of hydrates. In particular, the CASM model uses a non-

associated flow rule that follows the stress-dilatancy law proposed by Rowe (1962),

which has been successfully applied to reproduce the volumetric response of granular

materials (Yu, 1998) and synthetic MHBS (Pinkert, 2016, 2017), like those examined

in this thesis. Besides, the Hydrate-CASM model uses the subloading surface model

to capture irrecoverable pre-yield plastic strains, which are likely to occur in MHBS

(e.g., Lin et al., 2015; Sánchez et al., 2017; Uchida et al., 2012), and incorporates the

densification mechanism to account for the mechanical contribution of hydrate saturation

to the sediment response. The densification mechanism suggests that the decrease of the

available void ratio of the host sediment during hydrate formation stiffens its structure

and has a similar mechanical effect that the increase of the sediment density. This is
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an alternative approach to previous bonding/cementing strategies used to model MHBS

that supports the recent observations suggesting the lack of true cohesion in MHBS (e.g.,

Chaouachi et al., 2015; Sell et al., 2017; Sahoo et al., 2018b; Klar et al., 2019).

2.2.1 Input parameters

A total of ten input parameters are needed in the Hydrate-CASM formulation to char-

acterize the mechanical behaviour of the host sediment (Table 2.1).

Table 2.1: Hydrate-CASM input parameters to characterize the host sediment and
methods suggested for their evaluation.

Model parameters Geotechnical tests required

Initial state

Void ratio (e) Weight-volume relation

History variable

Isotropic yield stress (p0) Oedometer test

Critical state

Poisson’s ratio (ν) Drained triaxial test
Swelling line slope (κ) Isotropic compression/Oedometer test
Normal consolidation line slope (λ) Isotropic compression/Oedometer test
Critical state line slope (M) 2 Direct shear tests/ Triaxial test

Model parameters Calibration procedure

CASM parameters

Spacing ratio (r) Minimum of 2 drained tests performed at
Shape parameter (n) different effective confining stress or

1 undrained triaxial test

Subloading function

Subloading surface ratio (R = p0s/p0) Minimum of 2 drained tests performed at
Subloading parameter (u) different effective confining stress or

1 undrained triaxial test

For the simulations presented in this thesis, the void ratio of the Toyoura sand specimens

used as host sediment has been obtained from the literature. However, the critical state

parameters and history variables characterizing its behaviour, which are not explicitly

reported in the description of the experimental tests examined, have been calibrated

to fit the experimental data. The values adopted for these parameters lie within a

range of typical suitable values for sand and their choice is based on the values used

in previous mechanical models that simulate the same experimental data (e.g., Hyodo

et al., 2016; Lin et al., 2015; Sánchez et al., 2017; Uchida et al., 2012, 2016b). In

particular, the values adopted for parameters λ and κ (0.22 and 0.015, respectively)

are consistent with the compression (Cc) and re-compression (Cs) indexes that can be

estimated graphically from one-dimensional consolidation tests performed in Toyoura

sand (λ = Cc
ln10 = 0.5

2.3 ≈ 0.22; κ = Cs
ln10 = 0.034

2.3 ≈ 0.015) (Figure 2.1).
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Figure 2.1: Graphical estimation of the compression (Cc) and re-compression (Cs)
indexes characterizing the consolidation curves obtained from Toyoura sand specimens
without hydrate. Experimental data from Nakata et al. (2001) and Yoneda et al. (2018).

The additional parameters n, r, p0s and u have been calibrated to fit the experimental

data of interest as shown in Figures 2.2 and 2.3. Figure 2.2 show the graphical procedures

adopted in this thesis to approximate the yield and subloading functions of the host

sediment. Lines A and B adjust linearly the elastic and plastic ranges of the deviatoric

stress-axial strain curve, respectively. Their intersection allows deducing a sharp elasto-

plastic transition (black point in Figure 2.2a), that when projected on the triaxial stress

path defines a singular point of the yield function (white points in Figure 2.2b). With

at least two of these points the CASM parameters n and r can be calibrated. Note that

only one combination of n and r can match both points of the yield function for a given

value of p′0.

To determine the subloading function, the first plastic strains are assumed to occur at

the point where the deviatoric stress-axial strain curve deviates from line A (yield point

in Figure 2.2c). The projection of this point on the corresponding triaxial stress path

defines a singular point of the subloading function (white point in Figure 2.2d), which

keeps the same combination of n and r parameters than the yield function. The intersec-

tion of the subloading function with the mean stress axis determines the corresponding

isotropic yield stress p′0s and that is used to compute the subloading surface ratio R

(Table 2.1).
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Figure 2.2: Graphical estimation of the Hydrate-CASM input parameters n, r and
p′0s. (a, c) Host sediment deviatoric stress-axial strain relations from drained triaxial
tests conducted at 1 and 3 MPa of confining effective stress. (b) Stress paths during
the triaxial tests and deduction of the unique combination of n and r that defines
the host sediment yield function. (d) Estimation of the size of the subloading surface.

Experimental data from Hyodo et al. (2013).

Finally, u can be determined by fitting both the deviatoric stress-axial strain and vol-

umetric strain-axial strain relations. As shown in Figure 2.3 only one value of u allows

capturing simultaneously the host sediment peak strength and its volumetric response.

Once the host sediment input parameters (Table 2.1) are determined, hydrate saturation

is used to predict changes in the sediment void ratio (e), isotropic yield stress (p0) and

swelling line slope (κ) as detailed in section 3.3.2. The Hydrate-CASM formulation

requires the use of one empirical hydrate-related parameter to adjust changes in κ with

hydrate saturation. This dependency has been recently observed in experimental testing

on MHBS (Yoneda et al., 2018). The empirical relation proposed in Eqs.3.22 and 3.23 is

derived from the calibration of part of Hyodo et al. (2013) experimental data and allows

to better fit the elastic response and the peak strength of synthetic MHBS. It is worth
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noting that if this unique empirical hydrate-related parameter is not considered, the

Hydrate-CASM is still capable to closely reproduce the experimental data (see section

3.3.2).

Figure 2.3: Influence of u to predict (a) the deviatoric stress-axial strain relationship
and (b) the volumetric response of the host sand used in Masui et al. (2005) to prepare

the hydrate-bearing cementing specimens.

2.2.2 Numerical solution strategy

The plasticity problem in the mechanical model is solved using an implicit stress point

algorithm (SPA) (Simo and Taylor, 1985) for which the constitutive equations are inte-

grated along an incremental strain path (Figure 2.4). If the strain increment is found

in the elastic domain (iJac=1), the updated stress corresponds to the trial stress and

the calculation cycle ends. If the strain increment is not purely elastic (iJac=-1), the

backward Euler approximation and the Newton-Raphson method are used to correct

the stress, history variables and plastic multiplier.

If during the elasto-plastic integration there is no convergence and itmax is reached, the

strain increment is again subdivided by factor t’ and the iteration procedure repeats

(red dotted line in Figure 2.4). If there is convergence and the sum of sub-increments

during elastoplastic integration is less than 4εt′ , the strain increment is multiplied by

t’ (green dotted line in Figure 2.4), otherwise, the calculation cycle ends.
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Figure 2.4: Conceptual flow chart to obtain final stress in the implicit SPA algorithm.

2.2.3 Model validation and limitations

The experimental data reported by Masui et al. (2005) and Hyodo et al. (2013) are used

in this thesis to validate the capabilities of the Hydrate-CASM model at reproducing the

mechanical behaviour of synthetic MHBS subjected to drained triaxial shear. These tests

have been selected because they cover the most relevant conditions related to MHBS

behaviour, including a wide range of hydrate saturation, several hydrate morphologies

and confinement stress. In addition, they have been widely used by other authors to

calibrate their constitutive models, which gives the opportunity to compare the results

of the model developed in this thesis.
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One of the main limitations associated with modelling of published experimental data

is the shortage of geomechanical information to determine the input parameters charac-

terizing the host sediment response. In addition, the accuracy of the techniques used to

measure hydrate saturation in pores can also be questioned. Hydrate saturation controls

the hydrate-related densification and stiffening effects on the host sediment mechanical

properties and therefore governs the behaviour of MHBS. The values of hydrate satu-

ration reported in the selected tests are derived from the stoichiometry of the hydrate

formation reaction, assuming that all the methane gas injected in the sample converted

into hydrate. This approach may lead to certain over-estimations of hydrate saturation

since gas can coexist with hydrate even under favourable conditions for its thermody-

namic stability (e.g., Darnell and Flemings, 2015; Goswami et al., 2015; Milkov, 2004;

Sahoo et al., 2018a).

2.3 Thermo-hydro-mechanical modelling of MHBS

Code Bright is a 3D finite element simulator designed to handle THM coupled problems

in geological media (Olivella et al., 1996). This simulator has been selected as the base of

the THM formulation developed in this thesis as it is a robust numerical platform for the

implicit solution of multi-component/multi-phase mass and heat transport problems in

geological media. The capabilities of Code Bright have been widely proved in different

geological contexts, including the THM analysis of bentonite barriers for nuclear waste

disposal (Gens et al., 2009) or the assessment of the mechanical stability of a caprock

during CO2 sequestration (Vilarrasa et al., 2011).

Code Bright’s formulation has been extended in this thesis to hydrate-bearing geological

environments by (i) implementing hydrate as a new phase in pores, (ii) rewriting the

energy and mass balance equations according to the potential and available void ratio

distinguished in MHBS (see section 3.3.2 for explanation) and (iii) adding new constitu-

tive laws and equilibrium constrains capable to capture the complex physical processes

occurring in these sediments. Such modifications have turned Code Bright into a suit-

able open-access tool that allows advancing the current understanding of the behaviour

of gas hydrate reservoirs to mechanical and thermal loading.

2.3.1 Theoretical approach

Code Bright’s formulation consists of a set of governing equations that are divided into

two main groups; (i) balance equations and (ii) constitutive laws and equilibrium con-

strains.

(i) Balance equations
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The balance equations are simplified here to differentiate storage, advective and non-

advective flux, volumetric strain and sink/source terms. In addition, the corresponding

unknowns or primary variables associated to each equation are indicated.

Mass balance equations

The mass balance is established following a compositional approach, so that one equation

for each component of the system is written:

Mineral grains

∂
∂t (Mass of mineral grains)︸ ︷︷ ︸

Storage term

+∇ (Mass flux of mineral grains)︸ ︷︷ ︸
Volumetric strain

= 0

Primary variable: Potential porosity, φp (-)

Methane

∂
∂t (Mass of methane)︸ ︷︷ ︸

Storage term

+∇ (Total mass flux of methane)︸ ︷︷ ︸
Advective and diffusive flux

= Mass sink/source of methane

Primary variable: Gas pressure, Pg (MPa)

Water

∂
∂t (Mass of water)︸ ︷︷ ︸

Storage term

+∇ (Total mass flux of water)︸ ︷︷ ︸
Advective and diffusive flux

= Mass sink/source of water

Primary variable: Liquid pressure, Pl (MPa)

Salt

∂
∂t (Mass of salt)︸ ︷︷ ︸

Storage term

+∇ (Total mass flux of salt)︸ ︷︷ ︸
Advective and diffusive flux

= Mass sink/source of salt

Primary variable: Salinity, S (‰)

Energy balance equation

The internal energy balance is written for the medium as a whole, so that:

∂
∂t (Internal energy)︸ ︷︷ ︸

Storage term

+∇ (Total flux of energy)︸ ︷︷ ︸
Advective and conductive flux

= Sink/source of heat

Primary variable: Temperature, T (K)

Momentum balance

The balance of momentum is simplified as the equilibrium of total stress for the porous

medium:

∇(Tensor of total stresses) + (vector of body forces) =0
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Primary variable: Displacements, u (ux, uy, uz)

The storage terms of these equations represent the variation of mass or energy content

for each component or phase considered, respectively, and are calculated by means of

variables such as degree of saturation, density, porosity, mass fraction and specific energy.

The advective flux terms represent the transport of a component caused by motion of

fluids. These terms are computed using Darcy’s law and are proportional to pressure

gradients. The non-advective flux terms include diffusive and conductive transport of

mass and heat, respectively. The diffusive flux is computed using Fick’s law and is

proportional to mass fractions gradients. The conductive heat flux is computed using

Fourier’s law and it is proportional to temperature gradients. The volumetric strain term

is proportional to the solid velocity and represents the volumetric deformation of the

porous medium. Finally, the sink/source terms refer to the input or output of external

mass of a component or heat per unit volume. Because of the compositional approach

adopted in the present formulation sink/source terms do not include heat, methane

and/or water mass contributions from hydrate and ice solid/liquid transformations.

(ii) Constitutive equations and equilibrium constrains

The constitutive equations and equilibrium constraints relate the dependent variables

of the system with the primary variables of the balance equations (e.g., gas and liquid

fluxes depend on phase pressure; partial saturations on capillary pressure; and stresses on

strains). Besides, each of these equations considers the coupling between the parameters

involved in their formulation and the primary variables of the system (e.g., permeability

dependence in temperature, porosity and phase pressure). These set of equations allow

capturing the coupling among the various physical phenomena considered in the system

and close the mathematical formulation.

2.3.2 Numerical solution strategy

Code Bright solves simultaneously (monolithic solution) the partial differential system

of equations in a fully coupled manner. All the mechanical and flow variables and

parameters are updated in every Newtonian iteration of each timestep and their changes

are accounted for in the computation of the Jacobian matrix.

The main features of the numerical strategy used for this type of solution are:

• Linear interpolation functions in 2D triangles and 3D regular prisms.

• Possible quadratic interpolation function in 2D triangles of 6 nodes (3 nodes located

in the element edges).
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• Selective integration for quadrilateral and quadrilateral prisms for the mechanical

problem (i.e., the volumetric part is integrated with a reduced quadrature of 1

point).

• Element-wise and cell-wise approximations in all elements to solve the flow equa-

tions.

• Spatial discretization by means of the modified Galerkin finite element method.

• Mass conservative approach adopted by direct discretization of the storage terms.

• Time integration by means of finite differences within an implicit scheme (Back-

ward Euler method). Two intermediate points are defined between the two ends

of the time interval (tk, tk+1). One represents the point where the equation will be

accomplished (tk+θ) and the other is the point where the non-linear functions are

computed (tk+ε). For instance θ=1 and ε=0 states for a linearised problem with a

fully implicit scheme of integration.

• Newton-Raphson method used for the solution of the non-linear system of the

algebraic equations that results once the space and time discretizations are applied.

• Iterative procedure with automatic sub-stepping based on error control or maxi-

mum iteration number.

• LU decomposition and back-substitution (non-symmetric matrix) or conjugate gra-

dients squared (sparse matrix) used to solve the system of linear equations that

result from the Newton-Raphson application.

2.3.3 Model validation and limitations

The second benchmark problem presented in the NETL-USGS first international gas

hydrate code comparison study (Wilder et al., 2008) has been selected to validate the

capabilities of the THM formulation at capturing the dominant mass and heat transfer

phenomena occurring during hydrate dissociation. The use of a benchmark problem

allows comparing the results of the present formulation against those obtained from the

notable simulators for MHBS involved in the code comparison study (i.e., HydResSim,

MH-21, CMG STARS, STOMP-HYD, TOUGH-FX and Univ-Houston).

The coupling with the mechanical formulation is examined through synthetic tests of hy-

drate dissociation triggered by depressurization and thermal stimulation under drained

triaxial shear and validated against the experimental data reported by Li et al. (2018).

Although the simulations presented in this thesis capture well the main THM features

observed in MHBS during hydrate dissociation, a few limitations of the model have been

found:
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• The accuracy of the model solution in mesoscale studies is mesh-dependent (see

section 4.3.1). Code Bright interpolates linearly the value of the physical prop-

erties within a singular element of the mesh. Thus, the finer the mesh the more

accurate the results obtained from the simulation will be. However, mesh refine-

ment increases the computational time of calculation.

• The use of kinetics at time scales of days to years increases significantly the com-

putational time to solve the problem. Multiple time step reductions are required

for convergence.

2.4 Hydrate stability and saturation inhibited by capillary

pressure

Nishimura et al. (2009) developed a equilibrium model to simulate ice formation in pores

driven by the capillary pressure developed at the ice-liquid interface. Similarly to wetting

and drying processes in unsaturated sediments, their model assumes that water freezing

and ice melting are controlled by the sediment pore size distribution and the balance of

capillary forces between ice and liquid-water phases coexisting in pores (Clennell et al.,

1999; Coussy, 2005).

Because of the similarity between ice and hydrate formation in pores (Clennell et al.,

1999), the approach presented by (Nishimura et al., 2009) is extended in this thesis to

model capillary effects at the hydrate-liquid interface in inhibiting hydrate formation in

pores. The existing differences between ice and hydrate phases, such as the participation

of methane gas in the formation of the solid phase, unlike air in ice, are taking into

account in the formulation by limiting hydrate formation to scenarios where dissolved

methane concentrations are at or above saturation value. A key point of the use of

this formulation is that it allows overcoming one of the most challenging issues when

modelling hydrate formation in the porous media, which is to consider the broad pore

size distribution characterizing natural sediments. The use of the van Genuchten model,

which describes the shape of the sediment-water retention curve (WRC) and therefore is

inherently determined by pore-scale characteristics of the sediment, enables the model

to simulate hydrate formation in complex pore networks.

2.4.1 Model application and limitations

The capability of the Clausius-Clapeyron equation derived for the methane-water system

to predict the depression of the hydrate equilibrium temperature required to trigger hy-

drate formation/dissociation in narrow pores is validated against published experimental

data (e.g., Uchida et al., 1999; Østergaard et al., 2002; Uchida et al., 2002; Anderson

et al., 2003b).
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Typical water retention curves (WRCs) for sandy, silty and clayey sediments, reported

in the literature by Fredlund and Rahardjo (1993) and Villar and Romero (2012), have

been used to simulate hydrate formation on a wide range of sediments hosting methane

hydrates in marine environments. The simulations are performed under equilibrium

conditions and without mass transfer limitations to isolate the effect of capillary pres-

sure at the hydrate-liquid interface at inhibiting hydrate thermodynamic stability and

controlling its saturation in pores.

The main limitation to the use of this formulation is the lack of suitable experimental

data for its validation. Laboratory tests of hydrate formation in sediments with well-

characterized WRCs and for which stationary conditions are reached would be needed. In

addition, this approach neglects the capillary effects of the gas phase. The excess energy

required to create the curved gas-water interface in pores demands a supersaturation of

the gas component in solution that may counteract the capillary inhibition of hydrate

in pores.
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Chapter 3

A densification mechanism to

model the mechanical effect of

methane hydrates in sandy

sediments

Predicting the mechanical behaviour of methane hydrate-bearing sediments (MHBS) is

key to assess hydrate-sourced methane extraction and ensure seafloor stability. Recent

pore-scale observations and geomechanical investigations suggest the lack of true cohe-

sion in methane hydrate-bearing sediments (MHBS) and propose that their mechanical

behavior is governed by kinematic constrictions at pore scale. Hence, we present a me-

chanical model for MHBS, which does not rely on physical bonding between hydrate

crystals and sediment grains but on the densification effect that pore invasion with

hydrate has on the sediment mechanical properties. The Hydrate-CASM extends the

critical state model CASM (Clay and Sand Model) by implementing the subloading

surface model and introducing the densification mechanism. The model suggests that

the decrease of the host sediment available void ratio during hydrate formation stiffens

the sediment structure and has a similar mechanical effect as the increase of its density.

In particular, the model attributes stress-strain changes observed in MHBS to varia-

tions in the host sediment available void ratio, isotropic yield stress and swelling line

slope with hydrate saturation. The model performance is examined against published

experimental data from drained triaxial tests performed at different confining stress and

with distinct hydrate saturation and morphology. Overall, the simulations capture the

influence of hydrate saturation in both the magnitude and trend of the stiffness, shear

strength and volumetric response of synthetic MHBS. The results are also validated

against those obtained from previous mechanical models for MHBS that use the same

experimental data. The Hydrate-CASM performs similarly to previous models but its

35



Mechanical modelling of MHBS

formulation only requires one hydrate-related empirical parameter to introduce changes

in the sediment stiffness with hydrate saturation.

3.1 Introduction

Methane hydrates have drawn international interest as an alternative energy resource to

conventional fossil fuels (Collett, 2001; Dallimore and Collett, 2005; Grauls, 2001; Holder

and Godbole, 1984; Ruppel, 2007), and as a major hazard for offshore drilling and gas

production operations (Freij-Ayoub et al., 2007; Nagel, 2001; Yamamoto and Dallimore,

2008), global climate change (Archer, 2007; Dickens et al., 1995; Minshull et al., 2016;

Ruppel and Pohlman, 2008) and seafloor instability (Paull et al., 2007; Pecher et al.,

2005; Sultan et al., 2004). Quantitative evaluation of the resource potential of gas

hydrate reservoirs and of their response to natural and/or human-induced changes in

pressure and temperature conditions, requires precise knowledge of the hydrate phase

change phenomenon and of its effect on the mechanical stability of the reservoir. Due

to the operational complexity at preserving the in-situ pressure-temperature conditions

during MHBS recovery, the mechanical properties of these sediments are generally inves-

tigated through geophysical techniques (Priest, 2005; Priest et al., 2009; Winters et al.,

2007) and geotechnical testing of synthetic sediments (Masui et al., 2005; Miyazaki

et al., 2011a; Hyodo et al., 2013). Both geophysical and geotechnical data show that

the stiffness, strength, and dilatancy of MHBS tend to increase with increasing hydrate

saturation (Soga et al., 2006; Waite et al., 2009). They also evidence that their mechan-

ical and hydraulic properties drastically change during hydrate dissociation, which may

compromise the mechanical stability of the sediment. Thus, hydrate dissociation is likely

to trigger small to large-scale deformations in the seabed, including sediment collapse

(Hannegan et al., 2004) and sliding (McIver, 1982; Kayen and Lee, 1993; Nixon and

Grozic, 2007). As a result, dissociation may also induce damage of preexisting offshore

infrastructures (Borowski and Paul, 1997).

Several mechanical models developed for MHBS assume that the increase of strength,

stiffness and dilatancy observed in these sediments is mainly governed by bonding or

cementation between the hydrate crystal and the sediment grain (Table 3.1). How-

ever, pore-scale observations using X-ray Computer Tomography (XR-CT) imaging (e.g.,

Chaouachi et al., 2015; Sahoo et al., 2018b; Sell et al., 2017) and recent geomechanical

investigations in MHBS (Pinkert, 2016; Pinkert and Grozic, 2016; Pinkert, 2017) suggest

that the increase of their strength may not necessarily be related to sediment cementa-

tion or true cohesion, but rather to kinematic constrictions at pore/grain scale during

shearing. Hence, our formulation proposes that the greater mechanical properties ob-

served in MHBS can be explained by the reduction of the available void ratio of the host

sediment and the increase of its stiffness due to pore invasion by hydrate. The Hydrate-

CASM extends the formulation of the unified critical state constitutive model CASM
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(Yu, 1998) by implementing the subloading surface model (Hashiguchi, 1989) and intro-

ducing the densification mechanism. The subloading surface concept, which has been

successfully used in previous mechanical models for MHBS (Hyodo et al., 2016; Jiang

et al., 2014; Sánchez and Gai, 2016; Uchida et al., 2012) allows capturing irrecoverable

plastic strains inside the yield surface. The densification mechanism suggests that the

decrease of the available void ratio of the host sediment during hydrate formation stiff-

ens its structure and has a similar mechanical effect as the increase of the host sediment

density. In particular, the densification mechanism attributes the stress-strain changes

observed in MHBS to variations in the available void ratio, the isotropic yield stress and

the swelling line slope of the sediment with hydrate saturation.

Table 3.1: Notable mechanical models for MHBS considering hydrate-bonding effect

Model reference Hydrate-bonding modelling strategy

Klar et al. (2010), Jung et al. (2012) Additional cohesion constituent
Pinkert and Grozic (2014), Pinkert et al. (2015) in the failure criteria

Uchida et al. (2012),Sánchez and Gai (2016) Enlargement of the yield surface
Sánchez et al. (2017) by cohesion and dilatation

Sultan and Garziglia (2011) Impediment of sediment normal consolidation
and enlargement of the yield surface

Sánchez and Gai (2016), Sánchez et al. (2017) Stress-strain partition between hydrate
De La Fuente et al. (2016) (see Chapter 6) and matrix in a bonding damage framework (BDM)

Jiang et al. (2014) Attribution of physical bonding properties
in discrete element methods (DEM)

Lin et al. (2015) Expansion of the failure envelope
in a spatially mobilized plane (SMP) model

The Hydrate-CASM is applied here to robust and well-described published experimental

data (Hyodo et al., 2013; Masui et al., 2005) that cover the most relevant conditions

related to MHBS behaviour, including a wide range of hydrate saturations, several hy-

drate morphologies and confinement stress. These data have also been used in the cal-

ibration of previous mechanical models developed for MHBS (e.g., Hyodo et al., 2016;

Sánchez and Gai, 2016; Uchida et al., 2012, 2016b; Yan and Wei, 2017), which give us

the opportunity to compare and validate our results. The model performance is found

satisfactory over a range of test conditions and evidence the capability of the Hydrate-

CASM model at capturing both the trend and magnitude of the stress-strain and the

volumetric response of synthetic MHBS. In addition, the good matching of our results

with the outputs obtained from other mechanical models evidences that the experimen-

tal data can be simply reproduced by considering the mechanical effect of the reduction

of the host sediment available void ratio due to pore invasion by hydrate, and using only

one empirical parameter that modifies the sediment elastic stiffness according to hydrate

saturation.

37



Mechanical modelling of MHBS

3.2 CASM model

The Hydrate-CASM extends the formulation of the constitutive model CASM devel-

oped by Yu (1998). The CASM model is selected because of its simplicity and flexibility

in describing the shape of the yield surface as well as its proven ability to predict the

mechanical behaviour of sand, the most likely target for the commercial exploitation of

hydrate (Boswell and Collett, 2011). The critical state model CASM is formulated in

terms of the state parameter (Been and Jefferies, 1985) and the spacing ratio concept,

and uses a non-associated flow rule which is particularly suitable to simulate the be-

haviour of granular sediments like those examined in this paper (Graham et al., 1983;

Lade et al., 1987). All the parameters used in the formulation are listed and defined in

Table 3.2.

Table 3.2: CASM and Hydrate-CASM parameters. Subscript h refers to hydrate-bearing

sediment properties and bold symbols denote tensors. Note that eah, vh, p0h and κh

recover the hydrate-free parameters e, v, p0 and κ when Sh=0.

Model parameters Description

Stress

Pp Pore pressure

σ Cauchy total stress tensor

I Identity matrix

σ′ Cauchy effective stress tensor, σ′ = σ − PpI
σc Confining total stress tensor

σ′
c Confining effective stress tensor, σ′

c = σc − PpI
p Mean stress, p = 1

3(σ1 + σ2 + σ3)

q Deviatoric stress, q = (σ1 − σ3)

p’ Mean effective stress, p′ = p− Pp
η Stress ratio η = q

p′

Strain

ε Total infinitesimal strain tensor

εe Elastic strain tensor

|dεp| Norm of the incremental plastic strain vector

εpv Plastic volumetric strain, εpv = εp1 + εp2 + εp3
εpq Plastic deviatoric strain, εpq = 2

3

(
εp1 − ε

p
3

)
Volumetric ratios

Vt Total volume

Vs Volume of mineral grains

Vh Volume of hydrate

Vv Potential void volume, Vv = Vt − Vs
Va Available void volume, Va = Vv − Vh

Continued on next page
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Table 3.2 – Continued from previous page

Model parameters Description

e Void ratio of the host sediment, e = Vv/Vs

Sh Hydrate saturation, Sh = Vh/Vv

eh Hydrate ratio, eh = Vh/Vs = She

eah Available void ratio of the hydrate-bearing sediment,

eah = e(1− Sh)

v Specific volume, v = 1 + e

vh Hydrate-CASM equivalent specific volume, vh = v−eh

Critical state parameters

λ Slope of the normal compression and critical state lines

in the the v − ln(p′) space

M Critical state stress ratio: slope of critical state line in

the p′ − q space

p0 Isotropic yield stress of the host sediment

p0h Isotropic yield stress of the hydrate-bearing sediment

p′x Mean effective stress at critical state

Γ Specific volume at critical state with p’ of 1 KPa

Elastic parameters

κ Host sediment swelling (reloading-unloading) line

slope in the v − ln(p′) space

κh Hydrate-bearing sediment swelling line slope in the

v − ln(p′) space

ν Poisson’s ratio

K Elastic bulk modulus

G Elastic shear modulus

De Elastic stiffness tensor

CASM parameters

n Stress-state coefficient: yield surface shape parameter

r Spacing ratio, r = p′0/p
′
x

ξ State parameter

ξr Reference state parameter, ξr = (λ− κ)ln(r)

Subloading parameters

p0s Isotropic yield stress of the subloading surface

R Subloading surface ratio, R = p0s
p0

u Subloading parameter controlling the rate of plastic

strain before yielding

Plastic parameters

ϕ Size parameter

Continued on next page
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Table 3.2 – Continued from previous page

Model parameters Description

χ Vector of hardening (2 components: p0h and R)

H Hardening modulus

λp Plastic multiplier

Empirical parameters

κrf Swelling line reduction factor

3.2.1 State parameter concept

The state parameter (ξ, Eq.3.1) is defined in the v− ln(p′) space as the vertical distance

between the void ratio at the current state and that at the critical state for a given mean

effective stress (Figure 3.1a):

ξ = v + λln(p′)− Γ (3.1)

Figure 3.1: CASM framework. Graphical representation of the CASM parameters
and qualitative mechanical response of sediments subjected to triaxial shear with (a,

b) positive and (c, d) negative values of ξ. After Yu (1998)
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The magnitude and sign of this parameter play a key role in understanding the densifi-

cation mechanism introduced in this paper. The state parameter adopts positive values

when the sediment void ratio is located above the critical state line (CSL) (as in loose

sand; Figure 3.1a), and negative ones when located below it (as in dense sand; Figure

3.1c). Sediments with a positive value of ξ subjected to triaxial shear tend to show hard-

ening on the p′ − q stress space and contractancy as volumetric response (Figure 3.1b).

Instead, sediments with a negative value of ξ show a distinctive peak in the deviatoric

stress followed by softening before the critical state is achieved, and dilatancy dominates

its volumetric response (Figure 3.1d).

3.2.2 CASM yield function

A total of seven model parameters are required to define the original CASM formulation.

Five of which (λ,M,Γ, κ and ν), are the same as those in the Cam Clay model (Roscoe

et al., 1958; Roscoe and Burland, 1968), and the two additional parameters, denoted by

n and r, are used to specify the geometrical properties of the yield surface. For a general

stress state, the CASM yield surface function is expressed as:

f =
( q

Mp′

)n
+

1

ln(r)
ln
( p′
p′0

)
(3.2)

Where n governs the shape of the yield surface and r controls its intersection with the

critical state line. Particular combinations of n and r allow the intersection between

the critical state line and the yield surface to not necessarily occur at the maximum

deviatoric stress (Figure 3.2) as happen in Cam-Clay type models.

Figure 3.2: Influence of n and r in the shape and size of the yield surface. Note
the presence of local peaks in the deviatoric stress on the left side of the critical state

condition. After (Yu, 1998).
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This, allows the CASM model to predict local peaks in the deviatoric stress on the left

side of the critical state condition, feature that has been widely observed in geotechnical

testing of sand (Chandler, 1962; Nova and Wood, 1978). Certain values of n and r can

also recover the yield surface function of the standard and modified Cam-clay models

(Yu, 1998).

Within the yield surface, the behaviour is assumed isotropic and elastic, with the elastic

volumetric stress-strain relationship governed by the bulk modulus K (Eq.3.3) and the

elastic shear by the shear modulus G (Eq.3.4):

K =
(1 + e)p′

κ
(3.3)

G =
3K(1− 2ν)

2(1 + ν)
(3.4)

3.2.3 Stress-dilatancy relation and plastic potential

The CASM model uses a non-associated flow rule that follows the stress-dilatancy law

proposed by Rowe (Rowe, 1962), which has been applied with success at describing

the deformation of sand and granular materials (Yu, 1998), as well as to simulate the

response of MHBS (Pinkert, 2016, 2017):

dεpv
dεpq

=
9(M − η)

9 + 3M − 2Mη
(3.5)

By integrating Eq.3.5, the CASM plastic potential function is obtained as:

g = 3Mln
(p′
ϕ

)
+ (3 + 2M)ln

(2q

p′
+ 3
)

+ (M − 3)ln
(

3− q

p′

)
(3.6)

Whose expression does not depend on the hardening parameters and where ϕ is a size

parameter controlling the size of the plastic potential which passes through the current

stress state (p′ − q).

3.2.4 Hardening parameters

Similar to Cam-clay type models, the CASM assumes isotropic changes in the isotropic

yield stress controlled by the incremental plastic volumetric strain, so that:

dp′0 =
(1 + e)p′0
λ− κ

dεpv (3.7)
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3.3 Hydrate-CASM formulation

The Hydrate-CASM extends the formulation of the CASM model (Yu, 1998) by imple-

menting the subloading surface concept (Hashiguchi, 1989) and introducing the densifi-

cation mechanism. Note that material parameters e, v, p′0 and κ presented in equations

3.1 to 3.19 read as eah, vh, p′0h and κh in the presence of hydrate within the sediment.

3.3.1 Hydrate-CASM subloading function

It is widely recognized that plastic strains can develop for stress states inside the yield

surface; its interior is not a purely elastic domain. This feature results in a smooth

transition between the elastic and plastic response of soils (Jardine, 1992; Mitchell and

K., 2005). González (2011) shows that the CASM yield function reproduces well the

residual soil strength, but generally over-estimates the elastic strains and predicts un-

realistic sharp transitions between the elastic and elasto-plastic states. The subloading

surface concept (Hashiguchi, 1989) is implemented in the formulation to account for pre-

yield plasticity that allows capturing a smoother transition between elastic and plastic

behaviour, and a more accurate volumetric response of MHBS. This model assumes the

existence of a subloading yield surface that expands/contracts inside the general CASM

yield surface keeping its same shape (Figure 3.3).

Figure 3.3: Set of yield surfaces considered in the Hydrate-CASM model.

The Hydrate-CASM subloading yield function is derived from Eq.3.2 as:

f =
( q

Mp′

)n
+

1

ln(r)
ln
( p′

Rp′0

)
(3.8)
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Where R controls the size of the subloading surface (Table 3.2) and recovers the original

CASM yield function for values equal to 1. The evolution of R is controlled by the norm

of the incremental plastic strain vector and the subloading parameter u:

dR = −ulnR|dεp| (3.9)

3.3.1.1 Plastic strain

The constitutive equation that characterizes an elasto-plastic material can be expressed

as the following stress-strain relationship:

dσ′ = Dedεe = De(dε− dεp) (3.10)

With:

De =



K + 4
3G K − 2

3G K − 2
3G 0 0 0

K − 2
3G K + 4

3G K − 2
3G 0 0 0

K − 2
3G K − 2

3G K + 4
3G 0 0 0

0 0 0 G 0 0

0 0 0 0 G 0

0 0 0 0 0 G


(3.11)

dεp = dλp
( ∂g
∂σ′

)
(3.12)

The elasto-plastic regime is reached when the stress state lies on the Hydrate-CASM

yield surface. For the stress state to remain on it at any plastic loading, the consistency

condition must be satisfied:

df(σ′,χ) = 0 (3.13)

By linearizing the consistency condition, df can be rewritten as:

df =
( ∂f
∂σ′

)T
dσ′ +

( ∂f
∂χ

)T
dχ = 0 (3.14)

With:

∂f

∂σ′ =
∂f

∂p′
∂p′

∂σ′ +
∂f

∂q

∂q

∂σ′ (3.15)
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∂f

∂χ
=
( ∂f
∂p′0

+
∂f

∂R

)
(3.16)

By solving equations 3.12 and 3.13 the plastic multiplier is obtain as:

dλp =

(
∂f
∂σ′

)T
Dedε

H +
(
∂f
∂σ′

)T
De ∂g

∂σ′

(3.17)

Where:

H = −
( ∂f
∂p′0

∂p′0
∂dεpv

+
∂f

∂R

∂R

∂|dεp|

)
δT

∂g

∂σ′ (3.18)

δT = (1, 1, 1, 0, 0, 0) (3.19)

3.3.1.2 Model performance

To validate the implementation of the subloading model and show its performance during

mechanical loading, we perform a series of synthetic drained triaxial tests on hydrate-free

specimens (Sh=0%) subjected to different confining effective stress (1, 2 and 3 MPa).

Simulations are conducted using the CASM and Hydrate-CASM models to compare

their performance. Parameters adopted in the simulations are listed in Table 3.3.

Table 3.3: Input parameters adopted for modelling triaxial shear tests on hydrate-free
specimens.

CASM model

e λ M p′0 (MPa) κ ν n r R (MPa) u

0.6 0.22 1.17 7 0.015 0.1 2.5 1.7 1 20

Hydrate-CASM model

e λ M p′0 (MPa) κ ν n r R (MPa) u

0.6 0.22 1.17 7 0.015 0.1 2.5 1.7 0.5 20

Figure 3.4 shows the different mechanical response predicted using both the CASM and

Hydrate-CASM models. It is clear that the use of the subloading function (dashed lines

in Figure 3.4b) softens the transition between the elastic and plastic response of the

sediment. In particular, for dilatant specimens, it also allows predicting a lower peak

strength and less dilatancy than that obtained with the CASM model.
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Figure 3.4: (a) Yield surfaces and triaxial stress-paths considered in the simulations.
(b) Model results for the drained triaxial tests performed in the hydrate-free specimens
using the CASM and Hydrate-CASM models. Results are presented in terms of stress-
strain relationship and volumetric behaviour for specimens subjected to 1, 2 and 3 MPa

of confining effective stress.

To examine the performance of the Hydrate-CASM model, Figures 3.5d to 3.5f show

the variation of the two yield surfaces considered in the model at different stages of the

triaxial tests (points A: yielding to D: end of the triaxial loading). In addition, Figures

3.5g to 3.5i detail the evolution of the hardening variables of the model with increasing

axial strain. The model assumes that plastic strain occur when the stress-path reaches

the subloading surface (point A). Therefore, certain elastic compression is predicted at

the start of the test (i.e., volumetric response up to point A in Figures 3.5a, 3.5b and

3.5c). After yielding, the model predicts a different evolution of p′0 according to the

initial confining effective stress of the test. For the specimen subjected to confining

effective stress of 1 MPa, p′0 decreases with increasing plastic strains (Figure 3.5g). This

behaviour is due to that the stress state at yield (point A in Figure 3.5d) lies on the

‘dry’ or left side of the critical state line. For the specimen subjected to 3 MPa, p′0
increases continuously with plastic strains (Figure 3.5i) since the stress state at yield

(point A in Figure 3.5f) lies on the ‘wet’ or right side of the critical state line. Finally,

for the specimen subjected to 2 MPa of confining effective stress, p′0 initially increases

with plastic strains (points A to B in Figure 3.5h). However, once the subloading yield

surface reaches and overcomes the critical state line (point B in Figure 3.5e) p′0 decreases

gradually until the end of the test (points B to D in Figure 3.5h).

Figure 3.5 also shows that in dilatant specimens, the peak value of p′0 controls the volu-

metric behaviour of the sediment. Once this value is reached (point B), the volumetric

strain tends to go from compressive to dilatant (Figures 3.5a and 3.5b). However, sed-

iment softening is controlled by the peak value of p′0s . Once p′0s reaches its maximum

the deviatoric stress tends to decrease substantially (point C in Figures 3.5a and 3.5b).
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Figure 3.5: (a, b, c) Stress-strain relationship and volumetric behaviour predicted for
triaxial tests performed in hydrate-free specimens using the Hydrate-CASM model. (d,
e, f) Evolution of yield surfaces considered in the model at different stages of the triaxial
loading. (g, h, i) Evolution of the hardening variables with increasing the sediment axial
strain. The results are presented from left to right for specimens subjected to confining

effective stress of 1, 2 and 3 MPa, respectively.

3.3.2 Densification mechanism

In nature, variations in the sediment void volume may result from two competing and

interdependent processes: mineral precipitation or dissolution (which compares here to

hydrate formation and dissociation, respectively) and mechanical compaction or dilation

under pressure (Vialle and Vanorio, 2011). In particular, mineral precipitation in pores

reduces the sediment available void volume without experiencing mechanical compaction

(Nygaard et al., 2007; Pinyol et al., 2007), which has a significant effect on its hydraulic

and mechanical properties (e.g., Vialle and Vanorio, 2011; Chagneau et al., 2015).
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Figure 3.6 examines qualitatively the effect of sediment density or void ratio on the

magnitude and sign of ξ and the corresponding mechanical behaviour of the sediment

under triaxial shear. For sediment with positive ξ (grey cross in Figure 3.6a and 3.6b),

an increase in density or a reduction of void ratio reduces the vertical distance between

the current state and the CSL (black cross in Figure 3.6b). Thus, during shear the

model predicts less hardening and contractancy than that observed on the reference

sediment (Figure 3.6c). For a reference sediment with negative ξ (grey cross in Figure

3.6d and 3.6e), an increase in density increases the distance of the current state from the

CSL (black cross in Figure 3.6e), and consequently, during shear, the model predicts a

higher peak strength and greater dilatancy than that observed on the reference sediment

(Figure 3.6f).

Figure 3.6: Effect of the increase in sediment density on the magnitude of ξ and
the stress-strain behaviour of the sediment under triaxial shear. (a,d) Initial ξ for
the reference sediments, (b, e) evolution of ξ due to sediment densification, and (c, f)

computed stress-strain response of the sediment at different densities.

Figure 3.6 shows that variations in ξ related to an increase in sediment density produce

similar mechanical responses than those observed in sediments with increasing hydrate

saturation (i.e., greater strength and dilatancy, or less contractancy, compared to the

sediment without hydrate). Thus, we suggest that the occurrence of hydrate as a solid

phase invading the void volume of the host sediment may have a similar mechanical

effect as the increase of the sediment density.

Alike Gupta et al. (2015) the Hydrate-CASM formulation conceptually divides the void-

space of MHBS into potential void volume (Vv) and available void volume (Va) (Figure
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3.7). The potential void volume is the space between the mineral grains of the sediment

and includes the available void volume for fluid flow and storage and the hydrate volume

(Table 3.2).

Figure 3.7: (a) Pore-scale phase distribution in MHBS, (b) potential void volume and
(c) available void. Note that Vv = Va for Sh=0.

To account for the densification effect that pore invasion by hydrate has on the mechan-

ical response of the sediment, the Hydrate-CASM uses the available void ratio left after

hydrate formation (Eq.3.20) to derive the mechanical properties of the MHBS.

eah = e(1− Sh) = e− eh (3.20)

From where, variations in ξ with hydrate saturation can be derived as:

dξ = deh (3.21)

However, in addition to the reduction of the host sediment available void ratio, the

presence of hydrate also enhances the sediment stiffness (Priest, 2005; Soga et al., 2006;

Waite et al., 2009). We represent the stiffening effect of hydrate on the elastic response

of the sediment by the following explicit dependency between κ and Sh:

κh = κκrf (3.22)

With:

κrf =


1 if Sh = 0

3(Sh)2 − 2.68Sh + 0.9934 if 0 < Sh ≤ 0.42

0.397 if Sh > 0.42

(3.23)

Eq.3.23 is obtained empirically by calibrating the experimental data of three synthetic

sediments with hydrate saturations ranging from 24.2% to 53.1% (data examined in
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section 3.4.2). This empirical relation needs validation for other sediments and hydrate

saturations outside the range used for its determination.

The decrease of κ in MHBS has been recently observed in experimental high-pressure

oedometer tests (Yoneda et al., 2018). In our formulation, κrf compensates for spurious

changes of K (Eq.3.3) when reducing the sediment available void ratio with increasing

Sh. If neglecting the hydrate-related stiffening effect suggested in Eq.3.22, the Hydrate-

CASM is still capable of reproducing a close solution to the experimental results (purple

line in Figure 3.8b). However, the use of κrf adopted in this work leads to a better

fit of the elastic response and the peak strength of synthetic hydrate-bearing sediments

subjected to triaxial shear (red line in Figure 3.8b).

Figure 3.8: Influence of the densification and stiffening effects caused by hydrate
formation in pores at (a) predicting the isotropic yield stress of MHBS and at (b)
capturing its mechanical response under triaxial shear (experimental data from Masui
et al. (2005)). Note that the eah − ln(p′) paths are plotted in terms of the available

void ratio.

As a result of both the decrease of the host sediment available void ratio and the increase

of its stiffness caused by hydrate formation, a greater isotropic yield stress (p′0h) can be

deduced graphically in the v-ln(p’) space by projecting eah on the normal consolidation

line (NCL) of the host sediment following the κh slope (Figure 3.8a), so that:

p′0h = exp
( eh
λ− κh

)
p′0

(
λ−κ
λ−κh

)
(3.24)
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Where changes in p′0h are computed through dp′0, which reads:

dp′0 =
(1 + eah)p′0
λ− κ

dεpv (3.25)

3.3.3 MHBS critical state

To evaluate the influence of the densification mechanism caused by hydrate formation in

the critical state of the sediment, Figure 3.9 relates the potential void ratio of the host

sediment (e) with the isotropic yield stress predicted after hydrate formation (p′0h).

Figure 3.9: Effect of the densification mechanism at predicting (a) p′0h and (b) shifting
NCL and CSL.

Figure 3.9a shows the procedure to obtain the isotropic yield stress of MHBS (p′0h), for

which the sediment with hydrate is considered mechanically denser (eah < e) and stiffer

(κh < κ) than the corresponding host sediment. When relating p′0h with the potential

void ratio of the sediment (e), both NCL and CSL move to the right in the v − ln(p′)

space (Figure 3.9b). Thus, for a given Sh the model predicts a normal consolidation

line NCLh that is parallel to that for the host sediment (NCL) and that keeps a vertical

distance from the CSLh equal to ξr (Table 3.2).

3.3.4 Hydrate dissociation phenomena

Several experimental studies (e.g., Hyodo et al., 2013; Lee et al., 2010; Lu et al., 2008b;

Masui et al., 2007; Santamarina et al., 2015; Song et al., 2016), and field observations

(e.g., Dickens et al., 1995; Freij-Ayoub et al., 2007; Pecher et al., 2005; Sultan et al., 2004;

Yamamoto and Dallimore, 2008), have demonstrated the impact of hydrate dissociation

in the mechanical properties of MHBS. Hydrate dissociation occurs when the pressure-

temperature and salinity conditions of the system are outside the hydrate stability zone.

In the case of hydrate dissociation, the available porosity of the sediment increases
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proportionally to the volume of hydrate dissociated, which in turn increases the sediment

permeability and reduces its stiffness and strength (Soga et al., 2006; Hyodo et al.,

2014b). Consequently, stress changes and mechanical deformation are expected during

hydrate dissociation. This aspect is integrated in the model since equations 3.20 to 3.25

predict an increase in both eah and κh, as well as a decrease in p′0h with decreasing Sh.

Figures 3.10 and 3.11 examine qualitatively the performance of the model in two different

scenarios of thermal-induced hydrate dissociation under constant effective stress.

Figure 3.10: Qualitative analysis of sediment collapse due to hydrate dissociation
after isotropic consolidation. (a) Evolution of the host sediment available porosity and
increase of the isotropic yield stress due to hydrate densification effect. (b) Prediction of
the NCLh and CSLh characterizing the MHBS and v− ln(p′) evolution during isotropic
consolidation. (c) Sediment collapse induced by hydrate dissociation under constant ef-
fective stress. Pore-scale diagrams schematically depict the effect of hydrate formation,

mechanical loading, hydrate dissociation and collapse on the porous structure.

52



Mechanical modelling of MHBS

Figure 3.10 shows the ability of the model at predicting sediment collapse induced by

hydrate dissociation after isotropic consolidation. Upon hydrate dissociation the speci-

men recovers the mechanical properties of the host sediment (i.e., NCL and CSL). Thus,

after hydrate dissociates the v− ln(p′) state of the sediment is located in a mechanically

inadmissible stress state (point 4 in Figure 3.10c) and consequently, the model predicts

sediment collapse until reaching a normally consolidated state (point 5 in Figure 3.10c).

Figure 3.11 examines the deformation properties of a hydrate-free sediment and a dis-

sociated MHBS during drained triaxial shear. Initially, both sediments are isotropically

consolidated up to p′iso (Figures 3.11a and 3.11c). After consolidation, the MHBS is

subjected to dissociation under constant effective stress (point 3; Figure 3.11d), so that

the mechanical properties of the host sediment are recovered (i.e., NCL and CSL, Figure

3.11d). Then, both sediments are sheared under drained conditions (Figures 3.11b and

3.11d). In agreement with experimental observations in synthetic MHBS subjected to

dissociation after isotropic consolidation (Hyodo et al., 2014a), our model predicts a

lower failure strength and more contracting behaviour for the MHBS after dissociation

than that observed in the host sediment during shear (Figure 3.11e).

Figure 3.11: Qualitative analysis of changes in the stress-strain response of both
host sediment and dissociated MHBS subjected to shear after isotropic consolidation.
Evolution of the v− ln(p′) state during (a, c) isotropic consolidation, (b) triaxial shear
of the host sediment and (d) hydrate dissociation followed by triaxial shear of the
dissociated MHBS. (e) Computed mechanical response for both host sediment and

dissociated MHBS under triaxial shear.
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3.4 Hydrate-CASM application

Triaxial tests at constant hydrate saturation provide very useful information to under-

stand the influence of hydrate occurrence in pores on the sediment mechanical behaviour.

In this section, two sets of stress-strain experimental data from published triaxial tests

are used to test the following model hypothesis:

(i) The flexibility in the shape of the Hydrate-CASM yield function and the use of a

non-associated flow rule make our model suitable to predict the mechanical response of

sandy sediments hosting hydrates.

(ii) The use of the subloading model allows capturing the key features observed in the

mechanical response of MHBS such as a smooth transition between the elastic and plastic

behaviours.

(iii) The main contribution of hydrate to the mechanical response of MHBS can be

captured by considering a decrease in the host sediment available with increasing hydrate

saturation.

(iv) The swelling line slope of MHBS likely depends on hydrate saturation.

(v) No empirical parameters are required to capture the mechanical contribution of

hydrate morphology if the correct porosity of the host sediment is considered.

The selected experimental data report the mechanical behaviour of synthetic MHBS sub-

jected to drained triaxial shear at different confining effective stress, hydrate morphology

and saturation. This data have been widely used to calibrate previous mechanical models

for MHBS, which allows us to compare the model results and validate our formulation.

3.4.1 Modelling of Masui’s et al. (2005) experimental tests

Masui et al. (2005) conducted several triaxial tests on synthetic MHBS at different

hydrate saturations and both pore-filling and cementing hydrate morphologies. Two

sets of Toyoura sand with slightly different porosities were used as host sediments for

the preparation of the hydrate-bearing sand (Table 3.4).

Table 3.4: Physical properties of both sets of Toyoura sand used as host sediment in
Masui et al. (2005)

cementing set Pore-filling set

Diameter/height (mm) 50/100 50/100
Density (g/cm3) 1.74–1.92 1.77—1.78
Porosity (%) 36.3—38.7 42.3—42.9
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Prior to forming hydrate, the host sediments were isotropically consolidated up to 1

MPa of confining effective stress. Subsequently, the ice-seed method and the partial

water saturation method were employed to produce hydrates with dominant pore-filling

and cementing morphologies, respectively. After hydrate formation, the hydrate-bearing

sand specimens were sheared at a constant rate of 0.1%/min in drained conditions.

The set of critical state parameters for the Toyoura sand (Table 3.5) have been calibrated

using the stress-strain curve and the volumetric response of the cementing specimen

tested without hydrate (Sh=0% in Figure 3.12c). For the calibration process, values used

in previous publications that also model the mechanical response of Toyoura sand have

been considered as a reference (e.g., Lin et al., 2015; Sánchez and Gai, 2016; Uchida et al.,

2016b) (see section 2.1). In addition, the different void ratios of 0.6 and 0.75 reported

for the host cementing and pore-filling specimens respectively, have been considered in

the modelling (Table 3.5).

Table 3.5: Host sediment input parameters for modelling Masui et al. (2005) triaxial
tests.

Host sediment input parameters

e λ M p′0 (MPa) κ ν n r p′0s (MPa) u

Cementing specimen

0.6 0.22 1.17 12 0.015 0.1 2.5 1.7 3.5 20

Pore-filling specimen

0.75 0.22 1.17 5.3 0.015 0.1 2.5 1.7 3 20

Figure 3.12 shows the model results for Masui et al. (2005) triaxial tests. Overall, our

results show that Hydrate-CASM successfully captures the trend and magnitude of the

mechanical response of MHBS subjected to shear, showing an increase in stiffness, shear

strength, and dilatancy with increasing Sh (Figures 3.12c to 3.12f).

The model outputs fit particularly well the volumetric response of the cementing spec-

imens (Figure 3.12e) as well as the rate of increase observed in the peak strength with

Sh (Figure 3.12f). However, they underestimate the maximum deviatoric stress of the

cementing specimen with Sh=55.1% (Figure 3.12c) and slightly overestimate the max-

imum deviatoric stress of the pore-filling specimen with Sh=26.4% (Figure 3.12d) and

the volumetric response of the pore-filling sediment with Sh=40.9% (Figure 3.12e).

Previous mechanical models for MHBS that also modelled Masui et al. (2005) data

(e.g., Sánchez et al., 2017; Uchida et al., 2012; Yan and Wei, 2017) assume that the

differences in strength and dilatancy observed between the cementing and pore-filling

specimens for a given hydrate saturation are controlled by hydrate morphology. However,

Masui et al. (2005) state that if the pore hydrate saturation is the same in both types

of specimens (e.g., Sh ≈ 40% in Figures 3.12c and 3.12d), shear strength becomes

higher for the specimen with lower porosity. The similarity between the results from

previous models and those obtained with the Hydrate-CASM (Figure 3.13), which does
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Figure 3.12: (a,b) Effect of the host sediment void ratio and the hydrate saturation
at shifting the NCL of the cementing and pore-filling specimens, respectively. Stress-
strain behaviour predicted during triaxial shear for (c) cementing and (d) pore-filling
specimens. (e) Volumetric response under triaxial shear of cementing specimens with
Sh= 0% and 40.1% and pore-filling specimens with Sh=40.9%. (f) Comparison of
the sediment peak strength at different hydrate saturations predicted by the model
and the corresponding experimental measurement. Percentages indicated in the figure

correspond to hydrate saturations.
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not consider mechanical contributions related to hydrate morphology, suggests that our

model can reproduce the different mechanical behaviour between cementing and pore-

filling specimens only by considering the different porosity reported for each set of host

specimens used in the synthesis of MHBS (Table 3.4).

Figure 3.13: Model comparison between Hydrate-CASM predictions and those ob-
tained from, Sánchez et al. (2017), Uchida et al. (2012) and Yan and Wei (2017) models
against the experimental data from Masui et al. (2005). The results are presented in
terms of stress-strain relationship and volumetric behaviour for (a) cementing and (b)

pore-filling specimens.

3.4.2 Modelling of Hyodo’s et al. (2013) experimental tests

Hyodo et al. (2013) performed a series of triaxial tests to investigate the mechanical

properties and dissociation characteristics of synthetic MHBS. They used an innovative

temperature controlled high-pressure apparatus specially developed to reproduce the

in-situ conditions expected during gas extraction from hydrates. Three sets of triaxial

tests conducted at zero or constant hydrate saturation are used here for the model

application. The tests were performed on Toyoura sand with an initial porosity of about

40% (e ≈0.65), subjected to a confining effective stress of 1, 3, 5 MPa and with different

hydrate saturations. The experimental data from the host sediments are used to calibrate

the critical state parameters of the model (Table 3.6) and that from the hydrate-bearing

sand are used to examine the model capability at capturing the mechanical effect of Sh.

Table 3.6: Host sediment input parameters for modelling Hyodo et al. (2013) triaxial
tests at 1, 3 and 5 MPa of confining effective stress.

Host sediment input parameters

e λ M p′0 (MPa) κ ν n r p′0s (MPa) u

0.65 0.22 1.32 9 0.015 0.1 4 2.5 5.6 50
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Figure 3.14: Modelling of Hyodo et al. (2013) experimental data. Results are pre-
sented in terms of deviatoric stress-axial strain, volumetric strain-axial strain and void
ratio-mean effective stress relationships at effective confining stress of (a, b) 1 MPa,
(c, d) 3 MPa, and (e, f) 5 MPa. For comparison purposes, the e− ln(p′) paths during
triaxial shear are adjusted to the potential void ratio reported by Hyodo et al. (2013)
after isotropic consolidation. Percentages indicated in the figure correspond to hydrate

saturations.
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Figure 3.14 shows the simulation of the experimental tests performed by Hyodo et al.

(2013). The results show the capability of the model at capturing changes in the me-

chanical response of the host sediment with increasing confining effective stress. For the

host sediment confined at 1 MPa the model predicts a moderate softening after a peak

and the volumetric strain goes from compressive to slightly dilatant (Sh=0%, Figure

3.14a). With increasing effective stress, the model predicts a gradual transition of this

response towards a hardening and a fully contracting behaviour, although the maximum

deviatoric stress at 3 and 5 MPa are slightly underestimated (Sh=0%; Figure 3.14c and

3.14e). The results for the hydrate-bearing sand show, in general, a good agreement with

the experimental data, capturing both the trend and magnitude of the stress-strain and

volumetric responses of the sediment (Figure 3.14a, 3.14c and 3.14e) and the e− ln(p′)

paths during triaxial shear (Figure 3.14b, 3.14d and 3.14f). However, the peak strength

for the sediment with Sh = 53.7% tested at 3 MPa is largely overestimated (Figure

3.14c).

The maximum strength of the sediments examined here tends to increase almost linearly

with hydrate saturation. However, the sediment with Sh = 53.7% does not follow this

trend (Figure 3.15a).

Figure 3.15: Effect of hydrate saturation in the peak strength of MHBS. (a) qmax −
Sh relatively linear trend for Hyodo et al. (2013) experimental data. Note that the
maximum deviatoric stress values are normalized by those reported in the sediments
without hydrate. (b) Model predictions considering both Sh=53.7% and Sh=24.2% for

the sediment confined at 3MPa.

Hyodo et al. (2013) estimated the hydrate saturation within the sediment based on the

stoichiometry of the hydrate formation reaction and assuming that all the methane gas

injected converted into hydrate. Several studies have proposed that hydrate and gas can

coexist under hydrate stability conditions (e.g., Darnell and Flemings, 2015; Goswami

et al., 2015; Milkov, 2004). In particular, Sahoo et al. (2018a) show experimental evi-

dence in which hydrate formation stops with up to 13% of gas still on the sediment under

favorable pressure, temperature and salinity conditions. Accordingly, it is possible that

part of the gas injected into the specimen with Sh=53.7% could not form hydrate and
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consequently, the saturation reported could have been slightly overestimated. The same

test was modelled considering Sh= 24.2%, which is a more consistent value within the

linear qmax − Sh trend observed for the rest of the experimental data (Figure 3.15a).

Considering Sh= 24.2%, the Hydrate-CASM is capable to capture much better the de-

viatoric stress-axial strain relationship reported experimentally (Figure 12b).

The results presented in this section have been validated against the outputs from three

other mechanical models developed for MHBS (Hyodo et al., 2016; Sánchez et al., 2017;

Uchida et al., 2016b) (Figure 3.16). The comparison is satisfactory and shows that, de-

spite the simplicity of the densification mechanism, the Hydrate-CASM performs similar

to the other models that required more empirical parameters.

Figure 3.16: Model comparison between the results from Hydrate-CASM, Hyodo
et al. (2016), Sánchez et al. (2017) and Uchida et al. (2016b) models against the experi-
mental data from Hyodo et al. (2013). Stress-strain behaviour and volumetric response
for hydrate-bearing sediments with (a) Sh=24.2%, (b) Sh=35.1% and (c) Sh=53.1%

subjected to triaxial shear under confining effective stress of 5 MPa.

3.5 Conclusions

The Hydrate-CASM is a new elasto-plastic constitutive model developed to predict the

mechanical behaviour of MHBS. This model extends the formulation of the CASM model

by implementing the subloading surface model and introducing the densification mecha-

nism. Alternatively to bonding or cementing models, the Hydrate-CASM suggests that

the greater strength and dilatancy observed in MHBS can be explained by the densifica-

tion and stiffening effects that pore invasion by hydrate has on the mechanical properties

of the host sediment. The densification mechanism attributes hydrate-related changes

in the host sediment available void ratio, swelling line slope and isotropic yield stress

to sediment stress-strain changes. Moreover, the flexibility in the shape of the Hydrate-

CASM yield function and the use of a non-associated flow rule make our formulation
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particularly suitable for modelling the behaviour of sands, the most likely target deposit

for commercial exploitation of hydrates.

Compared to previous models for MHBS, our formulation reduces to one the number of

empirical hydrate-dependent parameters required to reasonably capture the mechanical

behaviour of MHBS. Our formulation only requires one empirical hydrate-dependent

parameter to account for changes in the swelling line slope with hydrate saturation.

Reducing to one the number of these parameters is an important advance in mechanical

constitutive modelling of MHBS (i) because obtaining them through laboratory tests is

challenging, especially if their physical meaning is not well understood, and (ii) because

eases the application of the Hydrate-CASM model to a wide range of experimental test

conditions.

Robust and well-described published experimental tests have been chosen to calibrate

the Hydrate-CASM capabilities at modelling the mechanical behaviour of MHBS dur-

ing triaxial shear. These tests cover the most relevant conditions related to MHBS

behaviour, including a wide range of hydrate saturations, several hydrate morphologies

and confinement stress. In addition, they have been previously used to calibrate other

mechanical models developed for MHBS, which allowed us to compare and validate our

results. Our simulations evidence the ability of the Hydrate-CASM to predict both

stress-strain and the volumetric response of synthetic MHBS subjected to drained tri-

axial shear and suggest that quantifying the void ratio and the mechanical response of

the host sediment is key to isolate hydrate-related mechanical contributions.
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Chapter 4

THM coupled modelling of

methane hydrate-bearing

sediments: Formulation and

application

This chapter has been published as:

De La Fuente, M.; Vaunat, J.; Maŕın-Moreno, H. Thermo-Hydro-Mechanical Coupled

Modeling of Methane Hydrate-Bearing Sediments: Formulation and Application. Ener-

gies 2019, 12, 2178. (publication reprint can be found in Appendix A)

A fully coupled thermo-hydro-mechanical formulation is developed to simulate sediment

deformation, fluid and heat transport and fluid/solid phase transformations occurring in

methane hydrate geological systems. The governing equations of energy and mass bal-

ance of the 3D finite element simulator Code Bright are reformulated here to incorporate

hydrate as a new pore phase. In addition, the formulation integrates the constitutive

model Hydrate-CASM to capture the effect of hydrate saturation in the mechanical

response of the sediment. The thermo-hydraulic capabilities of the formulation are vali-

dated against the results from a series of state-of-the-art simulators involved in the first

international gas hydrate code comparison study developed by the NETL-USGS. The

coupling with the mechanical formulation is investigated by modelling synthetic dis-

sociation tests under triaxial shear and validated against published experimental data

from triaxial tests performed in hydrate-bearing sands dissociated via depressurization.

The results show that the formulation captures the dominant mass and heat transfer

phenomena occurring during hydrate dissociation in the porous medium and reproduces

the stress release and sediment volumetric deformation associated with this process.
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They also show that the depressurization method for hydrate production has a strong

influence on sediment deformation.

4.1 Introduction

Methane hydrates hold vast amounts of methane gas below the sea floor and in per-

mafrost regions (Milkov, 2004). If economically producible, hydrate-sourced methane

could supply 10% of the global methane consumption in the coming decades (Krey

et al., 2009; Muradov, 2013; Smith, 2011) and bring a new level of energy self-sufficiency

to countries that lack conventional reserves (e.g., Japan, India, and South Korea) (Birch-

wood et al., 2010). Current techniques for methane production from hydrate include

thermal stimulation, depressurization, and inhibitor injection (Collett et al., 2009; Rup-

pel, 2018), among which, depressurization is deemed the most mature approach. Pro-

duction techniques perturb the thermodynamic and chemical conditions of the reservoir

to destabilize the hydrate phase and force its dissociation into water and gas. The re-

lease of mobile phases and the loss of the solid hydrate phase during dissociation have

a significant impact on the mechanical (e.g., strength, stiffness, volumetric behaviour)

and hydraulic (e.g., retention curve, hydraulic conductivity) properties of the sediment

and may destabilize it (e.g., Hovland and Gudmestad, 2001; Nagel, 2001).

Over the last 20 years, several numerical models have been proposed to simulate the

behaviour of gas hydrate reservoirs. Initially, modelling efforts focused on evaluating

the productivity of methane extraction from in-situ sediments. As a result, numerous

coupled thermo-hydraulic models were developed (e.g., Ahmadi et al., 2004; Kurihara

et al., 2005; Kwon et al., 2008; Liu and Yu, 2013; Moridis et al., 2008; Sultan et al., 2004;

White and Oostrom, 2006; Xu and Ruppel, 1999), which improved considerably the

understanding of the behaviour of MHBS during hydrate dissociation. However, these

models generally disregarded the mechanical response of the sediment or considered it

with simple approaches. Numerous experimental studies have investigated the impact

of hydrate dissociation on the mechanical properties of MHBS. These studies show that

the sediment tends to weaken during hydrate dissociation due to a reduction of the

sediment stiffness and strength with decreasing hydrate saturation (e.g., Hyodo et al.,

2013; Li et al., 2018; Masui et al., 2007; Sultaniya et al., 2018). Additionally, they report

significant changes in porosity, permeability and stress state of the sediment during

dissociation (e.g., Santamarina et al., 2015; Yoneda et al., 2018). Field observations

also note the impact of hydrate dissociation in the large-strain response of MHBS (e.g.,

Freij-Ayoub et al., 2007; Paull et al., 2007; Pecher et al., 2005; Sultan et al., 2004).

Borehole instabilities, gas blowouts and seafloor subsidence have been widely reported

during conventional hydrocarbon exploitation nearby hydrate reservoirs (e.g., Hovland

and Gudmestad, 2001; Nagel, 2001; Schoderbek et al., 2013). Moreover, large underwater
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landslides have been related to hydrate dissociation in continental margins (e.g., Booth

et al., 1994; Paull et al., 2007; Pecher et al., 2005).

Hence, geomechanics of MHBS has recently become a key factor in gas hydrate reservoir

simulation to ensure well-bore stability in production scenarios and mitigate hydrate-

related geohazards (Boswell et al., 2017). Even though knowledge of the mechanical

behaviour of MHBS is still limited, current modelling efforts have focused on develop-

ing suitable constitutive laws for capturing it. Table 4.1 lists some of the most notable

thermo-hydro-mechanical (THM) formulations that incorporate advanced mechanical

models for MHBS. These models consider from linear elastic to elasto-plastic and visco-

plastic formulations in which different dependencies of the yield function with the hy-

drate saturation (Sh) are assumed.

Table 4.1: Notable numerical solutions incorporating advanced mechanical models for
MHBS.

Model reference Mechanical approach

Kimoto et al. (2010) Viscoplasticity with Sh dependency
Rutqvist (2011) Mohr-Coloumb elasto-plasticity with Sh dependency

Kim et al. (2012) Mohr-Coloumb elasto-plasticity with Sh dependency
Klar et al. (2013) Mohr-Coloumb elasto-plasticity with Sh dependency

Gupta et al. (2016) Poro-elasticity with Sh dependency
Sun et al. (2018) Thermodynamics-based elasto-plastic model with Sh dependency

Sánchez et al. (2018) Elasto-plasticty with Sh dependency + Damage model

This chapter develops a new fully coupled THM formulation to simulate the mechan-

ical behaviour of MHBS, particularly focusing on hydrate dissociation scenarios. The

formulation builds on the established 3D finite element simulator Code Bright (Olivella

et al., 1996), which has been highly validated at solving multiphase mass and heat

transport problems in the geological media (e.g., Alonso and Pinyol, 2016; Gens et al.,

2009; Vilarrasa et al., 2013) and recently applied to examine the THM behaviour of

MHBS (Sánchez et al., 2018). The governing equations of energy and mass balance

of Code Bright are reformulated here in terms of the sediment potential porosity (i.e.,

space between the mineral grains) and the remaining available porosity after the forma-

tion of hydrate and/or ice. This volumetric distinction allows isolation of the effects of

mechanical deformation from the effects of hydrate and ice fluid/solid phase transfor-

mations, both affecting the hydraulic and mechanical properties of the porous medium.

In addition, the elasto-plastic constitutive model Hydrate-CASM (see Chapter 3) is

implemented to capture the effect of hydrate saturation on the sediment stress-strain

response. The formulation also integrates the Peng-Robinson equation of state (EoS)

(Peng and Robinson, 1976) and the thermodynamic equations proposed by (Tishchenko

et al., 2005) to compute methane gas density and solubility, respectively.

The thermo-hydraulic capabilities of the formulation are validated against the results

from a series of state-of-the-art simulators involved in the NETL-USGS first interna-

tional gas hydrate code comparison study (Wilder et al., 2008). Finally, the mechanical
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coupling is investigated by modelling synthetic dissociation tests under drained triaxial

shear and validated against published experimental data from a drained triaxial test

performed in hydrate-bearing sand dissociated via depressurization (Li et al., 2018).

4.2 Methodology

This section sets the theoretical framework of the problem, develops the mathemati-

cal formulation proposed to simulate the THM behaviour of MHBS and describes the

strategy adopted for the numerical solution.

4.2.1 Components, phases and partial saturations

The multicomponent and multiphase approach followed by Olivella et al. (1996) is

adopted here to describe the MHBS system (Figure 4.1). The porous medium is con-

sidered to be composed by four mass components; mineral grains (gr), methane (m),

water (w), and salt (st), that can be partitioned among some of the five phases of the

system; solid (s), hydrate (h), ice (i), gas (g) and liquid (l). The mineral grains form the

non-reactive solid continuum that provides the skeletal structure to the porous medium.

Within the pores, hydrate and ice can grow as non-permanent solid and immobile phases.

Finally, fluid flow and storage are restricted to the available space between the mineral

grains and hydrate and ice phases.

Figure 4.1: Volumetric relationships and pore-scale phase distribution in an elemen-
tary volume of MHBS. Note that the formulation considers the existence of unfrozen
water below freezing temperature due to capillary effects at the ice-liquid water inter-

face.
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Similar to Gupta et al. (2015), the sediment pore-space is divided here into two different

porosities (Table 4.2) to isolate the effects of mechanical deformation from those related

to hydrate and ice phase change on both the hydraulic and mechanical properties of the

porous medium.

Table 4.2: Volumetric relations in an elementary volume of MHBS.

Bulk volume Vt = Vs + Vh + Vi + Vl + Vg
Potential void space Vv = Vt − Vs
Potential porosity φp = Vv/Vt
Available void space Va = Vv − Vh − Vi
Available porosity φa = Va/Vt
Hydrate saturation Sh = Vh/Vv
Ice saturation Si = Vi/(Vv − Vh)
Gas saturation Sg = Vg/Va
Liquid saturation Sl = Vl/Va

The potential porosity (φp) is the pore space between the mineral grains of the sediment.

This porosity is strictly related to the volumetric deformation of the sediment and is

the maximum available space for the formation of hydrate and ice phases. The available

porosity (φa) is the volume of pores existing between solid phases (i.e., part of the po-

tential porosity non-occupied by hydrate or ice). This porosity determines the available

space for the fluids to flow or be stored, governs the sediment mechanical properties and

its permeability and evolves according to variations in potential porosity and hydrate

and ice phase transformations. Each phase saturation is obtained as the ratio between

the its volume and the corresponding volume of voids in which it is partitioned (Table

4.2). Thus, the following volumetric restrictions apply:

Sl + Sg = 1 (4.1)

and
φa
φp

= (1− Si)(1− Sh) (4.2)

Eq.4.1 allows the preservation of the basic structure of the classical two-phase flow

models for the gas-water system and Eq.4.2 provides the coupling between the gas-water

system and the solid pore-filling phases.

4.2.2 Multiphysical coupled system

The behaviour of the multiple phases considered within the pores involves mainly four

physical processes: mechanical deformation, fluid flow, thermal flow and phase change

reactions (Figure 4.2). Each of these processes interacts with each other generating a

multiphysical coupled system. Accurate representation of the interactions between these
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processes in the mathematical formulation is vital for adding certainty to the simulation

of the mechanical behaviour of MHBS. Supporting material A (section 4.5) sum up the

main interactions in a synthetic and systematic manner.

Figure 4.2: Schematic diagram of the fully coupled THM phenomena in hydrate-
bearing systems.

4.2.3 Governing equations

The governing equations of the Code bright simulator are presented in detail in Olivella

et al. (1996). Only a brief description of their extension to methane hydrate-bearing

geological environments is included here. The governing equations are divided here into

two main groups; (i) balance equations and (ii) constitutive equations and equilibrium

constraints. All the parameters used in the formulation are listed and defined in Table

4.3.

4.2.3.1 Balance equations

Mass balance equations

The mass balance equations are established following a compositional approach. In these

equations the volumetric mass of a component in a phase (e.g., methane in the liquid

phase, θml ) is the product of the mass fraction of that component (ωml ) and the bulk

density of the phase (ρl).

Mass balance of mineral grains:

The mineral grains coincide with the permanent solid phase and define the skeletal

structure of the porous medium. The mass conservation of this component can be

written as:
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Table 4.3: Nomenclature used to define the governing equations for MHBS. Note that
superscript α correspond to any component of the system and subscript β refers to the
phase wherein the component is partitioned. Bold symbols denote vectors and tensors.

Roman Symbols

a(T ) Peng-Robinson EoS parameter M Slope of critical state line in p’-q space
Aβ Viscosity parameter of phase β Mα

β Molecular mass of either component α or

phase β
A(T ) Viscosity thermal function n Stress-state coefficient: yield surface shape

parameter
Ah Hydrate surface area nh Hydration number
b Body forces p′ Mean effective stress
b Peng-Robinson EoS constant P0 Van Genuchten parameter
Bβ Viscosity parameter of phase β p0 Isotropic yield stress of hydrate-free sediment
cαβ Specific heat of component α in phase β p0h Isotropic yield stress of MHBS

dmβ Mass change of phase β Peq Hydrate phase equilibrium pressure
Dα
β Diffusion coefficient of component α in phase β Pβ Pressure of phase β

e Void ratio of hydrate-free sediment Pβ0 Reference pressure for phase β
eah Available void ratio of the MHBS Pc Critical pressure
eh Hydrate void ratio Pp Pore pressure
Eβ Energy of phase β q Deviatoric stress
Eαβ Energy of component α in phase β qβ Advective fuid flow

f Hydrate-CASM yield function r Yield surface spacing ratio
fα External mass supply of component α R Subloading ratio
fQ Internal/external energy supply Rg Regnault constant
fw Peng-Robinson EoS function Rh Rate of hydrate mass change
g Gravity forces S Salinity
iαβ Diffusive flux of component α in phase β Sβ Saturation of phase β

ic Conductive heat flow Se Effective liquid saturation
iEβ Energy dispersivity in phase β Sls Maximum liquid saturation

I Identity matrix Srl Residual liquid saturation
jαβ Mass flux of component α in phase β t Time

jEβ Advective flux of energy of phase β T0 Reference temperature

k0 Intrinsic permeability of hydrate-free sediment T Temperature
k Intrinsic permeability of MHBS Tc Critical temperature
krβ Relative permeability of phase β Teq Hydrate phase equilibrium temperature

KCH4 Solubility of methane in water Tr Reduced temperature
Kd Hydrate dissociation constant u Displacement
Kf Hydrate formation constant u Subloading parameter controlling the
Lh Latent heat of hydrate dissociation plastic deformations before yielding
Li Latent heat of ice melting v Molar volume
m Van Genuchten parameter V Unitary volume

Greek Symbols

αB Biot’s coefficient ∇ Differential operator =
(
∂
∂x ; ∂

∂y ; ∂
∂z

)
βt Thermal expansion coefficient of the liquid phase ν Poisson’s ratio
∂ Partial derivative ωαβ Mass fraction of component α in phase β

|εp| Norm of the incremental plastic strain µβ Viscosity of phase β
εv Volumetric strain φp Potential porosity
ε(x,y,z) Cartesian strains φa Available porosity

γ Solute variation ρβ Density of phase β
κ Slope of swelling line of hydrate-free sediment ρβ0 Reference density of phase β
κh Slope of swelling line of MHBS σ Cauchy total stress (compression positive)
κrf Swelling line slope reduction factor σ′ Effective stress (compression positive)
λ Slope of normal compression line σc Confining stress (compression positive)
λc Composite thermal conductivity θαβ Volumetric mass of component α in phase β

λdry Dry thermal conductivity τ Tortuosity coefficient
λsat Liquid saturated thermal conductivity ϑ Peng-Robinson acentric factor
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∂

∂t

(
ρs(1− φp)

)
+∇(jgrs ) = 0 (4.3)

Where jgrs is the flux of solid and can be expressed in terms of the solid velocity
(
∂u
∂t

)
as:

jgrs = ρs(1− φp)
∂u

dt
(4.4)

Applying the chain rule for all the derivatives, Eq.4.3 can be rewritten as:

(1− φp)
∂ρs
∂t

+ (1− φp)(
∂u

∂t
∇ρs)− ρs

∂φp
∂t
− ρs(

∂u

∂t
∇φp) + ρs(1− φp)∇

∂u

∂t
= 0 (4.5)

Neglecting the gradients of density and porosity convected by the solid phase and under

the assumption of small strain, Eq.4.5 can be rewritten as:

∂φp
∂t

=
1

ρs

(
(1− φp)

∂ρs
∂t

)
+ (1− φp)∇

∂u

∂t
(4.6)

where the term ∇∂u
∂t can be expressed in the form:

∇∂u

∂t
=
∂2ux
∂x∂t

+
∂2uy
∂y∂t

+
∂2uz
∂z∂t

=
∂

∂t
(εx + εy + εz) =

∂εv
∂t

(4.7)

and εx + εy + εz are Cartesian strains.

Mass balance of methane:

Methane component is present in liquid, gas and hydrate phases, and its total mass

balance is expressed as:

∂

∂t

((
θml Sl + θmg Sg

)
φa + θmh Shφp

)
+∇(jml + jmg + jmh ) = fm (4.8)

where θml , θmg and θmh are the volumetric mass of methane in the liquid, gas and hydrate

phases, respectively. For a given temperature, pressure and salinity the terms θmg and

θml can be obtained according to Peng and Robinson (1976) and Tishchenko et al.

(2005) respectively. Note that ωmg is equal to one as the gas phase is considered mono-

component and ωmh = 1− ωwh .

The mass flux terms jml and jmg are the relative motion of methane in the liquid and gas

phases, respectively, with respect to the solid phase. These terms are obtained as the

sum of diffusive and advective flux terms as follows:
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jml = iml + θml ql + φaSlθ
m
l

∂u

∂t
(4.9)

jmg = img + θmg qg + φaSgθ
m
g

∂u

∂t
(4.10)

The mass flux term jmh denote the relative motion of methane in the hydrate phase with

respect to the solid phase as a result of the medium deformation:

jmh = φpShθ
m
h

∂u

∂t
(4.11)

The term fm is the external sink/source of methane per unit volume. Note that because

of the compositional approach adopted in the formulation, this term do not include

methane mass changes from hydrate kinetics.

Mass balance of water:

Water is present in liquid, ice and hydrate phases but it is neglected as vapour in the

gas phase. Thus, the total mass balance of water is expressed as:

∂

∂t

(
θwl Slφa +

(
θwi Si(1− Sh) + θwh Sh

)
φp

)
+∇(jwl + jwi + jwh ) = fw (4.12)

where θwl , θwi and θwh are the volumetric mass of water in the liquid, ice and hydrate

phases, respectively. Note that the term ωwl depends on the concentration of salt and

methane dissolved in the liquid phase, ωwi is equal to one and ωwh = nhM
w

nhMw+Mm , assuming

nh as 6.176.

The mass flux term of water in liquid (jwl ) is computed similarly as in Eq.(4.9), while

the flux terms in hydrate (jwh ) and ice phases (jwi ) are computed similarly as in Eq.(4.11)

for Sh and Si, respectively .

The fw is an external sink/source of water per unit volume and do not include water

mass changes from hydrate kinetics.

Mass balance of salt:

Salt is present as a dissolved component in the liquid phase, and it is not allowed

to precipitate as a solid phase. Its concentration affects the liquid density, influences

the solubility of methane and can inhibit hydrate stability conditions. The total mass

balance of salt is expressed as:

∂

∂t

(
θstl Slφa

)
+∇jstl = fst (4.13)
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Where θstl is the volumetric mass of salt in the liquid phase. Changes in salt concentra-

tion due to “freshening” of the pore water can be used as a tracer of ongoing hydrate

dissociation and/or ice melting.

The flux term of salt in the liquid phase (jstl ) is the relative motion of salt in the liquid

phase with respect to the solid phase and is computed similarly as in Eq.4.9. Finally,

the term fst is the external sink/source term of salt.

Energy balance equation:

The equation for internal energy balance in the porous medium is established according

to Olivella et al. (1996) considering the internal energy in each phase of the system, so

that:

∂

∂t

((
ElρlSl + EgρgSg

)
φa +

(
EiρiSi(1− Sh) + EhρhSh

)
φp

+Esρs(1− φp)
)

+∇(ic + jEs + jEi + jEh + jEg + jEl) = fQ
(4.14)

Where the energy flux of fluid phases include energy dispersion, advective transport by

fluid mass relative to the solid phase and that related to the soil velocity:

jEl = iEl + jml E
m
l + jwl E

w
l + jstl E

st
l + ElρlφaSl

∂u

∂t
(4.15)

jEg = iEg + jmg Eg + EgρgφaSg
∂u

∂t
(4.16)

with:

Elρl = θml E
m
l + θwl E

w
l + θstl E

st
l (4.17)

Note that Eml and the dispersive terms (iEl and iEg) have been neglected in our simu-

lations.

The energy flux of solid phases only depend on the advective transport related to the

soil velocity, so that:

jEh = EhρhφpSh
∂u

∂t
(4.18)

jEi = Eiρiφp(1− Sh)Si
∂u

∂t
(4.19)

jEs = Esρs(1− φp)
∂u

∂t
(4.20)
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For which exothermic/endothermic changes caused by hydrate formation/dissociation

and ice formation/melting are considered through the latent heat of each phase trans-

formation (Table 4.4) and the term fQ is the external supply of energy per unit volume.

Table 4.4: Specific energy expression and representative values of specific and latent
heat for each phase of the system.

Phase Specific energy Specific and latent heat

Gas (g) Eg = cg(T − T0) cg = 2500 J(KgK)−1

Hydrate (h) Eh = Lh + ch(T − T0) ch = 2108 J(KgK)−1

∗Lh = 3.39e5 JKg−1

Ice (i) Ei = Li + ci(T − T0) ci = 3144 J(KgK)−1

∗Li = 3.34e5 JKg−1

Liquid (l) Ewl = cwl (T − T0) cwl = 4184 J(KgK)−1

Estl = 1.42e5 + cstl (T − T0) cstl = 2200 J(KgK)−1

Solid (s) Es = cs(T − T0) cs = 874 J(KgK)−1

∗ Lh and Li are positive for hydrate dissociation and ice melting respectively.

Momentum balance equation:

The momentum balance equation for the bulk porous medium is formulated based on

the infinitesimal strain theory and reduces to the equilibrium of total stresses if the

inertial terms are neglected:

∇σ + b = 0 (4.21)

4.2.3.2 Constitutive equations and equilibrium constraints

A set of constitutive laws and equilibrium constraints are used in the formulation to

establish the link between the primary (i.e., solid displacements, u; liquid pressure,

Pl; gas pressure, Pg; temperature, T and salinity, S) and the dependent variables of the

system (listed in Tables 4.5 to 4.7). These equations allow capturing the coupling among

the various physical phenomena considered in the system and close the mathematical

formulation.

Stress - strain behaviour of MHBS

Several experimental studies show that MHBS show greater stiffness, strength, dilation,

and softening behaviours with increasing hydrate saturation (e.g., Dai et al., 2011; Ghi-

assian and Grozic, 2013; Hyodo et al., 2014b; Masui et al., 2005; Miyazaki et al., 2011a;

Soga et al., 2006; Waite et al., 2009). The increase of strength in MHBS has been

widely attributed to the physical bonding between the hydrate crystal and the sediment

grain. This bonding has been modeled using different strategies; (i) addition of a cohe-

sion constituent in the failure criteria (Jung et al., 2012; Pinkert et al., 2015; Pinkert
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and Grozic, 2014; Soga et al., 2006), (ii) enlargement of the yield surface by cohesion

and dilatation (Sánchez et al., 2017; Uchida et al., 2012), (iii) impediment of sediment

normal consolidation and enlargement of the yield surface (Sultan and Garziglia, 2011),

(iv) partition of the stress between hydrate and matrix in a bonding damage framework

(De La Fuente et al., 2016; Sánchez et al., 2017) (see Chapter 6), (v) attribution of

physical bonding properties in discrete element methods (DEM) (Jiang et al., 2014) and

(vi) expansion of the failure envelope in a spatially mobilized plane (SMP) model (Lin

et al., 2015). Pinkert (2016) and Pinkert and Grozic (2016) propose that kinematics

might govern the increase in strength observed in hydrate-bearing sands. Alternatively,

the Hydrate-CASM model (Chapter 3) attributes the greater strength and dilatancy ob-

served in MHBS to the densification and stiffening effect that pore invasion by hydrate

has on the mechanical properties of the host sediment.

The constitutive model Hydrate-CASM (Chapter 3) is integrated in Code Bright’s for-

mulation to predict the mechanical response of MHBS. This elasto-plastic model extends

the formulation of the CASM model (Yu, 1998) by implementing the subloading surface

model (Hashiguchi, 1989) and the densification mechanism (Table 4.5), which suggests

that the decrease of the available void ratio of the host sediment during hydrate and ice

formation stiffens its structure and has a similar mechanical effect that the increase of

the sediment density. The model performance has been tested over a range of hydrate

saturations and confining stress using experimental data from triaxial tests performed

in synthetic hydrate-bearing sands. It also has been validated against the outputs from

other notable constitutive models for MHBS that simulated the same experimental data

(Figure 4.3).

Figure 4.3: Model comparison between Hydrate-CASM predictions and those obtain
by Sánchez et al. (2017), Uchida et al. (2012) and Yan and Wei (2017) models. The
simulations are plotted against the experimental data from Masui et al. (2005) for (a)

cementing and (b) pore-filling specimens. Adapted from Chapter 3
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Table 4.5: Mechanical constitutive equations and corresponding dependent variables
of the MHBS system. Bold symbols denote vectors and tensors.

Stress-strain behaviour

Hydrate-CASM (Chapter 3)

Subloading yield function:

f = ( q
Mp′ )

n + 1
ln(r) ln( p′

Rp′0h
)

with:

dR = −ulnR|dεp|

Densification mechanism:

p′0h = e

(
eh

λ−κh

)
p′0

(
λ−κ
λ−κh

)
with:

eh = e(Sh + (1− Sh)Si)
eah = e− eh
κh = κκrf
κrf = 0 if (Sh + (1− Sh)Si) = 0
κrf = 3(Sh + (1− Sh)Si)

2 − 2.68(Sh + (1− Sh)Si) + 0.9934
if 0 < (Sh + (1− Sh)Si) ≤ 0.42

κrf = 0.397 if (Sh + (1− Sh)Si) > 0.42

Dependent variable: Stress tensor, σ

Effective stress (Biot and Willis, 1957)

σ′ = σ − αBPpI

with: αB = 1

Dependent variable: Effective stress tensor, σ′

Note that eah, κh and p′0h recover the hydrate-free parameters e, κ and p′0 when

(Sh + (1− Sh)Si) = 0.

Hydrate and ice phase boundaries

The dominant parameters governing the thermodynamic stability of methane hydrates

in marine sediments are pressure, temperature and salinity. Our formulation employs

the empirical solution proposed by Tishchenko et al. (2005) (Table 4.6) to define the

methane hydrate phase boundary at different salinity (Figure 4.4).
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Figure 4.4: Methane hydrate phase boundaries for pure water (thick solid black line)
and saline water (S=35 ‰, thick dashed black line) given by Tishchenko’s et al. (2005)

model.

Above the methane hydrate phase boundary (i.e., Pg > Peq, shaded area in Figure 4.4),

hydrate can form when the concentration of methane dissolved in the liquid phase is at

or above saturation value (Sloan and Koh, 2007). Our formulation computes methane

solubility at equilibrium pressure as a function of salinity and temperature following the

empirical proposal of Tishchenko et al. (2005) (Table 4.6). This function is combined

with the IUPAC recommendation at Pg=0.1 MPa (IUPAC, 1987) to extend the calcula-

tion of methane solubility in water at any other given pressure-temperature combination

(Table 4.6). Below the methane hydrate phase boundary (i.e., Pg < Peq, white area in

Figure 4.4), hydrate dissociates into its forming components. Our formulation assumes

hydrate phase change to be governed by first order kinetics as suggested by Englezos

et al. (1987) and (Kim et al., 1987), in which the rate of phase change is proportional

to the product of the hydrate surface area and the driving force (i.e., pressure difference

between Peq and Pg) (Table 4.6).

Water-to-ice transformation may also take place in MHBS during temperature dropping

if hydrate formation is restricted by insufficient methane availability, or due to endother-

mic cooling at fast depressurization. Changes in ice saturation are computed using the

freezing characteristic function proposed by Nishimura et al. (2009) (Table 4.6). This

function derives from the thermodynamic equilibrium between liquid and ice phases in

pores and employs the van Genuchten’s capillary pressure to relate the thermodynamic

properties of the system with the saturation of unfrozen water. As stated in Table 4.5

our formulation consider that ice saturation has the same mechanical effect as that of

hydrate.
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Table 4.6: Equilibrium constraints for the MHBS system and corresponding depen-
dent variables.

Hydrate phase change

Methane hydrate phase boundary (Tishchenko et al., 2005)

ln(Peq) = −1.644866x103−0.1374178T+5.4979866x104/T+2.64118188x102ln(T )+S
(
1.1178266x104+

7.67420344T − 4.515213x10−3T 2− 2.04872879x105/T − 2.17246046x103ln(T )
)

+S2
(
1.70484431x102 +

0.118594073T − 7.0581304x10−5T 2 − 3.0979619x103/T − 33.2031996ln(T )
)

Dependent variable: Equilibrium pressure, Peq

Methane solubility (Tishchenko et al., 2005; IUPAC, 1987)

ln(KCH4)Pg = ln(KCH4)Peq

(
ln(KCH4

)0.1MPa

ln(KCH4
)Teq(Pg)

)

with:

ln(KCH4)Peq = −2.5640213x105 − 1.644805x102T + 9.1089042x10−2T 2 + 4.90352929x106/T +

4.93009113x104ln(T )+S
[
−5.1628513x102−0.33622376T +1.8819904x10−4T 2 +9.76525718x103/T +

99.523354ln(T )
]

ln(KCH4)0.1MPa = 1x10−9
[
− 417.5053 + 599.8626(100/T ) + 380.3636ln(T/100) − 62.0764T/100 +

S[−0.06423 + 0.03498(T/100)− 0.0052732(T/100)2]
]

ln(KCH4)Teq(Pg) = 1x10−9
[
− 417.5053 + 599.8626(100/Teq(Pg)) + 380.3636ln(Teq(Pg)/100) −

62.0764Teq(Pg)/100 + S[−0.06423 + 0.03498(Teq(Pg)/100)− 0.0052732(Teq(Pg)/100)2
]

ωml = 1.604x10−2KCH4Pg
Kg/Kg

Dependent variable: Dissolved methane concentration, ωml

Hydrate kinetic rate (Englezos et al., 1987; Kim et al., 1987)

Rh(T, Pg) = φpShAh

(
Kd〈Peq(T )− Pg〉 −Kf 〈Pg − Peq(T )〉

)
with:

Ah = 0.375 µm−1
Kd = 124× 103exp(−9400/T (K)) mol/m2Pa s
Kf = 0.5875× 10−11 mol/m2Pa s
∗dmh = −MhRh(T, Pg)
Mh = 0.018016nh + 0.016042 Kg/mol

Dependent variable: Hydrate mass change, dmh

Ice phase change

Freezing characteristic function (Nishimura et al., 2009)

1−∗ Si =

(
1 +

(
1−(1−ρi/ρl)Pl−ρiLiln(T/273.15)

P0

) 1
1−m

))−m
with:
ρi = 0.91 · ρl

Dependent variable: Ice saturation, Si

∗ See section 4.6 for the derivation of hydrate and ice mass conservation equations
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Table 4.7: Advective and non-advective flux constitutive equations and corresponding
dependent variables of the MHBS system. β refers here to liquid and gas phases and α
to methane and salt components. Bold symbols denote vectors and tensors. Note that

the parameters values used in the thermo-hydraulic simulations are given.

Advective fluid flow

Darcy’s law Gas Density (Peng and Robinson, 1976)

qβ = −
kkrβ
µβ

(∇Pβ − ρβg) Pg =
RgT
v−b −

a(T )
v(v+b)+b(v−b)

with: with:

k = k0
φ3a

(1−φa)2
(1−φp)2

φ3p
a(T ) = 0.45724R2

gT
2
c /Pc

[
1 + fw(1− T 0.5

r )
]2

k0 = 1x10−13m2 fw = 0.37464 + 1.54226ϑ− 0.26992ϑ2

krl =
√
Se
(
1− (1− S1/m

e )m
)2

ϑ = 0.0015
m∗ = 0.645 b = 0.0778RTc/Pc
krg = 1− krl Rg = 8.3144598 J/molK

µβ = Aβexp(
Bβ

273.15+T ) Pc = 4.60 MPa

Al = 2.1x10−12 MPa s Tr = T/Tc
Bl = 1808.5 K Tc = 190.4K

Ag = 1.48x10−12 MPa s ρg = Mg

v
Bg = 119.4 K Mg = 0.016042 Kg/mol

Dependent variable: Advective fluid flow, ql and qg Dependent variable: Gas density, ρg

Retention curve (Van Genuchten, 1980) Liquid density (Olivella et al., 1996)

Se = Sl−Srl
Sls−Srl =

(
1 +

(Pg−Pl
P0

) 1
1−m

)−m
ρl = ρl0

(
1 + βt(Pl − Pl0) +A(T ) + γωstl

)
with: with:

P ∗0 = 0.075MPa A(T ) = (T+288.9414)(T−3.9863)2

508929.2(T+68.12963)

m∗ = 0.645 ρl0 = 1002.6kg/m3

βt = 4.5× 10−4MPa−1

Pl0 = 0.1MPa
γ = 0.6923
ωstl = 0

Dependent variable: Saturation of mobile phases, Sl and Sg Dependent variable: Liquid density, ρl

Non-advective fluid flow

Fick’s law Fourier’s law

iαβ = φaτρlSlD
α
l I∇ωαl ic = −λc∇T

with: with:

Dm
l = 5.9× 10−6 exp

( (273.15+T )2.3

Pg

) †λc = λsat
√
Sl + λdry(1−

√
Sl)

Dst
l = 1.1× 10−4 exp

( −24530
Rg(273.15+T )

)
λsat = 2 W/mK, λdry = 2.18 W/mK

τ = 1

Dependent variable: Diffusive flux, iml and istl Dependent variable: Conductive heat flow, ic

∗ m and P0 values correspond to those given in the benchmark problem analyzed in section 4.3.1. The m value

is included within the range of values reported in the literature for gas hydrate numerical simulation studies

(e.g., Gamwo and Liu, 2010; Mahabadi et al., 2016)
† λc is not computed in terms of Sh or Si. This simplification valid for low saturations of ice (Waite, 2007)
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4.2.3.3 Numerical solution strategy

The Partial Differential Equations (PDE) system presented in this chapter is solved

numerically following the procedure established in (Olivella et al., 1996). The modified

Galerkin finite element method (FEM) is adopted for the spatial discretization, while

finite differences are used for the temporal discretization via an implicit scheme (back-

ward Euler method) that incorporates an automatic sub-stepping procedure based on

error control (Sloan et al., 2001). A mass conservative approach is adopted by directly

discretizing the storage terms (Allen and Murphy, 1986; Celia et al., 1990), and the

mechanical problem is solved using an implicit stress point algorithm (SPA) (Simo and

Taylor, 1985) (see section 2.2.2).

Once the formulation is discretized, this can be represented as a system of algebraic

equations that are linearized via the Newton-Raphson scheme. Then, LU decomposition

and back-substitution (non-symmetric matrix) or conjugate squared gradients are used

to solve the system of equations simultaneously (monolithic solution) in a fully coupled

manner.

4.3 Results and Discussion

4.3.1 Thermo-hydraulic validation

In this section, we reproduce the second benchmark problem presented in the NETL-

USGS first international gas hydrate code comparison study. The initial problem condi-

tions, model parameters and further specifications can be found in https://www.netl.

doe.gov/node/7285. This problem analyses a 20m one-dimensional horizontal closed

domain (no flow boundary conditions) initialized with gradients in liquid and gas pres-

sure, and temperature that yield aqueous saturated conditions on half of the domain

and aqueous unsaturated conditions on the other half (Figure 4.5a). We have simulated

the problem in two-dimensions and have used a non-uniform mesh, with a higher con-

centration of elements in the contact between the two domains, to represent better the

problem solution.

The initial conditions of the problem are designed to trigger complete dissociation of

the hydrate phase via the thermal capacitance of the right half of the domain. From

these conditions, the simulation proceeds to reach the equilibrium in temperature and

pressure along the domain. During the transition, the hydrate begins to dissociate at the

contact between both domains and the dissociation front (vertical dashed line in Figure

4.5e) advances progressively to the left. After 10 days of simulation hydrate dissociation

occurs simultaneously with hydrate reformation.
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Figure 4.5: (a) Initial conditions and mesh applied in the simulation. Simulated (b)
gas pressure, (c) temperature, (d) dissolved methane mass fraction and (e) hydrate

saturation distributions along the domain at 1, 100 and 1000 days of simulation.
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As shown in Figure 4.5e, hydrate saturation at 100 and 1.000 days of simulation increases

with respect to that in the previous time simulated as we move away from the disso-

ciation front towards the left side. The low temperature in this side of the domain in

combination with the endothermic nature of the dissociation reaction and the increase

in pore pressure due to the migration of free gas allows reaching the thermodynamic

conditions for hydrate reformation.

The good matching observed between our results and those from the simulators involved

in the code comparison study (i.e., HydResSim, MH-21, CMG STARS, STOMP-HYD,

TOUGH-FX and Univ-Houston) allows validating the capacity of our formulation at

capturing the dominant mass and heat transfer phenomena during gas hydrate dissoci-

ation.

4.3.2 THM modelling of synthetic experimental tests

In this section, various synthetic triaxial tests are simulated to investigate the stress-

strain and volumetric deformation characteristics of MHBS during hydrate dissociation

under strain-controlled shear. For the simulations, we assume two-dimensional axisym-

metric jacketed sand specimens of 10 cm x 5 cm, of which a radial plane of 10 cm x

2.5 cm is used as computational domain (shaded area in Figure 4.6). The right-hand

side of the domain has a boundary condition of constant total stress and the bottom is

immobile. All the simulations are conducted under constant compression rate of 0.012

%/min with drained conditions only at the top of the sample. The particular conditions

employed in each simulation are listed in Table 4.8.

Table 4.8: Test conditions adopted in the simulations.

Test name Temperature Confining Liquid Hydrate Remarks
(◦ C) Pressure (MPa) Pressure (MPa) Saturation (%)

Hs Temp 8 → 11.3 8 6 0 4T at εa = 16%
Mhbs Temp1 8 → 11.3 8 6 20 4T at εa = 16%
Mhbs Temp2 8 → 11.3 8 6 20 4T at εa = 40%
Hs Dep 8 8 6 → 4.6 0 4Pl at εa = 16%
Mhbs Dep 8 8 6 → 4.6 20 4Pl at εa = 16%

We label as Hs Temp and Hs Dep the two simulations used to characterize the mechan-

ical response of the host sediment specimen (Sh = 0%) subjected to thermal stimulation

(4T= 8 → 11.3◦ C) and depressurization (4Pl= 6 → 4.6 MPa), respectively. These

simulations provide a reference behaviour that allows distinguishing the mechanical ef-

fects of temperature and pressure variations from those related to hydrate dissociation in

MHBS. For the dissociation tests, Mhbs specimens (initial Sh > 0%) are sheared up to an

axial strain of approximately 16% (Mhbs Temp1, Mhbs Dep) and 40% (Mhbs Temp2).

Then, depressurization and/or thermal stimulation are imposed over a period of 100
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seconds and the final liquid pressure (4.6 MPa) and temperature (11.3◦ C) are kept as

constant boundary conditions thereafter.

Figure 4.6: (a) Initial test conditions. (b) Boundary conditions for thermal stimu-
lation and depressurization tests. The mechanical properties of the host sediment are
adopted from calibrated values for pure Toyoura sand in Chapter 3. The monitoring

location shows the location of the profiles in Figure 4.7.

Figure 4.7 shows the simulated evolution of the deviatoric stress, potential porosity,

temperature, liquid pressure and hydrate and gas saturation during the complete triax-

ial loading history. The host specimen Hs Temp, sheared under constant pore pressure

and subjected to thermal stimulation, is characterized by a peak in the deviatoric stress

followed by softening (Figure 4.7a) and dilatant response (Figure 4.7c). Before dissoci-

ation is simulated the specimens with hydrate (Mhbs Temp1 and Mhbs Temp2) show a

greater peak in the deviatoric stress and a more dilatant response than the correspond-

ing host sediment. Then, dissociation via thermal stimulation leads to a drop in the

deviatoric stress (points 1 and 2 in Figure 4.7a) as well as to a reduction in the dilatant

response (point 1 in Figure 4.7c) or a compressive behaviour of the dissociated sediment

(point 2 in Figure 4.7c).
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Figure 4.7: Simulated evolution of the (a, b) deviatoric stress, (c, d) potential poros-
ity, (e, f) temperature, (g, h) liquid pressure and (i, j) hydrate and (k, l) gas saturation
for specimens subjected to thermal stimulation and depressurization during shear, re-
spectively. Dashed lines represent the behaviour of the host sediments and solid lines
refer to MHBS subjected to dissociation. Note that variations in hydrate and gas satu-
ration before and after dissociation, respectively, are due to the volumetric deformation

of the specimen.
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The mechanical behaviour of Hs Dep subjected to depressurization is highly influenced

by the increase in the confining effective stress caused by the drop of liquid pressure.

Depressurization leads the host sediment to shift from a softening to a hardening re-

sponse and from a dilatant to a compressive volumetric behaviour (point 1 in Figures

4.7b and 4.7d). For the hydrate-bearing specimen Mhbs Dep, the increase of effective

stress induced by depressurization adds to the mechanical weakening of the sediment

during dissociation. Upon dissociation the specimen Mhbs Dep starts contracting under

shear (point 2 in Figure 4.7d) rather than reducing its dilatant behaviour, as observed

in the equivalent simulation of hydrate dissociated via thermal stimulation (point 1 in

Figure 4.7c).

These results capture two important features of the mechanical response of MHBS during

hydrate dissociation under strain-controlled shear. Hydrate dissociation leads to a drop

of the deviatoric stress which is associated with the shrinking of the yield surface due

to sediment mechanical weakening. In consequence, the sediment shows a less dilatant

behaviour than the corresponding host sediment or even a contractant response under

shear. Our results also show that the volumetric deformation of the sediment during

dissociation strongly depends on the hydrate production method. Point 2 in Figure 4.7d

clearly shows that dissociation via depressurization leads the specimen contraction while

dissociation by thermal stimulation does not (point 1 in Figure 4.7c).

4.3.3 THM modelling of Li’s et al. (2018) experimental tests

The multistage triaxial shear test conducted by Li et al. (2018) is used here to examine

the capabilities of our formulation at capturing the effect of hydrate dissociation on

the mechanical response of a synthetic MHBS. Figure 4.8 summarizes the mechanical

properties and the initial and boundary conditions considered in the simulation.

Figure 4.8: (a) Initial and (b) boundary conditions adopted for dissociation simula-
tion. The monitoring location shows the location of the profiles in Figure 4.9

84



Thermo-Hydro-Mechanical modelling of MHBS

The modelling is approached here in two steps, firstly the mechanical behaviour of the

specimen with a constant hydrate saturation of 38.5% is calibrated based on the ex-

perimental deviatoric stress-axial strain and volumetric strain-axial strain relationships

reported before depressurization is applied (black solid lines in Figure 4.9a and 4.9b).

Once the mechanical properties are calibrated, hydrate dissociation is simulated at ap-

proximately 2.5-3% of axial strain by depressurizing the specimen from a liquid pressure

of 8 MPa to 3 MPa. The depressurization is applied as a boundary condition on top

of the specimen (blue line in Figure 4.8) while this is subjected to a constant triaxial

compression rate of 0.2 %/min. Temperature is imposed on the top, base and right-

hand side of the computational domain to simulate the circulation of fluid at a constant

temperature around the specimen.

Figure 4.9: Comparison between model simulation and experimental data from a
drained triaxial test performed on a synthetic MHBS subjected to dissociation via
depressurization:(a) Deviatoric stress, (b) volumetric strain, (c) liquid pressure, and
(d) hydrate saturation relationships with axial strain. Experimental data from (Li

et al., 2018).
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Results in Figure 4.9 show that once depressurization is induced, our formulation cap-

tures a subtle drop in the deviatoric stress (point 1 in 4.9a) as well as an increase in

volumetric strain (points 2 to 3 in Figure 4.9b). Although the main trends observed

experimentally in the mechanical response of the sediment are captured by the model,

this slightly overestimates the maximum deviatoric stress after dissociation and under-

estimates the volumetric strain at the end of the triaxial test. For comparison purposes,

the evolution of hydrate saturation with the axial strain is plotted removing the change

in Sh due to sediment deformation (i.e., changes in hydrate saturation are related only

to the chemical reaction). Figure 4.9d shows that the model reproduces closely the

experimental rate of hydrate dissociation.

4.4 Conclusions

Hydrate dissociation has a significant effect on the thermo-hydro-mechanical properties

of methane hydrate-bearing sediments and may cause its mechanical destabilization.

Our formulation captures the mass and heat transfer phenomena during hydrate disso-

ciation in the porous medium. The thermo-hydraulic performance of the model shows

that this closely reproduce the shift of the dissociation front during hydrate phase change

and the volume of hydrate that reforms due to gas migration within the domain. The

coupling with the mechanical formulation show that under strain-controlled shear, hy-

drate dissociation leads to a drop in the deviatoric stress and to a less dilatant or even

contracting behaviour of the dissociated specimen in comparison to the corresponding

host sediment. In particular, it is observed that the sediment may contract in cases

when the deviatoric stress drops below the failure envelope of the host sediment. Our

synthetic results also suggest that the deformation of MHBS strongly depends on the

hydrate production method. The results show that specimens subjected to hydrate dis-

sociation via depressurization are more likely to show contractant behaviour under shear

than those subjected to thermal stimulation because of the increase in effective stress

when decreasing the pore pressure. Finally, the model results illustrate that our formu-

lation successfully reproduces changes in hydrate saturation during dissociation as well

as the main mechanical features observed in experimental dissociation tests performed

in real specimens.

4.5 Supporting material A

This section presents the main interactions between the various thermo-hydro-mechanical

processes occuring in MHBS in a synthetic and systematic manner.
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Thermal phenomena

Heat storage

Effects from:

Thermal phenomena Heat storage proportional to temperature.

Hydraulic phenomena Liquid and gas flow modify the amount of water and

methane.

Mechanical phenomena Porosity changes affect the space left for hydrate and ice

formation and fluid flow and storage.

Phase change phenomena Phase changes affect heat storage through the latent

heat of hydrate formation/dissociation and ice forma-

tion/melting.

Porosity changes due to phase change affect the available

space for fluid flow and storage.

Heat conduction

Effects from:

Thermal phenomena: Heat conduction driven by temperature gradients

(Fourier’s law).

Hydraulic phenomena: Fluid flow affects thermal conductivity.

Mechanical phenomena: Porosity changes affect thermal conductivity and fluid

flow and storage.

Heat advection by liquid flow

Effects from:

Hydraulic phenomena: Heat transport by liquid flow

Phase change phenomena: Hydrate dissociation and ice melting increase the volume

of the liquid phase.

Heat advection by gas flow

Effects from:

Hydraulic phenomena: Heat transport by gas flow and gas diffusion.

Phase change phenomena: Hydrate dissociation generates free gas.

Phase changes

Effects from:

Continued on next page
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Thermal phenomena

Thermal phenomena: Liquid and gas pressure affected by temperature.

Methane solubility decreases with temperature.

Phase change phenomena: Endothermic/exothermic nature of the solid/liquid phase

changes affects the temperature of the system.

Hydraulic phenomena

Water storage

Effects from:

Thermal phenomena: Liquid density changes with temperature.

Hydraulic phenomena: Liquid density changes with liquid pressure.

Mechanical phenomena: Porosity changes affect the available of space for fluid flow

and storage.

Phase change phenomena: Phase change affects the amount of water in gas, hydrate,

ice and liquid phases.

Gas storage

Effects from:

Thermal phenomena: Gas density changes with temperature.

Dissolved methane in the liquid phase varies with tem-

perature.

Hydraulic phenomena: Gas density changes with gas pressure.

Dissolved methane concentration depends on gas pressure

by the Peng and Robinson EoS.

Mechanical phenomena: Porosity changes affect the available of space for fluid flow

and storage.

Phase change phenomena: Hydrate phase change controls the amount of methane

occurring as gas phase.

Salt storage∗

Effects from:

Thermal phenomena: Dissolved salt in the liquid phase varies with temperature.

Phase change phenomena: Pore water freshening during hydrate dissociation and ice

melting.

(∗ Note that dissolved salt is not allowed to precipitate as a solid phase).

Continued on next page

88



Thermo-Hydro-Mechanical modelling of MHBS

Hydraulic phenomena

Liquid water transfer

Effects from:

Thermal phenomena: Hydraulic conductivity affected by liquid viscosity, de-

creasing with temperature.

Liquid saturation varies with temperature in unsaturated

conditions (thermal expansion and phase changes).

Pore water pressure increases with temperature in satu-

rated conditions.

Liquid density variation with temperature gives rise to

convective flow.

Hydraulic phenomena: Liquid flow controlled by liquid pressure gradients

(Darcy’s law).

Hydraulic conductivity affected by gas and liquid satu-

ration, in turn controlled by capillary pressure (retention

curve) and phase change of solid phases.

Mechanical phenomena: Porosity changes affect hydraulic conductivity.

Phase change phenomena: Liquid saturation varies with hydrate and ice phase

change.

Hydrate and ice saturation affect the available porosity

and hydraulic conductivity of the sediment.

Dissolved methane transfer

Effects from:

Thermal phenomena: Diffusion coefficient affected by temperature

Hydraulic phenomena: Dissolved methane transfer controlled by diffusion (Fick’s

law).

Advection of dissolved salt by liquid flow.

Hydraulic conductivity affected by gas and liquid satu-

ration, in turn controlled by capillary pressure (retention

curve) and phase change of solid phases.

Mechanical phenomena: Porosity changes affect hydraulic conductivity.

Diffusion coefficient affected by porosity.

Phase change phenomena: Liquid saturation varies with hydrate and ice phase

change.

Hydrate and ice saturation affect the available porosity

and hydraulic conductivity of the sediment

Continued on next page
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Hydraulic phenomena

Dissolved salt transfer

Effects from:

Thermal phenomena: Diffusion coefficient affected by temperature.

Hydraulic phenomena: Dissolved salt transfer controlled by diffusion (Fick’s

law).

Advection of dissolved methane by liquid flow.

Hydraulic conductivity affected by gas and liquid satu-

ration, in turn controlled by capillary pressure (retention

curve) and phase change of solid phases.

Mechanical phenomena: Porosity changes affect hydraulic conductivity.

Diffusion coefficient affected by porosity.

Phase change phenomena: Liquid saturation varies with hydrate and ice phase

change.

Hydrate and ice saturation affect the available porosity

and hydraulic conductivity of the sediment.

Gaseous methane transfer

Effects from:

Thermal phenomena: Hydraulic conductivity affected by gas viscosity that in-

creases with temperature

Gas saturation varies with temperature (thermal expan-

sion and phase changes).

Gas density decreasing with temperature.

Hydraulic phenomena: Gas flow controlled by gas pressure gradients (Darcy’s

law).

Hydraulic conductivity affected by gas and liquid satu-

ration, in turn controlled by capillary pressure (retention

curve) and phase change of solid phases.

Mechanical phenomena: Porosity changes affect hydraulic conductivity.

Diffusion coefficient affected by porosity.

Phase change phenomena: Degree of gas saturation varies with hydrate and ice phase

change.

Hydrate and ice saturation affect the available porosity

and hydraulic conductivity of the sediment.
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Mechanical phenomena

Stress/strain behaviour

Effects from:

Thermal phenomena: Thermal expansion of solid and fluid phases.

Dependence of constitutive laws and equilibrium con-

straints on temperature.

Hydraulic phenomena: Dependence of constitutive laws on pore pressure an cap-

illary pressure.

Mechanical phenomena: Distinctive mechanical approach of the Hydrate-CASM

and the composite constitutive models.

Phase change phenomena: Dependence of the mechanical constitutive laws on hy-

drate and ice saturation.

4.6 Supporting material B

4.6.1 Development of hydrate mass balance equation

The mass conservation of hydrate considers mass exchange due to phase transformations,

sediment volumetric deformation and porosity variations due to changes in the solid

phase density, so that:

∂

∂t

(
ρhφpSh

)
+∇

(
ρhφpSh

∂u

∂t

)
= dmh (4.22)

where dmh is the mass change of hydrate caused by kinetics (Table 4.6)

Neglecting the gradients of density and porosity convected by the solid phase and under

the assumption of small strain, Eq.4.22 can be rewritten as:

∂(Sh)

∂t
=
dmh

ρhφp
+ Shε̇−

Sh
φp

∂(φp)

∂t
− Sh
ρh

∂(ρh)

∂t
(4.23)

where ε̇ is the sediment volumetric strain rate (sign convention as in continuum mechan-

ics, negative compression):

ε̇ = − 1

(1− φp)
∂(φp)

∂t
+

(1− φp)
ρs

∂(ρs)

∂t
(4.24)
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Replacing Eq.4.24, Eq.4.23 can be rearranged as:

∂(Sh)

∂t
=
dmh

ρhφp
− Sh
φp
ε̇− Sh

ρh

∂(ρh)

∂t
(4.25)

The first term in Eq.4.25 express the effect of hydrate formation/dissociation reaction

in the computation of dSh, the second the effect of the volumetric deformation of the

sediment and the third one those associated with changes hydrate density variations

with temperature. Since our formulation defines Sh independently of the volume of ice

and assumes that hydrate and ice phase transformations do not occur simultaneously

(see volumetric definitions in Table 4.2), Eq. 4.25 disregards derivatives with respect to

ice saturation.

4.6.2 Development of ice mass balance equation

Similarly to Eq.4.25 variations in ice saturation can be written as:

∂(Si)

∂t
=

dmi

ρiφp(1− Sh)
− Si
φp
ε̇− Si

ρi

D(ρi)

Dt
+

Si
(1− Sh)

∂(Sh)

∂t
(4.26)

where the term dmi
ρiφp(1−Sh) corresponds to changes in ice saturation due to freezing and

melting, computed using the freezing characteristic function proposed by Nishimura

et al. (2009), and the term ∂(Sh)
∂t does only consider changes in hydrate saturation due

to hydrate density variations.
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Chapter 5

Modelling methane hydrate

stability inhibition caused by

capillary effects

Most marine gas hydrates exist disseminated within fine-grained silts and clays with

small mean pore diameters (∼ 0.1 mm). Experimental tests and field observations have

evidenced the effects of capillary pressure in narrow pores at inhibiting hydrate stability

and controlling its accumulation and distribution in sediments. This chapter develops

a new equilibrium model to simulate hydrate formation in the porous media including

capillary effects. Analogously to water freezing behaviour in soils, the model assumes

hydrate formation to be controlled by the sediment pore-size distribution and the bal-

ance of the capillary forces developed between the liquid and hydrate phases coexisting

in the pores. We first derive the Clausius-Clapeyron equation for the thermodynamic

equilibrium of methane and water chemical potentials in gas hydrate systems. This

equation define the thermodynamic conditions for methane hydrate equilibrium that

need to be satisfied by liquid and methane hydrate pressures and the system tempera-

ture. The capacity of the Clausius-Clapeyron equation to capture the depression of the

hydrate equilibrium temperature observed during hydrate phase transformations in nar-

row pores is validated against experimental data. Then, this equation is combined with

the van Genuchten’s capillary pressure to relate the thermodynamic properties of the

system to the host sediment pore-size distribution and hydrate saturation. The model

is applied to simulate methane hydrate formation in sand, silt and clays with different

content of fine-particles, under equilibrium conditions and without mass transfer limita-

tions. The simulation examines the influence of the capillary pressure developed at the

hydrate-liquid interface in inhibiting the thermodynamic stability of methane hydrate

and controlling its saturation in pores. The results show that at thermodynamic condi-

tions typically found in the seabed, capillary effects in fine-grained sediments may limit

their maximum hydrate saturation to approximately 50%.
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5.1 Introduction

Gas hydrates are crystalline compounds comprised of low molecular weight gases in ex-

cess of saturation, typically methane (Collett, 2001; Xu and Ruppel, 1999), encaged in

a lattice of hydrogen-bonded water molecules (Sloan, 1998). Whether methane hydrates

form in sediments depends on pressure, temperature, gas abundance, water activity, and

physical properties of the hosting sediment (Sloan and Koh, 2007). Methane hydrate

generally occur in marine environments along continental margins, where the tempera-

ture is low, the pressure is moderate to high, and there is sufficient methane and water

available (Collett, 2001; Kvenvolden and Lorenson, 2001). Marine sediments hosting

methane hydrates cover a wide range of pore sizes (ranging from coarse-grained sand

to fine-grained clays) (Clennell et al., 1999). Coarse-grained sediments generally act

as preferential conduits for methane gas and methane saturated water flow and favour

the formation of large concentrations of gas hydrate in pores (i.e., saturation of about

60-90%) (e.g., Weinberger and Brown, 2006). However, most of the world’s gas hydrate

inventory exists disseminated within fine-grained sediments in very low saturations (1-

5%, rarely to 8-10%) (Beaudoin et al., 2014; Boswell et al., 2009; Collett et al., 2009;

Max et al., 2016).

Methane hydrates hosted in fine-grained sediments are subject to capillary effects that

inhibit their thermodynamic stability. Several experimental tests (e.g., Anderson et al.,

2009; Chuvilin et al., 2005; Handa and Stupin, 1992; Østergaard et al., 2002; Uchida

et al., 1999, 2004) and theoretical models (e.g., Clennell et al., 1999; Henry et al., 1999;

Sun and Duan, 2007) have examined this effect in narrow pores (i.e., pore diameters <

100 nm). Their results suggest that capillary pressure at the hydrate-liquid interface

hinders methane hydrate thermodynamic stability in pores by decreasing the pore water

activity and increasing aqueous methane solubility. In consequence, capillarity shifts the

gas hydrate phase boundary measured in bulk conditions (no sediment) towards lower

temperatures and/or higher pressures (equivalent to the effect of a chemical inhibitor

like the salt). Field observations also evidence the influence of capillary pressure in con-

trolling gas hydrate stability beneath the seafloor. Discrepancies between the observed

depth of the bottom simulating reflector (BSR), indicating the actual base of the gas hy-

drate stability zone (GHSZ), and its theoretically predicted base under bulk conditions

in sites like Cascadia margin (offshore Vancouver - Oregon), Kumano Basin (offshore

Japan) or the Blake Ridge (offshore Carolina) have been in part attributed to capillary

effects in small pores (Clennell et al., 1999; Daigle and Dugan, 2014; Ruppel, 1997).

Hence, characterizing the pore-size distribution of the sediments hosting methane hy-

drates in marine environments is key to determine the thickness of the reservoir, predict

the actual pressure-temperature conditions triggering methane hydrate phase transfor-

mations and estimate accurate values of methane hydrate saturation. In particular,

accurate estimations of methane hydrate saturation are essential to assess the energy
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potential of the reservoir and obtain a reliable simulation of their mechanical behaviour

under thermal and/or mechanical loading. Current techniques employed to measure

in-situ saturation of methane hydrates are generally based on either elastic properties

or electrical resistivity of the medium and may yield uncertain values of saturation due

to their high dependence on empirical correlations (e.g., Ecker et al., 2000; Malinverno

et al., 2006). To better understand the relation between methane hydrate saturation

and distribution and the physical properties of the hosting sediment, several fluid-flow

models (e.g., Daigle and Dugan, 2011; Henry et al., 1999; Klauda and Sandler, 2001;

Liu and Flemings, 2011; Malinverno, 2010; Pesaran and Shariati, 2013; Saw et al., 2014;

Sultan et al., 2004) have been developed. These models include capillary effects on the

thermodynamic stability of methane hydrates through the decrease of water activity

with decreasing the pore size of the sediment. However, most of them are limited to

consider a mean pore radius to characterize the pore-size distribution of the porous

medium and ignore the complex pore networks characterizing natural sediments (e.g.,

Johnson et al., 1986; Xiong et al., 2016).

A few models have considered already the effect of a continuous pore size distribution in

the simulation of gas hydrate stability. For instance, Klauda and Sandler (2001) propose

to multiply the activity of water in a pore of a given size by an appropriate pore size

probability density function integrated over all pore sizes of the sediment. Alternatively,

Henry et al. (1999) and Liu and Flemings (2011) use the soil water retention curve

expression to link capillary pressure and gas hydrate saturation in sediments with a broad

pore size distribution. Similarly, this chapter develops an equilibrium that builds on the

approach presented by Nishimura et al. (2009) to simulate the behaviour of water freezing

in soils. Thus, our formulation assumes that analogously to water freezing, methane

hydrate formation in sediments is controlled by the sediment pore-size distribution and

the capillary forces developed between the fluid and solid phases coexisting in pores. In

particular, the model combines the thermodynamic equilibrium of the methane-water

system described by the Clausius-Clapeyron equation with the van Genuchten’s capillary

pressure to relate the thermodynamic properties of the system to the host sediment pore-

size distribution and hydrate saturation.

The Clausius-Clapeyron equation derived in this chapter is validated against experi-

mental data at predicting the equilibrium conditions required to form and dissociate

methane hydrate in narrow pores. Then, the model is applied to simulate methane hy-

drate formation in sand, silt and clays under equilibrium conditions and without mass

transfer limitations. This is, to the best of our knowledge, the first attempt to compare

quantitatively the isolated effect of the host sediment-pore size distribution in inhibit-

ing the maximum methane hydrate saturation expected in natural sediments at a given

pressure-temperature-salinity combination due to capillary effects between hydrate and

liquid water phases. The results show that at thermodynamic conditions typically found

at the seabed (i.e., 13 MPa and 277 K), capillary pressure at the hydrate-liquid interface
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may limit the maximum methane hydrate saturation found in fine-grained sediments to

approximately 50%.

5.2 Methane hydrate thermodynamic stability and capil-

lary effects

In bulk conditions and with adequate amount of methane and water, the pressure,

temperature and salinity of the system are the fundamental factors controlling the ther-

modynamic equilibrium of methane hydrates (Figure 5.1).

Figure 5.1: Methane hydrate phase boundaries for pure water (thick solid black line)
and saline water (S=35 ‰, thick dashed black line) given by Tishchenko’s et al. (2005)

model.

In the porous medium, the thermodynamic stability of methane hydrate is also influenced

by the physical properties of the hosting sediment including porosity, permeability, pore

size distribution or sediment structure (Brewer et al., 1997; Clennell et al., 1999; Ito

et al., 2015; Kraemer et al., 2000). In particular, methane hydrate stability in narrow

pores (pore diameter <100 nm) is hindered by capillary effects. During methane hydrate

formation, the growing crystal suffers an increase in its surface area to volume ratio,

which in turn increases the methane hydrate-liquid interfacial energy (Perez, 2005). Such

energy increase can be represented by a capillary pressure developing at the methane

hydrate-liquid interface, contributing to the total Gibbs free energy of the system and

favouring the decrease of the remaining pore water activity (Clennell et al., 1999; Handa

and Stupin, 1992). These capillary effects increase the chemical potential difference

between water in the pore fluid and that at the methane hydrate lattice, and decrease

the equilibrium temperature of the methane hydrate phase (Teq), phenomenon known

as the Gibbs-Thomson effect (Porter and Easterling, 1992; Thomson, 1871).
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Capillary effects on methane hydrate stability have been measured in several synthetic

experimental tests involving methane hydrate phase transformations in pores of different

diameters (e.g., Anderson et al., 2003b; Østergaard et al., 2002; Uchida et al., 1999,

2002). The experimental data show that as pore size decreases the methane hydrate

phase boundary shifts progressively towards higher pressures and/or lower temperatures

than those predicted from bulk conditions, similar to what is observed in the presence

of a chemical inhibitor (Figure 5.2).

Figure 5.2: Capillary effects in the inhibition of methane hydrate stability in narrow
pores. For comparison, grey dotted lines show the methane hydrate phase boundary
at different salinity using Tishchenko’s et al. (2005) model. Experimental data from
methane hydrate dissociation tests performed by: Anderson et al. (2003b), Deaton and
Frost (1946), Jhaveri and Robinson (1965),McLeod and Campbell (1961), Østergaard

et al. (2002), Uchida et al. (1999) and Uchida et al. (2002)

5.3 Equilibrium model for hydrate formation in pores

Nishimura et al. (2009) developed an equilibrium model to couple the thermal, hydraulic

and mechanical processes interacting during freezing and thawing of pore water in sed-

iments. The model assumes that liquid water-ice phase transformations in pores are

controlled by the sediment pore-size distribution and the balance of the capillary pres-

sure at the ice-liquid interface. The formulation couples the Clausius-Clapeyron equa-

tion for the air-water system with the Van Genuchten (1980) model to relate capillary

pressure to ice and unfrozen water saturation in pores. Due to the similarity between

gas hydrate formation/dissociation and ice freezing/melting processes (Clennell et al.,

1999), the formulation proposed by Nishimura et al. (2009) is used here as a framework

to model methane hydrate formation in pores. Important differences between methane
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hydrate and ice, such as the participation of methane gas in the formation of methane

hydrate (unlike air in ice) are taking into account in the formulation by assuming dis-

solved methane concentrations at or above saturation value. The following subsections

describe the model assumptions, derive the thermodynamic equilibrium of the G-H-L

(G, gas; H, hydrate; L, liquid) three-phase system and couple it with the Van Genuchten

(1980) model to examine the relation between the sediment pore-size distribution and

methane hydrate saturation.

5.3.1 Phase distribution in pores

Methane hydrate-bearing sediments are represented here as a multicomponent and multi-

phase porous system formed by three different components: mineral grains (gr), methane

(m) and water (w), that can be partitioned among four possible phases; solid (s), hy-

drate (h), gas (g) and liquid (l). Inhibitor components (e.g., salt) are not considered

in the derivation of the Clausius-Clapeyron equation because we assume superposition

of shifting effects in the bulk methane hydrate phase boundary. This means that in

the presence of an inhibitor, the bulk equilibrium conditions used as a reference in the

Clausius-Clapeyron equation are shifted towards lower temperatures (or equivalently

higher pressures). This effect is added to the shift caused by capillary effects.

The mineral grains form the solid continuum that provides the skeletal structure to

the porous medium. Within the pores, gas hydrate can grow as a solid phase reducing

the space available for fluid flow and storage. The gas phase is a mono-component

phase of methane and the liquid phase consists of liquid water saturated in dissolved

methane. The mineral surface is assumed to be hydrophilic so that the pore liquid is

the wetting phase. Similarly to ice, the hydrate is considered to behave as a completely

non-wetting phase with γhl < γgl and γhg = γgl + γhl (Clennell et al., 1999), where

γ is the surface tension between the phases indicated in subscripts. As a result, the

equilibrium distribution of phases in pores is arranged so that water forms a continuous

film on the mineral grain (Chaouachi et al., 2015; Sahoo et al., 2018b; Tohidi et al.,

2002) and the hydrate crystal (Duan et al., 2011) and so the contact between methane

hydrate and gas phases is avoided.

5.3.2 Methane hydrate thermodynamic equilibrium

The Gibbs-Duhem equation is a thermodynamic relationship expressing changes in the

chemical potential of a component, or a mixture of components, in terms of changes in

the temperature and pressure of the system, so that:

0 = −SdT + V dP −
α̂∑
α=1

Nαdµα (5.1)
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Where Nα is the number of moles of component α, dµα is the infinitesimal increase of

the chemical potential of this component, α̂ is the total number of components of the

system, S and V are the specific entropy and volume, P is the pressure and T is the

absolute temperature of the system.

Similarly to Nishimura et al. (2009), the Gibbs-Duhem equation is derived here for each

of the phases considered in the system.

For the methane hydrate phase, this relation reads:

0 = −ShdT + V hdPh −Nh
wdµ

h
w −Nh

mdµ
h
m (5.2)

Dividing this equation by the moles of methane hydrate (Nh) and considering the sto-

ichiometry of the methane hydrate reaction (nh = Nh
w

Nh and Nh
m = Nh) Eq.5.2 can be

rewritten as:

0 = −shdT + vhdPh − nhdµhw − dµhm (5.3)

where sh and vh are the molar entropy and volume of the methane hydrate phase and

nh is the hydration number.

For the liquid phase this relation reads as:

0 = −SldT + V ldPl −N l
wdµ

l
w −N l

mdµ
l
m (5.4)

Dividing by the moles of liquid (N l = N l
w +N l

m) we obtain:

0 = −sldT + vldPl − (1− xlm)dµlw − xlmdµlm (5.5)

Where
(
xlm = N l

m

N l
w+N l

m

)
and

(
1 − xlm

)
are the molar fraction of the methane and water

components in the liquid phase, respectively.

Finally, the Gibbs-Duhem equation for the gas phase can be obtained as:

0 = −sgdT + vgdPg − dµgm (5.6)

Where dµgm can be isolated as:

dµgm = −sgdT + vgdPg (5.7)
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5.3.2.1 Clausius-Clapeyron equation for the methane-water system

The thermodynamic equilibrium suggests that changes in chemical potential of each

component of the system in any of the coexisting phases should be equal at constant

pressure and temperature conditions. Thus, under equilibrium conditions, it is assumed

that:

dµhw = dµlw (5.8)

dµhm = dµlm = dµgm (5.9)

Accordingly, in equilibrium conditions, Eq.5.5 can be rewritten as:

0 = −sldT + vldPl − (1− xlm)dµhw + xlm
(
sgdT − vgdPg

)
(5.10)

From where dµhw can be isolated as:

dµhw = − 1

(1− xlm)

(
sldT − vldPl

)
+

xlm
(1− xlm)

(
sgdT − vgdPg

)
(5.11)

Replacing Eqs.5.7 and 5.11 in Eq.5.3, and rearranging terms, a new form of expression

of the Clausius-Clapeyron equation for the methane-water system can be obtained (see

section 5.6 for formulation development):

dPh =
1

vh

(
ΩlvldPl + ΩgvgdPg −

lh
T
dT
)

(5.12)

with:

vh =
Mh

ρh
(5.13)

Ωl =
( nh

(1− xlm)

)
=
N l
w +N l

m

Nh
(5.14)

Ωg =
(

1− nh(xlm)

(1− xlm)

)
= 1− N l

m

Nh
(5.15)

lh =
(

Ωlsl + Ωgsg − sh
)
T (5.16)

Where Mh is the methane hydrate molar mass (0.124 kg/mol) and ρh is the methane

hydrate mass density (ρh = 0.91ρl), with a liquid density (ρl) dependent on temperature.
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The terms Ωl and Ωg are used to simplify the mathematical expression and refer to

the molar relation between gas-methane hydrate and liquid-methane hydrate phases,

respectively. Finally, lh is the molar latent heat of methane hydrate dissociation (53.2

KJ/mol after Anderson et al. (2003b)), which is considered constant over the pressure-

temperature conditions examined.

5.3.2.2 Capillary pressure at the methane hydrate-liquid interface

The differential Eq.5.12, can be integrated as:

Ph − Ph0 =
1

vh

(
Ωlvl(Pl − Pl0) + Ωgvg(Pg − Pg0)− lhln

( T
T0

))
(5.17)

Where Ph0 , Pl0 , Pg0 and T0, are considered unknown reference values for methane hy-

drate, liquid and gas pressures and temperature, respectively.

Considering an arbitrary state characterized by Sh = 0, Ph = Pl and Pg > Pl (Figure

5.3) and assuming Ph0 equal to Pl0 , Eq.5.17 can be written as:

Pl − Pl0 =
1

vh

(
Ωlvl(Pl − Pl0) + Ωgvg(Pg − Pg0)− lhln

(
Teq(bulk)
T0

))
(5.18)

Where Teq(bulk) is determined by the intersection of Pg with the methane hydrate phase

boundary predicted from bulk conditions (Figure 5.3).

From Eq.5.18, the term Pl0 can be isolated as:

Pl0 = Pl −

(
Ωgvg

vh −
(
Ωlvl

))(Pg − Pg0) +
lh

vh −
(
Ωlvl

) ln(Teq(bulk)
T0

)
(5.19)

Replacing Pl0 in Eq.5.17, and rearranging terms, the pressure of the methane hydrate

phase can be obtained as a function of the liquid and gas pressures and the absolute

temperature of the system (see section 5.7 for formulation development), so that:

Ph = Pl −
lh
vh
ln

(
T

Teq(bulk)

)
(5.20)

Thus, the capillary pressure at the methane hydrate-liquid interface reads:

Pc(hl) = − lh
vh
ln

(
T

Teq(bulk)

)
(5.21)
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Figure 5.3: Arbitrary thermodynamic state characterized by Sh = 0 and Pl = Ph <
Pg. Capillary pressure is zero at the methane hydrate phase boundary as methane

hydrate formation is only allowed to occur at lower temperatures than this.

5.3.3 Capillary effects and equilibrium pressure relation

Methane hydrate equilibrium pressure Peq is generally estimated from the gas pressure,

temperature and salinity of the system. Here we modify the expression adopted by

Sánchez et al. (2018) to incorporate capillary effects in the computation of Peq. The ref-

erence expression follows the format in Sloan and Koh (2007) but it is adjusted to satisfy

values computed using the HWHYD software (2001) and introduces salinity effects:

Peq = exp

(
40.234− 8860

Teq(bulk)+0.55S

)
(5.22)

Where 0.55 is assumed as the slope of the temperature-salinity curve and S is the salinity

(%).

To incorporate capillary effects, Eq.5.22 is modified by adding the term 4Teq (Eq.5.24),

which allows accounting for the equilibrium temperature depression associated to a given

capillary pressure in the pore:

Peq = exp

(
40.234− 8870

Teq(bulk)+4Teq+0.55S

)
(5.23)

Where 4Teq is derived from the Clausius-Clapeyron equation (Eq.5.21) as:

102



Hydrate stability inhibited by capillary effects

4Teq = Teq(bulk)

(
1− exp

(
−
Pc(hl)v

h

lh

))
(5.24)

.

In addition the value of 8860 in Eq.5.22 is modified to 8870 to better adjust the ex-

perimental data measured in bulk conditions in the range of pressures examined in the

following sections (see section 5.4.1).

5.3.4 Capillary effects and methane hydrate saturation relation

The soil-water retention curve (WRC) describes the relationship between capillary pres-

sure at the gas-liquid interface (Pc(gl) = Pg − Pl) and the liquid content in pores. This

function controls the drying/wetting behaviour of unsaturated soils and significantly

influences its hydro-mechanical response (Fredlund and Rahardjo, 1993; Gens, 2010).

The WRC is inherently determined by pore-scale characteristics of the sediment, in-

cluding pore shape and size distribution, pore interconnectivity and spatial variability,

fluids types and interfacial tension, mineral type, and fluid-mineral interactions (e.g.,

Aubertin et al., 2003; Perrier et al., 1996), and can be obtained experimentally from

mercury intrusion porosimetry. Measured WRCs can be fitted with functions of two or

three parameters including the non-wetting phase entry pressure (P0), which represents

the minimum pressure required for the non-wetting phase to invade a pore saturated

with a wetting phase, and shape parameters (e.g., m) that capture changes in effective

liquid saturation (Se) with changes in capillary pressure. The Van Genuchten (1980)

model has been extensively used in the literature to fit the shape of the soil WRC. This

model relates Pc(gl) with Se as follows:

Se =
[
1 +

(Pc(gl)
P0

) 1
1−m

]−m
(5.25)

Due to the similarity between the freezing/thawing and drying/wetting behaviours of

soils, the role of the WRC at controlling liquid-solid transformations in frozen soils has

been widely investigated (e.g., Bittelli et al., 2003; Nishimura et al., 2009; Spaans and

Baker, 1996; Azmatch et al., 2012; Tiantian et al., 2015; Wang et al., 2017; Watanabe

and Wake, 2009). Nishimura et al. (2009) proposed the use of the Van Genuchten (1980)

model to represent the capillary curve relating the amount of unfrozen water (1-Si) in

soils and the capillary pressure developed at the ice-liquid interface, so that:

(1− Si) =
[
1 +

(Pi − Pl
P0

) 1
1−m

]−m
(5.26)
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Where Si is the ice saturation in pores and Pi is the ice pressure described by the

Clausius-Clapeyron equation derived from the equilibrium of the chemical potential of

water between the ice and liquid phases.

Following the approach of Nishimura et al. (2009), we use the capillary pressure de-

veloped at the methane hydrate-liquid interface (Eq.5.21) to estimate methane hydrate

saturation (Sh) in pores:

(1− Sh) =

[
1 +

(− lh
vh
ln
(

T
Teq(bulk)

)
P0

) 1
1−m

]−m
(5.27)

5.4 Results and discussion

In this section, the capability of the Clausius-Clapeyron equation to capture the depres-

sion of the methane hydrate equilibrium temperature observed during methane hydrate

phase transformations in narrow pores of different diameters is validated against exper-

imental data. Then, several thermo-hydraulic synthetic tests are performed in sand,

silt and clayey sediments to examine the influence of the host sediment pore-size distri-

bution in inhibiting methane hydrate stability in pores and controlling its saturation.

Note that methane hydrate phase change is assumed as an equilibrium process and we

do not consider kinetics or mass transfer limitations so that capillary effects are the only

limiting factor for methane hydrate formation.

5.4.1 Hydrate thermodynamic stability in discrete pores

If a cylindrical liquid-saturated pore with radius r is filled with methane hydrate, the

capillary pressure developed at the methane hydrate-liquid interface can be computed

using the Young-Laplace equation (Anderson et al., 2003b), so that:

Pc(hl) = −FγhlcosΘhl

r
(5.28)

Where F is the shape factor of the solid-liquid interface (suggested as 1 for methane

hydrate dissociation and 2 for formation, after Anderson et al. (2003a)), γhl is the

interfacial energy per unit area (32 mJ/m2, after Anderson et al. (2003b)) and Θhl is

the contact angle between the methane hydrate interface and the grain surface (Θhl =

Θil = 180◦, after Clennell et al. (1999)).

Equation 5.28 is used in this section to estimate the Pc(hl) required experimentally to

dissociate methane hydrate in narrow pores of 9.2, 15.8 and 30.6 nm of diameter (Figure
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5.4). Then, Eq.5.24 is employed to estimate the methane hydrate equilibrium temper-

ature depression associated with such capillary pressure. Finally, Eq.5.23 is used to

determine the equilibrium pressure corresponding to Teq.

Figure 5.4: Experimental methane hydrate dissociation data and predicted phase
boundaries under bulk conditions (grey and black solid lines) and in 9.2, 15.8 and 30.6
nm pore-diameter (black dashed lines). Note that Eq.5.23 (black solid line) adjusts
slightly better the experimental data measured in bulk conditions for the range of pres-
sures considered (14 to 4 MPa). For comparison purposes model predictions published
by Østergaard et al. (2002) (grey dashed lines) are also shown. Experimental data
from Anderson et al. (2003b), Deaton and Frost (1946), Jhaveri and Robinson (1965),

McLeod and Campbell (1961) and Østergaard et al. (2002).

Figure 5.4 shows the Peq−Teq combinations predicted from our formulation to simulate

hydrate dissociation in narrow pores. Our results fit well the experimental data within

a pressure range from 14 to 4 MPa, which covers a sensible pressure range for natural

marine environments with methane hydrates. These results allow validating the capacity

of the Clausius-Clapeyron expression proposed in this chapter (Eq.5.21) at capturing the

depression of the methane hydrate equilibrium temperature due to capillary effects. In

addition, Figure 5.4 shows that our model performs similarly to previous models that also

consider the effect of sediment pore size distribution on the thermodynamic stability of

methane hydrates (e.g., Østergaard et al., 2002). Discrepancies between both models are

due to the reference function adopted in this chapter to characterize the thermodynamic

equilibrium of methane hydrates at bulk conditions (Eq.5.22). The exponential nature

of this equation hinders capturing the experimental data from tests performed at pore

pressure below 4 MPa (where model predictions differ the most).
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5.4.1.1 Methane hydrate phase change hysteresis loop

Numerous studies have proven that considerable hysteresis exists between the freezing

point (on cooling) and melting point (on heating) of liquids in confined pores (e.g.,

Faivre et al., 1999; Handa et al., 1992; Ishikiriyama et al., 1995). Hysteresis loops have

also been observed in experimental tests of methane hydrate formation and dissociation

in pores (Figure 5.5). This effect has been commonly attributed to the difference in

the methane hydrate-liquid interface curvatures during melting/freezing processes and

can be accounted for in Eq.5.28 by adopting F=1 for methane hydrate dissociation and

F=2 for formation (Anderson et al., 2003a; Llamedo et al., 2004).

In Figure 5.5 the inflection point of the experimental curves (red dashed line) indicates

the peak of dissociation/formation in pores with sizes around the mean size of the

distribution (30.6 nm). The model predictions show that our formulation is capable of

predicting similar Peq − Teq conditions than that observed experimentally for methane

hydrate dissociation around this point. However, for methane hydrate formation (F=2),

the temperature depression is slightly overestimated. The experimental equilibrium

temperature for methane hydrate formation could be better fitted either by F=1.7 or a

slight variation in γhl from 32 to 27 mJ/m2, which corresponds to the specific surface

energy of ice/water interface Clennell et al. (1999) and has been commonly used to

simulate methane hydrate formation in pores (e.g., Daigle and Dugan, 2011; Henry

et al., 1999).

Figure 5.5: Comparison between the modelled methane hydrate equilibrium pressure
with zero salinity (S=0‰) using Eq.5.23 (grey dashed lines) and experimental results of
hydrate formation and dissociation in synthetic silica with 30.6 nm mean pore diameter.

Experimental data from Anderson et al. (2009).
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5.4.2 Modelling hydrate formation in natural sediments

Several experimental studies have revealed a close relationship between methane hydrate

saturation in pores and the particle size and clay content of the hosting sediment (e.g.,

Kawasaki et al., 2008, 2009). These studies show a consistent trend with the data

derived from geophysical logging, which evidence that coarse-grained sediments generally

have larger hydrate saturations than fine-grained sediments (e.g., Boswell and Collett,

2011; Tréhu et al., 2004). In this section, the soil-water retention curve (WRC), which

implicitly contains information of the host sediment pore size distribution (Ghanbarian-

Alavijeh and Liaghat, 2009; Beckett and Augarde, 2013), is used to examine capillary

effects at inhibiting methane hydrate stability in pores and controlling its saturation.

Figure 5.6: (a) Typical soil-water retention curves (WRCs) for sand, silt and clays
reported by Fredlund and Xing (1994) and Villar and Romero (2012) fitted using the
Van Genuchten (1980) model. (b) Corrected WRCs considering the effect of the surface

tension at the methane hydrate-liquid interface on the entry pressure value.

Typical WRCs for sand, silt and clays with different content of fine particles reported

in the literature (Fredlund and Xing, 1994; Villar and Romero, 2012) are used in the

thermo-hydraulic simulations to cover a wide range of sediment types hosting methane

hydrates in marine environments. The shape of these WRCs is fitted using the van

Genuchten model (Figure 5.6a). Then, the entry pressures is corrected by a factor of
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0.44 (γhl = 0.44γgl) to account for the differences between the surface tension at the gas-

liquid interface (γgl=72 mJ/m2), which is used to transform the mercury porosimetry

data into WRCs, and that at the methane hydrate-liquid interface (γhl=32 mJ/m2)

(Figure 5.6b).

For each of the capillary pressure curves considered in Figure 5.6b, a synthetic thermo-

hydraulic test is performed using the version of the finite element simulator Code Bright

extended to methane hydrate-bearing geological environments (Chapter 4), where the

present formulation has been implemented. The tests simulate methane hydrate for-

mation from dissolved methane driven by thermal cooling under equilibrium conditions

and without mass transfer limitations. The simulations consider a 10 cm x 5 cm two-

dimensional axisymmetric specimen of which a radial plane of 10 cm x 2.5 cm is used

as a computational domain (Figure 5.7). The thermal cooling is imposed as a boundary

condition on the top, base and right-hand side of the computational domain to simulate

the circulation of a cold fluid around the specimen. This condition is kept until a ho-

mogeneous temperature of 277 K (typical at the seabed in most of the ocean) is reached

on the whole domain. Model parameters used in the simulation are listed in Table 5.1.

Figure 5.7: (a) Initial and boundary conditions adopted in the simulations, (b) tem-
perature evolution after 14 hours of cooling and (c) final pressure-temperature condi-
tions reached after 28 hours. The monitoring location shows the location of the profiles

in Figure 5.8.
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Table 5.1: Test conditions adopted in the simulations. The fitting parameters for the
soil WRC appear in Figure 5.6b. Note that permeability and porosity are not changed
regardless of the hosting sediment as equilibrium conditions are imposed. The use of

bold symbols denote tensor notation.

Temperature Liquid Pressure Gas Pressure Potential porosity Intrinsic permeability Salinity
(T, K) (Pl, MPa) (Pg, MPa) (φp) (k0,m

2) (S,‰)

289 → 277 13 13 0.4 1x10−13 35

Figure 5.8 shows that capillary effects at inhibiting methane hydrate stability in sand are

negligible. The low entry pressure of the capillary curve characterizing these sediments

allows 100% of pore saturation with methane hydrate as soon as the thermodynamic

conditions of the system reach those characterizing the bulk methane hydrate phase

boundary.

Figure 5.8: Effect of sediment pore-size distribution in inhibiting methane hydrate
stability in pores during their formation by thermal cooling under equilibrium condi-

tions and without mass transfer limitations.
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For the pressure-temperature conditions considered, capillary effects start to be slightly

noticeable in silts. At the end of the simulation, methane hydrate does not fully saturate

the silt pores and the maximum saturation reached is of about 95%. In particular,

capillary inhibition is especially evident in fine-grain sediments. At the end of the

simulation, the maximum saturation in clays is limited to about 70% and this value can

be reduced up to 50% with increasing the content of fine particles (Opalinus clay). Is

worth noting that if dropping substantially the system temperature (far below freezing

temperature) the model never predicts fully hydrate saturation in clays. Thus, our

model predicts that even under ideal conditions for hydrate formation, this would never

be able to occupy the totality of the porosity in fine-grained sediments due to capillary

effects.

Figure 5.8 also shows the effects of capillary pressure at specific thermodynamic con-

ditions within the stability zone. In particular, we examine the pressure-temperature

combination previously used by Uchida (2012) to simulate the thermodynamic state of

stable MHBS found in the Eastern Nankai Trough, Japan (red cross in Figure 5.8a).

For this layered formation of clayey and sandy units, the model predicts a maximum

saturation of methane hydrates in clays of about 60%. This saturation, however, ex-

ceeds that observed in nature, wherein it has been identified that clays do not contain

hydrate (Suzuki et al., 2008). It must be noted that other competing processes governing

the formation of methane hydrate in natural environments, such as methane and water

availability, methane flux into the methane hydrate stability zone, fracture generation

in fine-grained sediments or chemical kinetics, which have been ignored in this study to

isolate the effects of capillary pressure, could explain such difference.

5.5 Conclusions

A new equilibrium model for methane hydrate formation in porous media is developed

to examine the effects of capillary pressure at the methane hydrate-liquid interface in

inhibiting the thermodynamic stability of methane hydrate and controlling its satura-

tion in pores. The capillary effects in the methane-hydrate thermodynamic equilibrium

conditions are computed by the model through the Clausius-Clapeyron equation of the

methane-water system. This equation is derived from the equilibrium of methane and

water chemical potentials and has been validated at capturing the depression of the

methane hydrate equilibrium temperature observed experimentally during hydrate for-

mation/dissociation in narrow pores.

The model is applied here to simulate hydrate formation in natural sediments (ranging

from sand to clays) under equilibrium conditions without mass transfer limitations. Al-

though these hypothetical conditions are unlikely in natural environments, they allow
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us to isolate the effect of the sediment pore-size distribution in inhibiting hydrate for-

mation reaction. The simulations evidence that capillary effects are negligible in sand

and almost negligible in silty sediments but exert a key control in hydrate stability and

its saturation in fine-grained sediments. In particular, the model results show that at

thermodynamic conditions typically found in the seabed, capillary pressure reduce the

maximum hydrate saturation expected in clays with high content of fines up to 50%.

This results are in concordance with the experimental observations of lithologically par-

titioned methane hydrate in natural environments within the stability zone.

5.6 Supporting material A

Replacing Eqs.5.7 and 5.11 in Eq.5.3 the following is obtained:

0 = −shdT +vhdPh+
nh

(1− xlm)

(
sldT −vldPl

)
− nhx

l
m

(1− xlm)

(
sgdT −vgdPg

)
+sgdT −vgdPg

(5.29)

Rearrenging Eq.5.29, we obtain:

0 = vhdPh −

(
sh −

(
nh

(1− xlm)

)
sl −

(
1− nh(xlm)

(1− xlm)

)
sg

)
dT

−

(
nh

(1− xlm)

)
vldPl −

(
1− nh(xlm)

(1− xlm)

)
vgdPg

(5.30)

Using the terms Ωl and Ωg, Eq.5.30 reduces to:

0 = vhdPh +

(
Ωlsl + Ωgsg − sh

)
dT − ΩlvldPl − ΩgvgdPg (5.31)

Where
(
Ωlsl + Ωgsg − sh

)
is equal to lh

T .

Finally, isolating Ph from Eq.5.31 the Clausius-Clapeyron equation for the methane-

water system is obtained as:

dPh =
1

vh

(
ΩlvgdPl + ΩgvldPg −

lh
T
dT
)

(5.32)
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5.7 Supporting material B

To simplify Eq.5.20, the terms Υl and Υg are defined as:

Υl =
Ωlvl
vl

(5.33)

Υg =
Ωgvg
vh

(5.34)

So that Pl0 expression reduces to:

Pl0 = Pl −

(
Υg

(1−Υl)

)
(Pg − Pg0) +

lh
vh(1−Υl)

ln

(
Teq(bulk)
T0

)
(5.35)

Replacing Pl0 in Eq.5.18 the following is obtained:

Ph −

(
Pl −

(
Υg

(1−Υl)

)
(Pg − Pg0) +

lh
vh(1−Υl)

ln

(
Teq(bulk)
T0

))
=

Υl

((
Υg

(1−Υl)

)
(Pg − Pg0)− Lh

vh(1−Υl)
ln

(
Teq(bulk)
T0

))

+Υg(Pg − Pg0)− lh
vh
ln
( T
T0

)
(5.36)

Examining individually the terms of Eq.5.36 related to (Pg − Pg0):

(
Υg

(1−Υl)

)
(Pg − Pg0) =

(
ΥgΥl

(1−Υl)

)
(Pg − Pg0) + Υg(Pg − Pg0) (5.37)

or: (
Υg

(1−Υl)

)
(Pg − Pg0) =

(
ΥgΥl

(1−Υl)
+ Υg

)
(Pg − Pg0) (5.38)

Developing the right side of the equation:(
Υg

(1−Υl)

)
(Pg − Pg0) =

(
ΥgΥl

(1−Υl)
+

Υg(1−Υl)

(1−Υl)

)
(Pg − Pg0) (5.39)

Where both terms of the equation are self-canceling, and so Eq.5.36 can be rewritten as:

Ph − Pl −
lh

vh(1−Υl)
ln

(
Teq(bulk)
T0

)
= − Υllh

vh(1−Υl)
ln

(
Teq(bulk)
T0

)
− lh
vh
ln
( T
T0

)
(5.40)
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Isolating Ph and simplifying terms related to the temperature, the following is obtained:

Ph = Pl +
lh

vh(1−Υl)
ln

(
Teq(bulk)
T0

)
− Υllh
vh(1−Υl)

ln

(
Teq(bulk)
T0

)
− lh
vh
ln
( T
T0

)
(5.41)

Ph = Pl +

(
1

vh(1−Υl)
− Υl

vh(1−Υl)

)
︸ ︷︷ ︸

1/vh

lhln

(
Teq(bulk)
T0

)
− lh
vh
ln
( T
T0

)
(5.42)

Ph = Pl −
lh
vh
ln

((
T

T0

)
−

(
Teq(bulk)
T0

))
(5.43)

Finally, subtracting the logarithms, the reference temperature (T0) disappears from the

expression and the methane hydrate pressure reads as follows:

Ph = Pl −
lh
vh
ln

(
T

Teq(bulk)

)
(5.44)
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Chapter 6

Final conclusions and future work

This thesis contributes to three major advances in the understanding of the thermo-

hydro-mechanical (THM) behaviour of methane hydrate-bearing sediments (MHBS).

First, a new mechanical model for MHBS is developed based on the densifying and

stiffening effect that pore invasion by hydrate has on the mechanical properties of the

host sediment. The densification mechanism presented in this thesis provides novel

insights into understanding the effect of hydrate saturation in the mechanical response

of MHBS. Second, a fully coupled THM formulation is developed by extending the

governing equations of the well established 3D finite element simulator Code Bright. The

formulation is applied to simulate the response of MHBS during hydrate dissociation and

examines the influence of both thermal stimulation and depressurization methods in the

mechanical behaviour of the sediment. Finally, a new equilibrium model is developed

to examine the role of capillary pressure at the hydrate-liquid interface in inhibiting

methane hydrate thermodynamic stability and controlling its saturation in pores.

A new version of the Code Bright simulator extended to hydrate-bearing geological envi-

ronments with the formulation implemented in this thesis will be available online (https:

//deca.upc.edu/en/projects/code_bright/downloads) as an open-access tool to al-

low advancing the current understanding of the behaviour of hydrate systems.

6.1 Mechanical formulation

Pore-scale observations using X-ray Computer Tomography (XR-CT) imaging and the

recent geomechanical investigations in MHBS suggest the lack of true cohesion in these

sediments. Hence, it was of interest to develop a mechanical model for MHBS that is not

based on physical bonding/cementation between the hydrate crystal and the sediment

grain. Chapter 3 develops the Hydrate-CASM as a new mechanical model for MHBS.

This model suggests that the decrease of the available void ratio of the host sediment
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during hydrate formation stiffens its structure and has a similar mechanical effect that

the increase of the sediment density.

The key findings of this part of the thesis are:

• The critical state model CASM (Clay and Sand Model) is extended to MHBS

by implementing the subloading surface model and introducing the densification

mechanism.

• The densification mechanism attributes stress-strain changes observed in MHBS

to variations in the sediment available void ratio, swelling line slope and isotropic

yield stress with hydrate saturation.

• The Hydrate-CASM formulation reduces to one the number of empirical hydrate-

dependent parameters required to reasonably capture the mechanical behaviour

observed experimentally in MHBS. This parameter accounts for changes in the

sediment elastic stiffness with hydrate saturation.

• The mechanical contribution of hydrate morphology is not considered in the model.

Different mechanical responses observed between cementing and pore-filling spec-

imens with similar hydrate saturations are captured by setting the different void

ratios reported for each of the hosting sediments used to prepare the synthetic

hydrate-bearing specimens.

• The Hydrate-CASM successfully captures both the magnitude and trend of the

shear strength, stiffness and volumetric response observed in synthetic hydrate-

bearing sand subjected to drained triaxial shear under a wide range of hydrate

saturation, morphologies and confining effective stress.

• The model results suggest that changes in the sediment mechanical properties

due to pore invasion by hydrate might be a major factor controlling the sediment

response.

6.2 Thermo-hydro-mechanical formulation

Chapter 4 develops a fully coupled THM formulation for MHBS, particularly focused on

predicting the mechanical behaviour of methane hydrate reservoirs subjected to dissoci-

ation. The model reformulates the governing equations of energy and mass conservation

of the 3D finite element simulator Code Bright and implements additional constitutive

equations and equilibrium constraints that allow describing the fundamental physical

phenomena governing the behaviour of MHBS.

The main modifications made to the original formulation of Code Bright include:
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• Addition of hydrate as a new multicomponent phase in pores.

• Rewriting of balance equations according to the potential and available porosity

that characterize MHBS.

• Addition of the energy term associated with the hydrate phase change phenomenon

into the energy balance equation.

• Implementation of Tishchenko et al. (2005) empirical expression to describe the

bulk thermodynamic equilibrium conditions of the methane hydrate phase.

• Implementation of a combined form of both the IUPAC (1987) and Tishchenko

et al. (2005) expressions to compute methane solubility in the liquid phase.

• Implementation of the Peng and Robinson equation of state (Peng and Robinson,

1976) to compute methane gas density.

• Implementation of a kinetic reaction to simulate the velocity of hydrate forma-

tion/dissociation in non-equilibrium conditions (Englezos et al., 1987; Kim et al.,

1987).

• Implementation of the Hydrate-CASM model (Chapter 3) as new constitutive law

to describe the mechanical behaviour of MHBS.

• Implementation of a new equilibrium model (Chapter 5) to capture the effects

of capillary pressure between the hydrate and water phases at inhibiting hydrate

stability and controlling its saturation in pores.

The key findings of this part of the thesis are:

Thermo-hydraulic validation

• The formulation captures the dominant mass and heat transfer phenomena re-

ported during hydrate dissociation in the second benchmark of the NETL-USGS

first international gas hydrate code comparison study.

Thermo-Hydro-Mechanical coupling

The mechanical coupling, examined through synthetic simulations of hydrate dissocia-

tion driven by depressurization and thermal stimulation under strain-controlled shear,

shows that:

• Hydrate dissociation leads to a drop in the deviatoric stress together with a change

in the volumetric response of the sediment. A less dilatant or even contracting

volumetric response is predicted for the MHBS after dissociation is induced.
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• Hydrate dissociation may compromise the mechanical stability of the sediment

particularly for cases in which the deviatoric stress drops below the failure envelope

of the hosting sediment.

• Hydrate dissociation triggered by depressurization is more likely to favour sedi-

ment collapse than thermal stimulation. This mechanical response is because the

reduction of the effective stress caused by the imposed pore pressure drop tends

to reduce the sediment strength and stiffness itself, which adds to the sediment

mechanical weakening caused by hydrate dissociation.

The model application to reproduce the experimental data from a drained triaxial test

performed in hydrate-bearing sand dissociated via depressurization show that:

• The model captures the subtle drop in the deviatoric stress, as well as the increase

in volumetric strain, observed experimentally upon hydrate dissociation.

• The model reproduces accurately the experimental rate of hydrate dissociation.

6.3 Equilibrium formulation

Chapter 5 develops a new equilibrium model to examine the effects of capillary pressure

between hydrate and liquid phases at inhibiting hydrate thermodynamic stability and

controlling its saturation in pores. The model combines the thermodynamic equilibrium

of the methane-water system described by the Clausius-Clapeyron equation and the van

Genuchten’s capillary pressure to relate the thermodynamic properties of the system to

the host sediment pore-size distribution and hydrate saturation.

The key findings of this part of the thesis are:

• The new expression of the Clausius-Clapeyron equation, derived from the ther-

modynamic equilibrium of methane and water chemical potentials, is capable of

capturing the depression of the hydrate equilibrium temperature observed experi-

mentally to form and dissociate methane hydrate in narrow pores.

• Capillary effects at inhibiting hydrate thermodynamic stability are negligible or

almost negligible in sand and silty sediments, respectively.

• Capillary effects in fine-grained sediments exert a key control on hydrate thermo-

dynamic stability and its saturation in narrow pores.

• At thermodynamic conditions typically found in the seabed, hydrate formation

in fine-grained sediments under equilibrium conditions and without mass transfer

limitations only reach saturations of about 50% due to capillary effects.
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6.4 Future work

This section presents some ongoing work on modelling the behaviour of methane hydrate-

bearing sediments conceived as composite medium and coupling hydrate kinetics and

capillary effects in a thermo-hydro-mechanical scheme. It also includes ideas for future

work.

6.4.1 Composite mechanical model for MHBS

Examining the theoretical approaches adopted by previous notable mechanical models

for MHBS (Table 6.1), it is clear that sediment cohesion/bonding has been widely used

to simulate the mechanical contribution of hydrate saturation in the response of MHBS.

Although recent pore-scale observations (e.g., Chaouachi et al., 2015; Sahoo et al., 2018b;

Sell et al., 2017) and mechanical studies, suggest the lack of true cohesion between the

hydrate crystal and the sediment grain (Pinkert, 2017), a large number of experimental

studies (e.g., Circone et al., 2004; Helgerud et al., 1999; Masui et al., 2005; Miyazaki

et al., 2011a; Seol and Kneafsey, 2009; Stern et al., 2004; Waite et al., 2004) and geo-

physical observations (e.g., Clayton et al., 2010; Priest et al., 2009) support that hydrate

nucleating at grain contact does provide mechanical bonding to the sediment structure.

Table 6.1: Notable mechanical models for MHBS

Model reference Hydrate-bonding modelling strategy

Klar et al. (2010), Jung et al. (2012) Additional cohesion constituent
Pinkert and Grozic (2014), Pinkert et al. (2015) in the failure criteria

Uchida et al. (2012), Sánchez and Gai (2016) Enlargement of the yield surface
Sánchez et al. (2017) by cohesion and dilatation

Sultan and Garziglia (2011) Impediment of sediment normal consolidation
and enlargement of the yield surface

Sánchez and Gai (2016), Sánchez et al. (2017) Stress-strain partition between hydrate and matrix
in a bonding damage framework (BDM)

Jiang et al. (2014) Attribution of physical bonding properties
in discrete element methods (DEM)

Lin et al. (2015) Expansion of the failure envelope
in a spatially mobilized plane (SMP) model

Model reference Non-cohesive modelling strategy

Cohen and Klar (2019) Participation factor related to the effective
(or mechanical) hydrate saturation and inter-particle friction

Hydrate-CASM model (Chapter 3) Mechanical densification and stiffening due to pore invasion
by hydrate

To consider possible bonding/cementing effects in MHBS, a composite mechanical model

is developed, which considers a distinct mechanical contribution of ice and hydrate on

the response of the sediment. Following the approach presented in De La Fuente et al.

(2016) and similarly to Sánchez et al. (2017), this model is based on the stress partition
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concept presented by Pinyol et al. (2007) and adopts a bonding damage model (Carol

et al., 2001) to simulate the mechanical behaviour of the ice-hydrate bonding network.

Although the model formulation has been already implemented in Code Bight, further

work is still needed to calibrate the bonding-dependent parameters and validate the

model outputs against experimental data. Yang et al. (2019) experimental tests are

suggested to validate the model as they examine the distinctive effect of hydrate and ice

on the mechanical response of synthetic sediments subjected to triaxial shear.

6.4.1.1 Theoretical framework and formulation

MHBS are conceived here as a composite medium formed by a mineral matrix interlocked

by a quasi-brittle bonding network composed of hydrate and ice phases. The formulation

defines independently the mechanical response of the matrix and the bonding network

using two different constitutive models for their behaviour. The elasto-plastic model

CASM (Clay and Sand model) Yu (1998) (described in Chapter 3) is used to represent

the matrix response while the behaviour of the solid bonds follows the damage model

proposed by Carol et al. (2001). The coupling between both constitutive models derives

from strain compatibility conditions and mass and energy considerations as suggested

by Pinyol et al. (2007).

Volumetric restrictions

For an elementary volume of MHBS the following volumetric relations can be described

(Table 6.2):

Table 6.2: Volumetric relations for an elementary volume of MHBS

Bulk volume Vt = Vs + +Vg + Vh + Vi + Vl
Potential void space Vv = Vt − Vs
Potential porosity φp = Vv/Vt
Available void space Va = Vv − Vh − Vi
Available porosity φa = Va/Vt
Hydrate saturation Sh = Vh/Vv
Ice saturation Si = Vi/(Vv − Vh)

Where Vs, Vg, Vh, Vi and Vl are the volume of mineral grains, gas, hydrate, ice and liquid

phases respectively, Vv is the void volume between the mineral grains, Va is the part of

the potential void volume available for fluid flow and storage after the formation of the

hydrate and ice phases.

Strain partition

Assuming the mineral grains as an incompressible solid phase, the total volumetric strain

of the composite medium (εextv ) can be computed from changes in available porosity (εintv )

and the compressibility of the bonding network (Cbε
b
v) as:
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εextv = εintv + Cbε
b
v (6.1)

Whit:

εintv = −∆Va
Vt

(6.2)

εbv = −∆Vb
Vb

(6.3)

Cb =
Vb
Vt

= Sbφp = (Sh + Si(1− Sh))φp (6.4)

Where the volume of bonds Vb is equal to the sum of hydrate and ice volumes and its

saturation is defined as Sb.

Similarly to Pinyol et al. (2007), the compatibility between the external (εextv ) and the

local volumetric bond strain (εbv) is derived from a volumetric increment conservation

approach. The coupling coefficient χb relates both volumetric strains so that:

Cbdε
b
ij = χbdε

int
ij (6.5)

Where χb tends to 0 in highly damaged bonding networks and increases with reducing

the damage level. For χb=0 the bond structure does not participate in the loading

framework and so the sediment recovers the mechanical behaviour of the mineral matrix.

With increasing χb the bond behaviour tends to dominate the mechanical response of

the sediment, which can ultimately behave like a quasi-brittle material. However, during

the accumulation of strain the effectiveness of the bonding response is reduced and the

residual strength of the composite material to approximate the matrix behaviour (Figure

6.1b).

Replacing Eq.6.5 in Eq.6.1, dεintij can be written as:

dεextv = dεintij + (χbdε
int
ij ) (6.6)

dεintij =
dεextij

(1 + χb)
(6.7)

Then, the incremental strain in the bonding network can be derived from Eq.6.5 as

follows:

dεbij =
χb

Cb(1 + χb)
dεextij (6.8)
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Figure 6.1: Qualitative effect of (a) Cb and (b) χb parameters in the mechanical
response of the composite material under triaxial shear. After Pinyol et al. (2007).

Mechanical modelling of the bonding network

Experimental tests in cemented soils suggest that particle bonding introduces a stiffer

response before yielding, and provides a distinct brittleness to the composite media.

They also suggest that bonds may fail in compression, in shear or in extension (Pinyol

et al., 2007). Analogously, experimental tests in MHBS show that the presence of hydrate

within pores increases the stiffness, strength, and dilatancy of the host sediment (Soga

et al., 2006; Waite et al., 2009). In addition, recent experiments on frozen MHBS

evidence that both hydrate and ice significantly enhanced the shear strength of sediment

and suggest that this mechanical effect disappears upon mechanical loading due to ice

brittle-like failure (Yang et al., 2019).

The scalar damage model proposed by Carol et al. (2001) is employed here to describe

the degradation process of the bonding network subjected to mechanical loading. This

model is based on thermodynamic principles that prevent energy dissipation during

loading cycles, assumes a linear elastic response of the bonds for an initial undamaged

state, and computes a progressive decrease of its shear and bulk moduli during loading.

The damage model defines the mean (pb) and the deviatoric (qb) stress for the bonds as:

122



Final conclusions and future work

pb = e−LKb0ε
b
v = Kbε

b
v (6.9)

qb = e−LGb0ε
b
q = Gbε

b
q (6.10)

Where Kb0 and Gb0 are the bulk and shear moduli of the bonding network in an intact

state, Kb and Gb are the the bulk and shear moduli for a damage state and L is a

damage variable that can be expressed as:

L = ln
( 1

1−D

)
(6.11)

Where D is the scalar damage parameter that represents the damaged area of bonds

over the total bond area and varies from 0 to 1 for intact and totally damaged bonds,

respectively. In the absence of ice, we assume a D of zero, so that the mechanical

contribution of the bonding network only depends on hydrate saturation through changes

in Cb.

Stress partition

The stress partition is obtained here by stating that the virtual work done by the com-

posite medium under any compatible external strain increment (dεext) is equal to the

sum of the works performed by the matrix (σM ) and the bonding network (σb) so that:

σextdεextv = σMdεextv + σbCbdε
b
v (6.12)

Where the stress acting over the matrix (σM ) modifies the relative position of the mineral

grains and therefore is assumed to act on the external strain (εext), which is the only

one being measured experimentally.

Equation 6.12 provides the procedure to compute the external stress associated with

any change in external strain applied to the composite medium. As illustrated in Figure

6.2, the constitutive law of the composite medium can be derived as:

dσextij = DM
ijkldε

ext
kl +Db

ijklbεdε
ext
kl + σbijdbε (6.13)

Where DM and Db are the secant elastic stiffness matrix for the mineral matrix and the

bonding network, respectively, bε is used to group the terms (χb/(1 +χb)) and dbε is its

corresponding derivative expressed as:

dbε =
dχb

(1 + χb)2
= − χb

2(1 + χb)2
dL (6.14)
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With χb depending only on the bonding damage variable L by:

χb = χb0e
−(L

2
) (6.15)

Where χb0 provides the strain partition before any damage of the bonding network has

occurred.

Figure 6.2: Flow chart of total stress increment calculation from a strain increment
applied to the composite material. For clarity, the numerical algorithm is written in

infinitesimal increments.

This model assumes that the bonding damage and the subsequent changes in L can be

related to the variation in the energy (per unit of volume) stored in the bonds, which

can be expressed as:

ub =
1

2
(pbεbv + qbεbv) (6.16)

Where εbv and εbq are the volumetric and deviatoric strain of the bonding network, re-

spectively.

Within this formulation, the bond damage is only allowed to occur when changes in the

stress state of the bond lead the secant elastic energy (ub) to reach a threshold (r0),

which can be represented as an ellipse in the (pb, qb) space. The damage evolution once

r0 is reached is determined as suggested by Carol et al. (2001):

ub = r(L) = r0e
r1L (6.17)
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where r1 determines the damage rate and the consistency condition associated with this

energy locus allows the determination of L.

6.4.2 Hydrate kinetics and capillarity effects

The formulation presented in Chapter 4 uses chemical kinetics to estimate changes in

hydrate saturation caused by variations in the thermodynamic conditions of the system.

Kinetics assume that the rate of hydrate phase change is proportional to the product

of the hydrate surface area and the driving force Peq(bulk) − Pg (i.e., pressure difference

between the phase equilibrium pressure measured in bulk conditions, i.e., no sediment,

and the gas pore pressure). Chapter 5 shows that capillary effects may significantly

inhibit hydrate thermodynamic stability. Thus, the use of Peq(bulk) in kinetics may lead

to an over-prediction of the driving force of the hydrate phase change and its rate when

capillary effects are present (Figure 6.3).

Figure 6.3: Gas pressure increment (dPg) and kinetic driving force derived using
(a) Peq(bulk)

and (b) Peq shifted due to capillary effects in a narrow pore of 16 nm of
diameter. Both hydrate phase boundaries have been predicted using Eq.5.23 (Chapter

5)
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Figure 6.3 suggests that for a discrete narrow pore, capillary effects may reduce the ki-

netic driving force proportionally to the shifting of the methane hydrate phase boundary

within the pressure-temperature space.

6.4.2.1 Hydrate kinetics in the porous medium, numerical coupling

This section presents a new theoretical formulation to compute changes in hydrate satu-

ration due to phase transformations, where the kinetic rate and capillary effects are fully

coupled. The equilibrium conditions measured in the bulk (i.e., null capillarity) and that

at infinite capillary pressure (solid and dashed black lines in Figure 6.4, respectively)

are considered limit states that cannot be overcome. Between and on these limits, an

admissible state for hydrate existence is defined (shaded area in Figure 6.4), where both

hydrate formation and dissociation are allowed to occur.

Figure 6.4: Admissible and non-admissible states for hydrate existence in the porous
medium and arbitrary pressure-temperature paths chosen to illustrate hydrate forma-

tion and dissociation processes.
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Within the admissible state for hydrate existence, any thermodynamic state can be

represented by the following function:

fk = Pg − Peq (6.18)

Where Pg is the system’s pore gas pressure and Peq is the equilibrium pressure at the

current pressure-temperature-salinity-hydrate saturation state (Pg, T, S, Sh) (Eq.5.23,

Chapter 5). The hydrate saturation is computed from the Clausius-Clapeyron restriction

and the retention curve of the host sediment, which implicitly contains information on

the pore size distribution of the host sediment (Eq.5.27, Chapter 5).

When a finite increment of pore pressure (dPg) and/or temperature (dT ) and/or salin-

ity (dS) is applied, the current state (white point in Figure 6.4) shifts towards a new

equilibrium (black point in Figure 6.4) that can lie either on the right or left side of

the initial fk. After computing Peq at the new thermodynamic state, the sign in fk

function provides the condition for dissociation (fk > 0) or formation process (fk < 0) ,

respectively).

During dPg and/or dT and/or dS, there will be a change in hydrate saturation (dSh)

such that the thermodynamic equilibrium restriction stated by Eq.6.18 is respected.

Accordingly, the following consistency condition must be satisfied:

dfk(Pg + dPg, T + dT, S + dS, Sh + dSh) = 0 (6.19)

By linearizing Eq.6.19, dfk is rewritten as:

dfk =
∂fk
∂Pg

dPg +
∂fk
∂T

dT +
∂fk
∂S

dS +
∂fk
∂Sh

dSh = 0 (6.20)

Rearranging terms in Eq.6.20, dSh it is obtained:

dSh = −
∂fk
∂Pg

dPg + ∂fk
∂T dT + ∂fk

∂ls
dls

∂fk
∂Sh

(6.21)

Using the kinetic rate Rh (Table 4.6, Chapter 4) to describe changes in hydrate satura-

tion, dSh can be written as a function of time as follows:

dSh = −Mh

ρh
ShAhKreac(Pg − Peq)dt (6.22)

Where the reaction constants suggested by Englezos et al. (1987) and Kim et al. (1987)

are assumed to be valid for hydrate phase change in narrow pores.
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From Eq.6.22, Pg can be isolated as:

Pg = Peq −
dShρh

MhShAhKreacdt
(6.23)

This equation is used to establish the dependence of fk with the kinetic rate, so that

the initial thermodynamic state evolves following (Figure 6.4):

fk = fk −
dShρh

MhShAhKreacdt
(6.24)

Note that in Eq. 6.22 the initial state is only determined by Pg while in Eq.6.24 this is

defined by the thermodynamic conditions of the system (Pg, T, S and Sh).

Deriving Eq.6.24 with respect to Sh we obtain:

∂fk
∂Sh

=
∂fk
∂Sh

− ρh
MhShAhKreacdt

(6.25)

Combining Eqs.6.25 and 6.21, dSh reads as:

dSh =

∂fk
∂Pg

dPg + ∂fk
∂T dT + ∂fk

∂ls
dls

ρh
MhShAhKreacdt

− ∂fk
∂Sh

(6.26)

Eq.6.26 is used to update hydrate saturation at any time of the formation/dissociation

process.

This infinitesimal formulation will be implemented in the finite element code Code Bright

(Chapter 4) using an implicit Backward Euler Stress Point Algorithm. After the condi-

tion for formation or dissociation is verified by looking at the sign of fk(Pg +4Pg, T +

4T, S +4S, Sh) (Eq. 6.18), corrections will be iteratively applied over Sh up to reach-

ing back the condition fk=0. The iterative procedure is based on a Newton-Raphson

scheme where the residue to cancel is the function fk itself. As such, the correction to

apply on hydrate degree of saturation at iteration i+1 is derived from:

resi+1 = f i+1
k = resi +

∂res

∂Sh

∣∣∣
i
δSi+1

h = f ik +
∂fk
∂Sh

∣∣∣
i
δSi+1

h = 0 (6.27)

So that:

δSi+1
h = −

f ik
∂fk
∂Sh

∣∣∣
i

(6.28)
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Where ∂fk
∂Sh

is given by Eq.6.25. Iteration ends when resi+1 is less than the user-defined

tolerance.

Mechanical coupling

Changes in hydrate saturation computed in Eq.6.26 only refer to those caused by the

mass exchange during hydrate phase transformations (first term of Eq.4.25, Chapter

4). Changes in Sh due to sediment volumetric deformation and porosity changes with

variations in the mineral grain density will be accounted through the mass balance

equations when the formulation is implemented within the thermo-hydro-mechanical

scheme of the extended version of Code Bright (Chapter 4). In addition, Eqs.6.29 and

6.30 are proposed to capture the influence of changes in the sediment potential porosity

on the entry pressure and shape parameter of the soil-water retention curve (WRC),

which govern the chemical behaviour of hydrate in pores (Eq.5.27, Chapter 5).

P0(φ) = P0 exp (a(φp0 − φp)) (6.29)

m(φ) = m exp (b(φp0 − φp)) (6.30)

Where φp0 is the initial potential void ratio of the sediment, φp is the same void ra-

tio updated according to sediment deformation and mineral grain density changes and

parameters a and b require experimental data for their adjustment.

6.4.3 Particle migration

Methane gas has never been produced on a commercial scale due to the geomechanical

complexity associated with the hydrate dissociation phenomenon (Grozic, 2010; Uchida

et al., 2016a). To date, only a few short-term trials of gas production from hydrate

reservoirs have been reported. During the trials performed in 2007 and 2013 in Mallik site

(Canada) (Dallimore et al., 2012) and Eastern Nankai Trough (Japan) (Yamamoto et al.,

2014b), respectively, an excessive amount of sand migration into the well occurred. This

phenomenon, also known as sand production, refers to the mechanism of detachment and

movement of sand grains due to water flow through the porous medium. This mechanism

may enhance gas production, as it contributes to increasing the permeability of the

reservoir. However, this may also compromise the well-bore stability due to mechanical

stress reduction in the well surroundings and productivity due to well clogging.

Several formulations have incorporated sand migration models for the representation

of the coupled thermo-hydro-mechanical (THM) behaviour of methane hydrate-bearing

sediments (e.g., Kimoto et al., 2010; Klar et al., 2013; Rutqvist et al., 2012; Uchida

et al., 2018). To incorporate particle migration in our THM formulation (Chapter 4) I
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suggest to implement and extend to a 3-phase flow model, the internal erosion model

presented by Yerro et al. (2017). This model simulates mass exchange between solid and

liquid phases within a coupled 2-phase flow framework using the Material Point Method

(MPM), for which the continuum is discretised by means of a set of material points that

move with the material and carry all information while the background computational

mesh remains fixed during the calculation.
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Abstract: We present a fully coupled thermo-hydro-mechanical formulation for the simulation of
sediment deformation, fluid and heat transport and fluid/solid phase transformations occurring in
methane hydrate geological systems. We reformulate the governing equations of energy and mass
balance of the Code_Bright simulator to incorporate hydrate as a new pore phase. The formulation
also integrates the constitutive model Hydrate-CASM to capture the effect of hydrate saturation
in the mechanical response of the sediment. The thermo-hydraulic capabilities of the formulation
are validated against the results from a series of state-of-the-art simulators involved in the first
international gas hydrate code comparison study developed by the NETL-USGS. The coupling with
the mechanical formulation is investigated by modeling synthetic dissociation tests and validated
by reproducing published experimental data from triaxial tests performed in hydrate-bearing sands
dissociated via depressurization. Our results show that the formulation captures the dominant mass
and heat transfer phenomena occurring during hydrate dissociation and reproduces the stress release
and volumetric deformation associated with this process. They also show that the hydrate production
method has a strong influence on sediment deformation.

Keywords: methane hydrate-bearing sediments; mechanical response induced by hydrate
dissociation; thermo-hydro-mechanical behavior; fully coupled numerical modeling; geomechanics

1. Introduction

Methane hydrates hold vast amounts of methane gas below the sea floor and in permafrost
regions [1]. If economically producible, hydrate-sourced methane could supply 10% of the global
methane consumption in the coming decades [2–4] and bring a new level of energy self-sufficiency to
countries that lack conventional reserves (e.g., Japan, India, and South Korea) [5]. Current techniques
for methane production from hydrate include thermal stimulation, depressurization, and inhibitor
injection [6,7], among which, depressurization is deemed the most mature approach. These techniques
perturb the thermodynamic and chemical conditions of the reservoir to destabilize the hydrate phase
and force its dissociation into water and gas. The release of mobile phases during dissociation and
the loss of the solid hydrate phase has a significant impact in the mechanical (e.g., strength, stiffness,
volumetric behavior) and hydraulic (e.g., retention curve, hydraulic conductivity) properties of the
sediment and may destabilize it (e.g., [8,9]).

Over the last 20 years, several numerical models have been proposed to simulate the behavior of
gas hydrate reservoirs. Initially, modeling efforts focused on evaluating the productivity of methane
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extraction from in situ sediments. As a result, numerous coupled thermo-hydraulic (TH) models
were developed (e.g., [10–17]), which improved considerably the understanding of the TH behavior
of MHBS. However, these models generally disregarded the mechanical response of the sediment or
considered it with simple approaches. Numerous experimental studies have investigated the impact of
hydrate dissociation on the mechanical properties of MHBS. These studies show that the sediment tends
to weaken during hydrate dissociation due to a reduction of the sediment stiffness and strength with
decreasing hydrate saturation (e.g., [18–21]). Additionally, they report significant changes in porosity,
permeability and stress state of the sediment during dissociation (e.g., [22,23]). Field observations also
note the impact of hydrate dissociation in the large-strain response of MHBS (e.g., [15,24–26]). Borehole
instabilities, gas blowouts and seafloor subsidence have been widely reported during conventional
hydrocarbon exploitation nearby hydrate reservoirs (e.g., [8,9,27]). Moreover, large underwater
landslides have been related to hydrate dissociation in continental margins (e.g., [25,26,28]).

Hence, geomechanics of MHBS has recently become a key factor in reservoir simulation to ensure
well-bore stability in production scenarios and mitigate hydrate-related geohazards [29]. Even though
knowledge of the mechanical behavior of MHBS is still limited, current modeling efforts have focused
on developing suitable constitutive laws for capturing it. Table 1 lists some of the most notable
thermo-hydro-mechanical (THM) formulations that incorporate advanced constitutive models for MHBS.
The models listed in Table 1 consider from linear elastic to elastoplastic and visco-plastic formulations in
which different dependencies of the yield function with the hydrate saturation are assumed.

Table 1. Notable numerical solutions incorporating advanced constitutive models for MHBS.

Model Reference Mechanical Approach

Kimoto et al. (2010) [30] Viscoplasticity with Sh dependency
Rutqvist (2011) [31] Mohr-Coloumb elastoplasticity with Sh dependency
Kim et al. (2012) [32] Mohr-Coloumb elastoplasticity with Sh dependency
Klar et al. (2013) [33] Mohr-Coloumb elastoplasticity with Sh dependency
Gupta et al. (2016) [34] Poroelasticity with Sh dependency
Sun et al. (2018) [35] Thermodynamics-based elastoplastic model with Sh dependency
Sánchez et al. (2018) [36] Elastoplasticty with Sh dependency + Damage model

Here, we develop a new fully coupled THM formulation to simulate the mechanical behavior
of MHBS, particularly focusing on hydrate dissociation scenarios. The formulation builds on the
established finite element simulator Code_Bright [37], which has been highly validated at solving
multiphase mass and heat transport problems in the geological media (e.g., [38–40]) and recently
applied to examine the THM behavior of MHBS [36]. We reformulate Code_Bright’s governing
equations of energy and mass balance in terms of the potential porosity of the sediment (i.e., space
between the mineral grains) and the remaining available porosity after the formation of hydrate
and/or ice. This volumetric distinction allows isolation of the effects of mechanical deformation from
the effects of hydrate and ice fluid/solid phase transformations, both affecting the hydraulic and
mechanical properties of the porous medium. We also implement the elastoplastic constitutive model
Hydrate-CASM [41] to capture the effect of hydrate saturation in the sediment stress-strain response,
and integrate the Peng-Robinson equation of state (EoS) [42] and the thermodynamic equations
proposed by [43] to compute methane gas density and solubility, respectively.

The TH capabilities of our formulation are validated against the results from a series of
state-of-the-art simulators involved in the NETL-USGS first international gas hydrate code comparison
study [44]. Finally, the mechanical coupling is investigated by modeling synthetic dissociation tests and
validated by reproducing published experimental data from triaxial tests performed in hydrate-bearing
sands dissociated via depressurization [21].
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2. Methodology

This section sets the theoretical framework of the problem, develops the mathematical formulation
proposed to simulate the THM behavior of MHBS and describes the strategy adopted for the
numerical solution.

2.1. Components, Phases and Partial Saturations

The multicomponent and multiphase approach followed by [37] is adopted here to describe the
MHBS system (Figure 1). The porous medium is considered to be composed by four mass components;
mineral grains (gr), methane (m), water (w), and salt (st), that can be partitioned among five possible
phases; solid (s), hydrate (h), ice (i), gas (g) and liquid (l). The incompressible mineral grains form the
non-reactive solid continuum that provides the skeletal structure to the porous medium. Within the
pores, hydrate and ice can grow as solid and immobile phases. Finally, fluid flow and storage are
restricted to the available space between the mineral grains and hydrate and ice phases.

Figure 1. Volumetric relationships and pore-scale phase distribution in an elementary volume of MHBS.
Please note that the formulation considers the existence of unfrozen water below freezing temperature
due to capillary effects.

Similar to [45], the pore-space of the sediment is divided into two porosities (Table 2) to isolate
the effects of mechanical deformation from those related to hydrate and ice phase change on both the
hydraulic and mechanical properties of the porous medium.

Table 2. Volumetric relations in an elementary volume of MHBS.

Bulk volume Vt = Vs + Vh + Vi + Vl + Vg
Potential void space Vp = Vt −Vs
Potential porosity φp = Vp/Vt
Available void space Va = Vp −Vh −Vi
Available porosity φa = Va/Vt
Hydrate saturation Sh = Vh/Vp
Ice saturation Si = Vi/(Vp −Vh)
Gas saturation Sg = Vg/Va
Liquid saturation Sl = Vl/Va
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The potential porosity (φp) is the volume of pores between the mineral grains of the sediment.
This porosity is strictly related to the volumetric deformation of the sediment and is the maximum
available space for the formation of hydrate and ice phases. The available porosity (φa) is the volume
of pores existing between solid phases (i.e., part of the potential porosity non-occupied by hydrate
or ice). This porosity determines the available space for the fluids to flow or be stored, governs the
sediment permeability and evolves according to variations in potential porosity and hydrate and ice
phase transformations. Each phase saturation is obtained as the ratio between the its volume and the
corresponding volume of voids in which it is partitioned (Table 2). Thus, the following volumetric
restrictions apply:

Sl + Sg = 1 (1)

and
φa

φp
= (1− Si)(1− Sh) (2)

Equation (1) allows the preservation of the basic structure of the classical two-phase flow models for
the gas-water system and Equation (2) provides the coupling between the gas-water system and the
solid pore-filling phases.

2.2. Multiphysical Coupled System

The behavior of the multiple phases considered within the pores involves four physical processes:
mechanical deformation, fluid flow, thermal flow and phase change reactions (Figure 2). Each of these
processes interacts with each other generating a multiphysical coupled system. Accurate representation
of the interactions between these processes in the mathematical formulation is vital for adding certainty
to the simulation of the mechanical behavior of MHBS.

Figure 2. Schematic diagram of the fully coupled THM phenomena in hydrate-bearing systems.

2.3. Governing Equations

The governing equations are divided here into two main groups; (i) balance equations and
(ii) constitutive equations and equilibrium constraints. All the parameters used in the formulation are
listed and defined in Table 3.
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Table 3. Nomenclature used to define the governing equations for MHBS. Please note that superscript α

correspond to any component of the system and subscript β refers to the phase wherein the component
is partitioned. Bold symbols denote vectors and tensors.

Roman Symbols

a(T) Peng-Robinson EoS parameter M Slope of critical state line in p’-q space
Aβ Viscosity parameter Mβ Molecular mass of phase β
A(T) Viscosity thermal function n Stress-state coefficient: yield surface shape parameter
Ah Hydrate surface area nh Hydration number
b Body forces p′ Mean effective stress
b Peng-Robinson EoS constant P0 Van Genuchten parameter
Bβ Viscosity parameter of phaseβ p0 Isotropic yield stress of hydrate-free sediment
cα

β Specific heat of component α in phase β p0h Isotropic yield stress of MHBS
dmβ Mass change of phase β Peq Hydrate phase equilibrium pressure
Dα

β Diffusion coefficient of component α in phase β Pβ Pressure of phase β

e Void ratio of hydrate-free sediment Pβ0 Reference pressure for phase β
eah Available void ratio of the MHBS Pc Critical pressure
eh Hydrate void ratio Pp Pore pressure
Eβ Energy of phase β q Deviatoric stress
Eα

β Energy of component α in phase β qβ Advective fuid flow
f Hydrate-CASM yield function r Yield surface spacing ratio
f α External mass supply of component α R Subloading ratio
f Q Internal/external energy supply Rg Regnault constant
fw Peng-Robinson EoS function Rh Rate of hydrate mass change
g Gravity forces S Salinity
iα
β Diffusive flux of component α in phase β Sβ Saturation of phase β

ic Conductive heat flow Se Effective liquid saturation
iEβ

Energy dispersivity in phase β Sls Maximum liquid saturation
I Identity matrix Srl Residual liquid saturation
jα
β Mass flux of component α in phase β t Time

jEβ
Advective flux of energy of phase β T0 Reference temperature

k0 Intrinsic permeability of hydrate-free sediment T Temperature
k Intrinsic permeability of MHBS Tc Critical temperature
krβ

Relative permeability of phase β Teq Hydrate phase equilibrium temperature
KCH4 Solubility of methane in water Tr Reduced temperature
Kd Hydrate dissociation constant u Displacement
K f Hydrate formation constant u Subloading parameter controlling the
Lh Latent heat of hydrate dissociation plastic deformations before yielding
Li Latent heat of ice melting v Molar volume
m Van Genuchten parameter V Unitary volume

Greek Symbols

αB Biot’s coefficient ∇ Differential operator =
(

∂
∂x ; ∂

∂y ; ∂
∂z
)

βt Thermal expansion coefficient of the liquid phase ν Poisson’s ratio
∂ Partial derivative ωα

β Mass fraction of component α in phase β

|εp| Norm of the incremental plastic strain µβ Viscosity of phase β
εv Volumetric strain φp Potential porosity
ε(x,y,z) Cartesian strains φa Available porosity
γ Solute variation ρβ Density of phase β
κ Slope of swelling line of hydrate-free sediment ρβ0 Reference density of phase β
κh Slope of swelling line of MHBS σ Cauchy total stress (compression positive)
κr f Swelling line slope reduction factor σ′ Effective stress (compression positive)
λ Slope of normal compression line σc Confining stress (compression positive)
λc Composite thermal conductivity θα

β Volumetric mass of component α in phase β

λdry Dry thermal conductivity τ Tortuosity coefficient
λsat Liquid saturated thermal conductivity ϑ Peng-Robinson acentric factor

(i) Balance equations

Mass balance equations

The mass balance equations are established following a compositional approach. In these
equations the volumetric mass of a component in a phase (e.g., methane in the liquid phase, θm

l )
is the product of the mass fraction of that component (ωm

l ) and the bulk density of the phase (ρl).

• Mass balance of mineral grains:
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The mineral grains coincide with the permanent solid phase and define the skeletal structure of
the porous medium. The mass conservation of this component can be written as:

∂

∂t

(
ρs(1− φp)

)
+∇(jgr

s ) = 0 (3)

where jgr
s is the flux of solid and can be expressed in terms of the solid velocity

(
∂u
∂t

)
as:

jgr
s = ρs(1− φp)

∂u
∂t

(4)

Applying the chain rule for all the derivatives, Equation (3) can be rewritten as:

(1− φp)
∂ρs

∂t
+ (1− φp)(

∂u
∂t
∇ρs)− ρs

∂φp

∂t
− ρs(

∂u
∂t
∇φp) + ρs(1− φp)∇

∂u
∂t

= 0 (5)

Neglecting the gradients of density and porosity convected by the solid phase and under the
assumption of small strain, Equation (5) can be rewritten as:

∂φp

∂t
=

1
ρs

(
(1− φp)

∂ρs

∂t

)
+ (1− φp)∇

∂u
∂t

(6)

where the term ∇ ∂u
∂t can be expressed in the form:

∇∂u
∂t

=
∂2ux

∂x∂t
+

∂2uy

∂y∂t
+

∂2uz

∂z∂t
=

∂

∂t
(εx + εy + εz) =

∂εv

∂t
(7)

and εx + εy + εz are Cartesian strains.
• Mass balance of methane:

Methane component is present in liquid, gas and hydrate phases, and its total mass balance is
expressed as:

∂

∂t

((
θm

l Sl + θm
g Sg

)
φa + θm

h Shφp

)
+∇(jm

l + jm
g + jm

h ) = f m (8)

where θm
l , θm

g and θm
h are the volumetric mass of methane in the liquid, gas and hydrate phases,

respectively. For a given temperature, pressure and salinity the term θm
l can be obtained according

to [42,43], θm
g is equal to one as the gas phase is considered mono-component and θm

h = 1
1+nh

assuming nh as 6.176.

The mass flux terms jm
l and jm

g are the relative motion of methane in the liquid and gas phases,
respectively, with respect to the solid phase. These terms are obtained as the sum of advective
and diffusive flux terms as follows:

jm
l = im

l + θm
l ql + φaSlθ

m
l

∂u
∂t

(9)

jm
g = im

g + θm
g qg + φaSgθm

g
∂u
∂t

(10)

The mass flux term jm
h denote the relative motion of methane in the hydrate phase with respect to

the solid phase as a result of the medium deformation:

jm
h = φpShθm

h
∂u
∂t

(11)
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The term fm is the external sink/source of methane per unit volume. Please note that because of
the compositional approach adopted in the formulation, this term do not include methane mass
changes from hydrate kinetics.

• Mass balance of water:

Water is present in liquid, ice and hydrate phases but it is neglected as vapour in the gas phase.
Thus, the water total mass balance of water is expressed as:

∂

∂t

(
θw

l Slφa +
(

θw
i Si(1− Sh) + θw

h Sh

)
φp

)
+∇(jw

l + jw
i + jw

h ) = f w (12)

where θw
l , θw

i and θw
h are the volumetric mass of water in the liquid, ice and hydrate phases,

respectively. The term θw
l depends on the concentration of salt and methane dissolved in the

liquid phase, θw
i is equal to one and θw

h = 1− θm
h .

The mass flux term of water in liquid (jw
l ) is computed similarly as in Equation (9), while the flux

terms in hydrate (jw
h ) and ice phases (jw

i ) are computed similarly as in Equation (11) for Sh and
Si, respectively .

The fw is an external sink/source of water per unit volume and do not include water mass changes
from hydrate kinetics.

• Mass balance of salt:

Salt is present as a dissolved component in the liquid phase, and it is not allowed to precipitate as
a solid phase. Its concentration modifies the liquid density, influences the solubility of methane
and can inhibit hydrate stability conditions. The total mass balance of salt is expressed as:

∂

∂t

(
θst

l Slφa

)
+∇jst

l = f st (13)

where θst
l is the volumetric mass of salt in the liquid phase. Changes in salt concentration due to

“freshening” of the pore water can be used as a tracer of ongoing hydrate dissociation and/or
ice melting.

The flux term of salt in the liquid phase (jst
l ) is the relative motion of salt in the liquid phase with

respect to the solid phase and is computed similarly as in Equation (9). Finally, the term fst is the
external sink/source term of salt.

Energy balance equation:

The equation for internal energy balance in the porous medium is established according to [37]
considering the internal energy in each phase of the system, so that:

∂

∂t

(
(ElρlSl + EgρgSg)φa +

(
EiρiSi(1− Sh) + EhρhSh

)
φp

)
+Esρs(1− φp) +∇(ic + jEl

+ jEg
+ jEi

+ jEh
+ jEs

) = f Q
(14)

where the energy flux of fluid phases include energy dispersion, advective transport by fluid mass
relative to the solid phase and that related to the soil velocity:

jEl
= iEl + jm

l Em
l + jw

l Ew
l + jst

l Est
l + ElρlφaSl

∂u
∂t

(15)

jEg
= iEg + jm

g Eg + EgρgφaSg
∂u
∂t

(16)

with
Elρl = θm

l Em
l + θw

l Ew
l + θst

l Est
l (17)
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Please note that Em
l and the dispersive terms (iEl and iEg ) have been neglected in our simulations.

The energy flux of solid phases only depend on the advective transport related to the soil velocity,
so that:

jEh
= EhρhφpSh

∂u
∂t

(18)

jEi
= Eiρiφp(1− Sh)Si

∂u
∂t

(19)

jEs
= Esρs(1− φp)

∂u
∂t

(20)

For which exothermic/endothermic changes caused by hydrate formation/dissociation and ice
formation/melting are considered through the latent heat of each phase transformation (Table 4) and
the term fQ is the external supply of energy per unit volume.

Table 4. Specific energy expression and representative values of specific and latent heat for each phase
of the system.

Phase Specific Energy Specific and Latent Heat

Gas (g) Eg = cg(T − T0) cg = 2500 J (Kg K)−1

Hydrate (h) Eh = Lh + ch(T − T0) ch = 2108 J (Kg K)−1 ; †Lh = 3.39 e5 J Kg−1

Ice (i) Ei = Li + ci(T − T0) ci = 3144 J (Kg K)−1 ; †Li = 3.34 e5 J Kg−1

Liquid (l) Ew
l = cw

l (T − T0) cw
l = 4184 J (Kg K)−1

Est
l = 1.42e5 + cst

l (T − T0) cst
l = 2200 J (Kg K)−1

Solid (s) Es = cs(T − T0) cs = 874 J (Kg K)−1

† Lh and Li are positive for hydrate dissociation and ice melting respectively.

Momentum balance equation:

The momentum balance equation for the bulk porous medium reduces to the equilibrium of total
stresses if the inertial terms are neglected:

∇σ + b = 0 (21)

Equation (21) is formulated based on the infinitesimal strain theory, uses an additive decomposition
of the total strain tensor and assumes a Biot’s coefficient αB = 1 for the fluid-solid coupling (Table 5).

The constitutive equations for MHBS allow rewriting Equation (21) in terms of the solid velocities,
gas and fluid pressure and temperature.

(ii) Constitutive equations and equilibrium constraints

A set of constitutive laws and equilibrium restrictions are used in the formulation to establish the
link between the primary (i.e., solid displacements, u; liquid pressure, Pl ; gas pressure, Pg; temperature,
T and salinity, S) and the dependent variables of the system (listed in Tables 5 and 6). These equations
allow capturing the coupling among the various physical phenomena considered in the system and
close the mathematical formulation.
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Table 5. Constitutive equations for MHBS system and dependent variables computed using each
constitutive law. Please note that values for the parameters used in the TH simulation are also given.

Constitutive Law Equation Dependent Variable

Advective fluid flow

Darcy’s law qβ = −
kkrβ

µβ
(∇Pβ − ρβg) β = l, g Advective fluid flow, ql and qg

Kozeny’s model k = k0
φ3

a
(1−φa)2

(1−φp)2

φ3
p

k0 = 1 × 10−13 m2

krl =
√

Se
(
1− (1− S1/m

e )m)2

krg = 1− krl

m‡ = 0.645
µβ = Aβexp(

Bβ

273.15+T )

Al = 2.1 × 10−12 MPa s ; Bl = 1808.5 K
Ag = 1.48 × 10−12 MPa s ; Bg = 119.4 K

Retention curve [46] Se =
Sl−Srl
Sls−Srl

=
(

1 + Pg−Pl
P0

1
1−m
)−m

Saturation of mobile phases, Sl and Sg

P‡
0 = 0.075 MPa

Liquid density [37] ρl = ρl0

(
1 + βt(Pl − Pl0) + A(T) + γωst

l

)
Liquid density, ρl

A(T) = (T+288.9414)(T−3.9863)2

50,8929.2(T+68.12963)
ρl0 = 1002.6 kg/m3

βt = 4.5× 10−4 MPa−1

Pl0 = 0.1 MPa
γ = 0.6923
ωst

l = 0

Gas density [42] Pg =
RgT
v−b −

a(T)
v(v+b)+b(v−b) Gas density, ρg

a(T) = 0.45724R2
gT2

c /Pc[1 + fw(1− T0.5
r )]2

fw = 0.37464 + 1.54226ϑ− 0.26992ϑ2

ϑ = 0.0015
b = 0.0778RTc/Pc
Rg = 8.3144598 J/mol K
Pc = 4.60 MPa
Tr = T/Tc, Tc = 190.4 K
ρg =

MgPg
RgT

Mg = 0.016042 Kg/mol

Non-advective fluid flow

Fick’s law iα
β = φaτρlSl Dα

l I∇ωα
l α = m, st Diffusive flux, im

l and ist
l

Dm
l = 5.9× 10−6 exp

( (273.15+T)2.3

Pg

)
Dst

l = 1.1× 10−4 exp
( −24530

Rg(273.15+T)

)
τ = 1

Fourier’s law ic = −λc∇T Conductive heat flow, ic
†λc = λsat

√
Sl + λdry(1−

√
Sl)

λsat = 2 W/mK, λdry = 2.18 W/mK

Stress-strain behavior

Effective stress [47] σ′ = σ − αBPpI Effective stress tensor, σ′

αB = 1

Hydrate-CASM [41] Subloading yield function Stress tensor, σ

f = ( q
Mp′ )

n + 1
ln(r) ln( p′

Rp′0h
)

dR = −ulnR|dεp|
Densification mechanism
eah = e− eh; eh = e(Sh + Si)
κh = κκr f
κr f = 0 if (Sh + Si) = 0
κr f = 3(Sh + (1− Sh)Si)

2 − 2.68(Sh + (Sh + (1− Sh)Si) + 0.9934
if 0 < (Sh + (1− Sh)Si) ≤ 0.42

p′0h = e
e(Sh+Si)

λ−κh p
′ λ−κ

λ−κh
0

† λc is not computed in terms of Sh or Si . This simplification valid for low saturations of ice [48]; ‡ m and ‡

P0 values correspond to those given in the benchmark problem analyzed in Section 3.1. [44]. The m value is
included within the range of values reported in the literature for gas hydrate numerical simulation studies
(e.g., [49,50]); Please note that eah, κh and p′0h recover the hydrate-free parameters e, κ and p′0 when (Sh + Si) =
0; The use of bold symbols denote vectors and tensors.
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Table 6. Equilibrium restrictions for MHBS system. The dependent variables computed using each of
the equilibrium restrictions are also included.

Equilibrium Restriction Equation Dependent Variable

Hydrate phase change

Hydrate phase boundary [43] ln(Peq) = −1.644866 × 103 − 0.1374178T + 5.4979866 ×
104/T + 2.64118188 × 102ln(T) + S

(
1.1178266 ×

104 + 7.67420344T − 4.515213 × 10−3T2 − 2.04872879 ×
105/T − 2.17246046 × 103ln(T)

)
+ S2(1.70484431 ×

102 + 0.118594073T − 7.0581304 × 10−5T2 − 3.0979619 ×
103/T − 33.2031996ln(T)

)

Equilibrium pressure, Peq

Methane solubility ln(KCH4)Pg = ln(KCH4)Peq

ln(KCH4
)0.1MPa

ln(KCH4
)Teq(Pg)

Dissolved methane
concentration, ωm

l
[43] ln(KCH4)Peq = −2.5640213 × 105 − 1.644805 × 102T + 9.1089042

× 10−2T2 + 4.90352929 × 106/T + 4.93009113 ×
104ln(T) + S[−5.1628513 × 102 − 0.33622376T + 1.8819904 ×
10−4T2 + 9.76525718 × 103/T + 99.523354ln(T)]

[51] ln(KCH4)0.1MPa = 1 × 10−9
[
− 417.5053 + 599.8626(100/T) +

380.3636ln(T/100)− 62.0764T/100 + S[−0.06423 +

0.03498(T/100)− 0.0052732(T/100)2]
]

ln(KCH4)Teq(Pg) = 1 ×

10−9
[
− 417.5053 + 599.8626(100/Teq(Pg)) +

380.3636ln(Teq(Pg)/100)− 62.0764Teq(Pg)/100 + S[−0.06423 +

0.03498(Teq(Pg)/100)− 0.0052732(Teq(Pg)/100)2
]

ωm
l = 1.604 × 10−2KCH4 Pg

Kg/Kg

Hydrate kinetic rate
[52,53]

Rh(T, Pg) = φpSh Ah

(
Kd〈Peq(T)− Pg〉 − K f 〈Pg − Peq(T)〉

)
Hydrate mass change, dmh

Ah = 0.375 µ/m
Kd = 124× 103exp(−9400/T(K)) mol/m2Pa s
K f = 0.5875× 10−11 mol/m2Pa s

†dmh = MhRh(T, Pg)
Mh = 0.018016nh + 0.016042 Kg/mol

Ice phase change

Freezing characteristic
function
[54]

1−† Si =

(
1 +

(
1−(1−ρi/ρl)Pl−ρi Li ln(T/273.15)

P0

) 1
1−m
))−m

Ice saturation, Si

ρi = 0.91 · ρl

† See Appendix A for the derivation of hydrate and ice mass conservation equations.

Stress - strain behavior of MHBS

Several experimental studies show that MHBS have a greater stiffness, strength, dilation,
and softening behaviors with increasing hydrate saturation (e.g., [55–61]). The increase in sediment
strength due to hydrate has been widely attributed to a physical bonding between the hydrate crystals
and the sediment grains. This bonding has been modeled using different strategies; (i) addition
of a cohesion constituent in the failure criteria [60,62–64], (ii) enlargment of the yield surface by
cohesion and dilation [65,66], (iii) partition of the stress between hydrate and matrix in a bonding
damage framework [65,67], (iv) attribution of physical bonding properties in discrete element methods
(DEM) [68] and (v) expansion of the failure envelope in a spatially mobilized plane (SMP) model [69].
Refs. [70,71] propose that kinematics might govern the increase in strength observed in hydrate-bearing
sands. Alternatively, [41] propose that the greater strength and dilatancy observed in MHBS can be
explained by densification and stiffening of the host sediment due to pore invasion by hydrate.
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The constitutive model Hydrate-CASM [41] is integrated in our formulation to predict the
mechanical response of MHBS. This elastoplastic model extends the formulation of the CASM
model [72] by implementing the subloading surface model [73] and the densification mechanism.
The densification is a novel mechanism for MHBS that attributes hydrate-related changes in the void
ratio, the swelling line slope and the volumetric yield stress of the sediment to stress-strain changes
(Table 5). The performance of the Hydrate-CASM model has been tested over a range of hydrate
saturations and confining stress using experimental data from triaxial tests performed in synthetic
hydrate-bearing sands and validated against the outputs from other notable constitutive models for
MHBS that simulated the same experimental data (Figure 3).

Figure 3. Model comparison between Hydrate-CASM predictions and those obtain by [65,66,74]
models. The simulations are plotted against the experimental data from [58] for (a) pore-filling and
(b) cementing hydrate. Adapted from [41].

Hydrate and ice phase boundaries

The dominant parameters governing the stability field of methane hydrates in marine sediments
are pressure, temperature and salinity. Our formulation employs the empirical solution proposed
by [43] to define the P-T conditions that describe the equilibrium of methane hydrates in saline water
(Figure 4). Above the hydrate phase equilibrium curve (i.e., Pg > Peq, shaded area in Figure 4), hydrate
can form when the concentration of methane dissolved in the liquid phase is at or above saturation
value [75]. Our formulation computes methane solubility at dissociation pressure as a function of
salinity and temperature following the empirical proposal of [43] (Table 6). This function is combined
with the IUPAC recommendation at Pg = 0.1 MPa [51] to extend the calculation of methane solubility in
water at any other given pressure (Table 6). The resulting estimation of methane concentration in water
(ωm

l ) is key to model the upward transport of gas by means of diffusion and advection. It can also be
used to predict the resulting shape of sulfate profiles in pore water (e.g., [76,77]) and the volume and
distribution of hydrate formations in marine sediments (e.g., [78]).
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Figure 4. Pressure-Temperature equilibrium relationship (Peq − T) in the methane hydrate system at
different salinity. Please note that the presence of salt inhibits hydrate stability and shifts the hydrate
phase equilibrium curve towards higher pressure and lower temperature conditions.

At P-T conditions below the hydrate phase equilibrium curve (i.e., Pg < Peq, white area in
Figure 4), hydrate dissociates into its forming components. Our formulation assumes hydrate phase
change to be governed by first order kinetics as suggested by [52,53], in which the rate of phase change
is proportional to the product of the hydrate surface area and the driving force (i.e., pressure difference
between the phase equilibrium and gas pore pressure) (Table 6).

Water-to-ice transformation may also take place in MHBS during temperature dropping if
hydrate formation is restricted by insufficient methane gas, or due to endothermic cooling at fast
depressurization. Ice changes are computed using the freezing characteristic function proposed by [54]
(Table 6). This function is derived from the thermodynamic equilibrium between liquid and ice phases
in pores in frozen soils and employs van Genuchten’s (1980) model to relate the degree of unfrozen
water saturation to the thermodynamic properties of the sediment. As stated in Table 5 our formulation
consider changes in ice saturation to have the same mechanical effects that hydrate phase change.

2.4. Numerical Solution Strategy

The PDE’s (Partial Differential Equations) system presented is solved numerically following
the procedure established in [37]. The Galerkin finite element method (FEM) is adopted for the
spatial discretization, while finite differences are used for the temporal discretization via an implicit
scheme (backward Euler method) that incorporates an automatic sub-stepping procedure based on
error control [79]. Also, a mass conservative approach is adopted by directly discretizing the storage
terms [80,81], and the mechanical problem is solved using an implicit stress point algorithm (SPA) [82].

Once the formulation is discretized, this can be represented as a system of algebraic equations
that are linearized via the Newton-Raphson scheme. Then, LU decomposition and back-substitution
(non-symmetric matrix) or conjugate squared gradients are used to solve the system of equations
simultaneously (monolithic solution) in a fully coupled manner.

3. Results and Discussion

3.1. Thermo-Hydraulic Validation

In this section, we reproduce the benchmark problem P2 proposed in the NETL-USGS first
international gas hydrate code comparison study. The initial problem conditions, model parameters
and further specifications can be found in https://www.netl.doe.gov/node/7285. Problem P2 analyzes
a 20 m one-dimensional horizontal closed domain (no flow boundary conditions) initialized with
gradients in liquid and gas pressure, and temperature that yield aqueous saturated conditions on half

https://www.netl.doe.gov/node/7285
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of the domain and aqueous unsaturated conditions on the other half (Figure 5a). We have simulated
the problem in two-dimensions and have used a non-uniform mesh, with a higher concentration of
elements in the contact between the two domains, to represent better the problem solution.

Figure 5. (a) Initial conditions and mesh applied in the simulation. Simulated (b) gas pressure,
(c) temperature, (d) dissolved methane mass fraction and (e) hydrate saturation distributions along the
domain at 1, 100 and 1000 days of simulation.

The initial conditions of the problem P2 are designed to trigger complete dissociation of the
hydrate phase via the thermal capacitance of the right half of the domain. From these conditions,
the simulation proceeds to reach the equilibrium in temperature and pressure along the domain.
During the transition, the hydrate begins to dissociate at the contact between both domains and the
dissociation front (vertical dotted line Figure 5e) advances progressively to the left. After 10 days
of simulation hydrate dissociation occurs simultaneously with hydrate reformation. As shown in
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Figure 5e, hydrate saturation at 100 and 1.000 days of simulation increases with respect to the previous
value as we move away from the dissociation front towards the left side. The low temperature in
this side of the domain in combination with the endothermic nature of the dissociation reaction and
the increase in pore pressure due to the migration of free gas allows reaching the P-T conditions for
hydrate reformation.

The good matching observed between our results and those from the simulators involved in
the code comparison study (i.e., HydResSim, MH-21, CMG STARS, STOMP-HYD, TOUGH-FX and
Univ-Houston) allows validating the capacity of our formulation at capturing the dominant mass and
heat transfer phenomena during gas hydrate dissociation.

3.2. THM Modelling of Synthetic Experimental Tests

In this section, various synthetic triaxial tests are simulated to investigate the stress-strain and
volumetric deformation characteristics of MHBS during hydrate dissociation under strain controlled
shear. For the simulations, we assume two-dimensional axisymmetric jacketed sand specimens of
10 cm × 5 cm, of which a radial plane of 10 cm × 2.5 cm is used as computational domain (shaded
area in Figure 6). The right-hand side of the domain has a boundary condition of constant total stress
and the bottom is immobile. All the simulations are conducted under constant compression rate of
0.012%/min with drained conditions only at the top of the sample. The particular conditions employed
in each simulation are listed in Table 7.

Figure 6. (a) Initial test conditions. (b) Boundary conditions for thermal stimulation and depressurization
tests. The mechanical properties of the host sediment are adopted from calibrated values for pure Toyoura
sand in [41]. The monitoring location shows the location of the profiles in Figure 7.

We label as Hs_Temp and Hs_Dep the two simulations used to characterize the mechanical
response of the host sediment specimen (Sh = 0%) subjected to thermal stimulation (8→ 11.3 ◦C)
and depressurization (6 → 4.6 MPa). These simulations provide a reference behavior that allows
distinguishing the mechanical effects of temperature and pressure variations from those related to
hydrate dissociation in MHBS. For the dissociation tests, MHBS specimens (Sh 6= 0%) are sheared up
to an axial strain of approximately 16% (Mhbs_Temp1, Mhbs_Dep) and 40% (Mhbs_Temp2). Then,
depressurization and/or thermal stimulation are imposed over a period of 100 seconds and the final
liquid pressure (4.6 MPa) and temperature (11.3 ◦C) are kept constant thereafter.

Figure 7 shows the simulated evolution of the deviatoric stress, potential porosity, temperature,
liquid pressure and hydrate and gas saturation during the complete triaxial loading history for
each simulation.
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Table 7. Test conditions adopted in the simulations.

Test Conditions

Test Name Temperature Confining Pressure Liquid Pressure Hydrate Saturation Remarks
(◦C) (MPa) (MPa) (%)

Hs_Temp 8→ 11.3 8 6 0 Thermal stimulation at εa = 16%
Mhbs_Temp1 8→ 11.3 8 6 20 Thermal stimulation at εa = 16%
Mhbs_Temp2 8→ 11.3 8 6 20 Thermal stimulation at εa = 40%
Hs_Dep 8 8 6→ 4.6 0 Depressurization at εa = 16%
Mhbs_Dep 8 8 6→ 4.6 20 Depressurization at εa = 16%

Figure 7. Simulated evolution of the (a,b) deviatoric stress, (c,d) potential porosity, (e,f) temperature,
(g,h) liquid pressure and (i,j) hydrate and (j,k) gas saturation of the host and hydrate-bearing specimens
subjected to thermal stimulation and depressurization during shear. Dotted lines represent the behavior
of the host sediment specimens while solid lines refer to hydrate-bearing specimens. Please note that
variations in hydrate and gas saturation before and after dissociation respectively, are due to the
volumetric deformation of the specimen.
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The host specimen Hs_Temp, sheared under constant pore pressure and subjected to thermal
stimulation, is characterized by a peak in the deviatoric stress followed by softening (Figure 7a) and
dilatant response (Figure 7c). The specimens with hydrate (Mhbs_Temp1 and Mhbs_Temp2) show a
greater peak in the deviatoric stress and a more dilatant response than the corresponding host sediment
before dissociation is simulated. Then, dissociation via thermal stimulation leads to a drop in the
deviatoric stress (points 1 and 2 in Figure 7a) as well as to a reduction in the dilatant response (point 1
in Figure 7c) or a compressive behavior of the dissociated sediment (point 2 in Figure 7c).

The mechanical behavior of the host specimen Hs_Dep subjected to depressurization is highly
influenced by the increase in effective confining stress associated with it. Depressurization leads the
host sediment to shift from a softening to a hardening response and from a dilatant to a compressive
volumetric behavior (point 1 in Figure 7b,d). For the hydrate-bearing specimen Mhbs_Dep, the effects
on the effective stress induced by depressurization adds to the mechanical effect of hydrate dissociation.
Upon dissociation specimen Mhbs_Dep starts contracting under shear (point 2 in Figure 7d) rather
than reducing its dilatant behavior, as observed in the equivalent specimen subjected to thermal
stimulation (point 1 in Figure 7c).

These results capture two important features of the mechanical response of MHBS during hydrate
dissociation under strain controlled shear. Hydrate dissociation leads to a drop of the deviatoric stress
which is associated with the shrinking of the yield surface due to sediment mechanical weakening [41].
In consequence, the sediment shows a less dilatant behavior than the corresponding host sediment or
even a contractant response under shear. Our results also show that the volumetric deformation of the
sediment after dissociation strongly depends on the hydrate production method. Point 2 in Figure 7d
clearly shows that dissociation via depressurization leads the specimen contraction while dissociation
by thermal stimulation does not (point 1 in Figure 7c).

3.3. THM Modelling of the Experimental Tests of Li et al. (2018)

The multistage triaxial shear test conducted by [21] is used in this section to examine the
capabilities of our formulation at capturing the effect of hydrate dissociation via depressurization
in the mechanical response of synthetic MHBS. Figure 8 summarizes the mechanical properties and
the initial and boundary conditions considered in the simulation. The modeling is approached here
in two steps, firstly the mechanical behavior of the specimen with a constant hydrate saturation of
38.5% is calibrated based on the experimental deviatoric stress-axial strain and volumetric strain-axial
strain relationships obtained before depressurization is applied (black solid lines in Figure 9a,b).
Once the mechanical properties are calibrated, hydrate dissociation is simulated at approximately
2.5% of axial strain by depressurizing the specimen from a liquid pressure of 8 MPa to 3 MPa.
The depressurization is applied as a boundary condition on top of the specimen (blue line in Figure 8)
while this is subjected to a constant triaxial compression rate of 0.2%/min. Temperature is imposed on
the top, base and right-hand side of the computational domain to simulate the circulation of fluid at a
constant temperature around the specimen.

Results in Figure 9 show that once depressurization is induced, our formulation captures a subtle
drop in the deviatoric stress (point 1 in Figure 9a) as well as an increase in volumetric strain (points 2
to 3 in Figure 9b). However, the model overestimates the maximum deviatoric stress after dissociation
and slightly underestimates the volumetric strain at the end of the triaxial. For comparison purposes,
the evolution of hydrate saturation with the axial strain is plotted removing the change in Sh due to
sediment deformation (i.e., changes in hydrate saturation are related only to the chemical reaction).
Figure 9d shows that the model captures the rate of hydrate dissociation.
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Figure 8. (a) Initial test conditions. (b) Boundary conditions adopted for dissociation simulation.
The monitoring location shows the location of the profiles in Figure 9.

Figure 9. Experimental data and modeling results from drained triaxial tests performed on synthetic
MHBS subjected to dissociation via depressurization: (a) Deviatoric stress, (b) volumetric strain,
(c) liquid pressure, and (d) hydrate saturation relationships with axial strain. Experimental data
from [21].



Energies 2019, 12, 2178 18 of 23

4. Conclusions

Hydrate dissociation has a significant effect on the THM properties of MHBS and may cause its
mechanical destabilization. Our formulation captures the mass and heat transfer phenomena during
hydrate dissociation in the porous medium. Particularly, the TH performance shows that the migration
of the dissociation front caused by thermal stimulation and depressurization and the volume of hydrate
that reforms due to gas migration are closely reproduced. Regarding the coupling with the mechanical
formulation, our synthetic results show that dissociation leads to a drop in the deviatoric stress and
to a less dilatant or even contracting behavior of the dissociated MHBS in comparison to the host
sediment. Particularly, it is observed that sediment may contract in cases when the deviatoric stress
drops below the failure envelope of the host sediment. Our synthetic results also suggest that the
deformation of MHBS strongly depends on the hydrate production method. They show that specimens
subjected to hydrate dissociation via depressurization are more likely to show contractant behavior
under shear than those subjected to thermal stimulation because of the increase in effective stress.
We finally illustrate that our formulation successfully reproduces the main THM features observed in
dissociation tests performed in real specimens.
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Appendix A. Development of Hydrate and Ice Mass Balance Equations

Mass balance of hydrate

The mass conservation of hydrate considers mass exchange due to phase transformations,
sediment volumetric deformation and porosity variations due to changes in the solid phase density,
so that:

∂

∂t

(
ρhφpSh

)
+∇

(
ρhφpSh

∂u
∂t

)
= dmh (A1)

where dmh is the mass change of hydrate caused by kinetics.
Neglecting the gradients of density and porosity convected by the solid phase and under the

assumption of small strain, Equation (A1) can be rewritten as:

∂(Sh)

∂t
=

dmh
ρhφp

+ Sh ε̇− Sh
φp

∂(φp)

∂t
− Sh

ρh

∂(ρh)

∂t
(A2)
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where ε̇ is the sediment volumetric strain rate (sign convention as in continuum mechanics, negative
compression):

ε̇ = − 1
(1− φp)

∂(φp)

∂t
+

(1− φp)

ρs

∂(ρs)

∂t
(A3)

Replacing Equation (A3), Equation (A2) can be rearranged as:

∂(Sh)

∂t
=

dmh
ρhφp

− Sh
φp

ε̇− Sh
ρh

∂(ρh)

∂t
(A4)

The first term in Equation (A4) expresses the effect of hydrate formation/dissociation reaction
in the computation of dSh, the second the effect of the volumetric deformation of the sediment and
the third one those associated with changes hydrate density variations with temperature. Since our
formulation defines Sh independently of the volume of ice and assumes that hydrate and ice phase
transformations do not occur simultaneously (see volumetric definitions in Table 2), Equation (A4)
disregards derivatives with respect to ice saturation.

Mass balance of ice

As with Equation (A4) variations in ice saturation can be written as:

∂(Si)

∂t
=

dmi
ρiφp(1− Sh)

− Si
φp

ε̇− Si
ρi

D(ρi)

Dt
+

Si
(1− Sh)

∂(Sh)

∂t
(A5)

where the term dmi
ρiφp(1−Sh)

corresponds to changes in ice saturation due to freezing and melting

(computed using the freezing characteristic function proposed by [54]), and the term ∂(Sh)
∂t does

only consider changes in hydrate saturation due to hydrate density variations.

References

1. Milkov, A.V. Global estimates of hydrate bound gas in marine sediments: How much is really out there?
Earth Sci. Rev. 2004, 66, 183–197. [CrossRef]

2. Krey, V.; Canadell, J.G.; Nakicenovic, N.; Abe, Y.; Andruleit, H.; Archer, D.; Grubler, A.; Hamilton, N.T.M.;
Johnson, A.; Kostov, V.; et al. Gas hydrates: Entrance to a methane age or climate threat? Environ. Res. Lett.
2009, 4, 34007. [CrossRef]

3. Muradov, N. Decarbonization at crossroads: The cessation of the positive historical trend or a temporary
detour? Energy Environ. Sci. 2013, 6, 1060–1073. [CrossRef]

4. Smith, C.A. Energy Resource Potential of Methane Hydrate: An Introduction to the Science and Energy
Potential of a Unique Resource. 2011. Available online: www.netl.doe.gov (accessed on 23 May 2019).

5. Birchwood, R.; Dai, J.; Shelander, D.; Boswell, R.; Collett, T.; Cook, A.; Dallimore, S.; Fujii, K.; Imasato, Y.;
Fukuhara, M.; et al. Developments in gas hydrates. Oilfield Rev. 2010, 22, 18–33.

6. Collett, T.S.; Johnson, A.H.; Knapp, C.C.; Boswell, R. Natural gas hydrates—Energy resource potential and
associated geologic hazards. AAPG Mem. 2009, 89, 146–219.

7. Ruppel, C.D. Gas hydrate in nature. U.S. Geol. Surv. Fact Sheet 2018, 2017–3080, 4.
8. Hovland, M.; Gudmestad, O.T. Potential influence of gas hydrates on seabed installations. In Natural Gas

Hydrates; Paull, C.K., Dillon, W.P., Eds.; Geophysical Monograph Series, American Geophysical Union:
Washington, DC, USA, 2001; Volume 124, pp. 307–315.

9. Nagel, N. Compaction and subsidence issues within the petroleum industry: From Wilmington to Ekofisk
and beyond. Phys. Chem. Earth Part A Solid Earth Geod. 2001, 26, 3–14. [CrossRef]

10. Ahmadi, G.; Ji, C.; Smith, D.H. Numerical solution for natural gas production from methane hydrate
dissociation. J. Petroleum Sci. Eng. 2004, 41, 269–285. [CrossRef]

11. Kurihara, M.; Ouchi, H.; Inoue, T.; Yonezawa, T.; Masuda, Y.; Dallimore, S.R.; Collett, T.S. Analysis of the
JAPEX/JNOC/GSC et al. Mallik 5L-38 gas hydrate thermal-production test through numerical simulation.
Bull. Geol. Surv. Can. 2005, 585, 111.

http://dx.doi.org/10.1016/j.earscirev.2003.11.002
http://dx.doi.org/10.1088/1748-9326/4/3/034007
http://dx.doi.org/10.1039/c3ee22879g
www.netl.doe.gov
http://dx.doi.org/10.1016/S1464-1895(01)00015-1
http://dx.doi.org/10.1016/j.profnurs.2003.09.004


Energies 2019, 12, 2178 20 of 23

12. Kwon, T.H.; Cho, G.C.; Santamarina, J.C. Gas hydrate dissociation in sediments: Pressure-temperature
evolution. Geochem. Geophys. Geosyst. 2008, 9, Q03019. [CrossRef]

13. Liu, Z.; Yu, X. Thermo-hydro-mechanical-chemical simulation of methane hydrate dissociation in porous
media. Geotech. Geol. Eng. 2013, 13, 168–1691. [CrossRef]

14. Moridis, G.J.; Kowalsky, M.; Pruess, K. TOUGH-Fx/HYDRATE v1.0 User’s Manual: A Code for the Simulation of
System Behaviour in Hydrate-Bearing Geologic Media; Lawrence Berkeley National Laboratory: Berkeley, CA,
USA, 2008.

15. Sultan, N.; Cochonat, P.; Foucher, J.P.; Mienert, J. Effect of gas hydrates melting on seafloor slope instability.
Mar. Geol. 2004, 213, 379–401. [CrossRef]

16. White, M.D.; Oostrom, M. STOMP Subsurface Transport Over Multiple Phase: User’s Guide; Pacific Northwest
National Laboratory: Washington, DC, USA, 2006.

17. Xu, W.; Ruppel, C. Predicting the occurrence, distribution, and evolution of methane gas hydrate in porous
marine sediments. J. Geophys. Res. 1999, 104, 5081–5095. [CrossRef]

18. Hyodo, M.; Yoneda, J.; Yoshimoto, N.; Nakata, Y. Mechanical and dissociation properties of methane
hydrate-bearing sand in deep seabed. Soils Found. 2013, 53, 299–314. [CrossRef]

19. Masui, A.; Haneda, H.; Ogata, Y.; Aoki, K. Mechanical Properties of Sandy Sediment Containing Marine Gas
Hydrates in Deep Sea Offshore Japan Survey Drilling in Nankai Trough. In Proceedings of the International
Society of Offshore and Polar Engineers: Seventh ISOPE Ocean Mining Symposium, Lisbon, Portugal,
1–6 July 2007.

20. Sultaniya, A.; Priest, J.; Clayton, C.R.I. Impact of formation and dissociation conditions on stiffness of a
hydrate-bearing sand. Can. Geotech. J. 2018, 55, 988–998. [CrossRef]

21. Li, D.; Wu, Q.; Wang, Z.; Lu, J.; Liang, D.; Li, X. Tri-axial shear tests on hydrate-bearing sediments during
hydrate dissociation with depressurization. Energies 2018, 11, 1819. [CrossRef]

22. Santamarina, J.C.; Dai, S.; Terzariol, M.; Jang, J.; Waite, W.F.; Winters, W.J.; Nagao, J.; Yoneda, J.; Konno, Y.;
Fujii, T.; et al. Hydro-bio-geomechanical properties of hydrate-bearing sediments from Nankai Trough.
Mar. Pet. Geol. 2015, 66, 434–450. [CrossRef]

23. Yoneda, J.; Oshima, M.; Kida, M.; Kato, A.; Konno, Y.; Jin, Y.; Jang, J.; Waite, W.F.; Kumar, P.; Tenma, N.
Permeability variation and anisotropy of gas hydrate-bearing pressure-core sediments recovered from the
Krishna–Godavari Basin, offshore India. Mar. Pet. Geol. 2018. [CrossRef]

24. Freij-Ayoub, R.; Tan, C.; Clennell, B.; Tohidi, B.; Yang, J. A wellbore stability model for hydrate bearing
sediments. J. Pet. Sci. Eng. 2007, 57, 209–220. [CrossRef]

25. Paull, C.K.; Ussler, W.; Dallimore, S.R.; Blasco, S.M.; Lorenson, T.D.; Melling, H.; Medioli, B.E.; Nixon, F.M.;
McLaughlin, F.A. Origin of pingo-like features on the Beaufort Sea shelf and their possible relationship to
decomposing methane gas hydrates. Geophys. Res. Lett. 2007, 34, L01603. [CrossRef]

26. Pecher, I.; Henrys, S.; Ellis, S.; Chiswell, S.M.; Kukowski, N. Erosion of the seafloor at the top of the gas
hydrate stability zone on the Hikurangi Margin, New Zealand. Geophys. Res. Lett. 2005, 32, L24603. [CrossRef]

27. Schoderbek, D.; Farrell, H.; Hester, K.; Howard, J.; Raterman, K.; Silpngarmlert, S.; Martin, K.; Smith, B.;
Klein, P. ConocoPhillips Gas Hydrate Production Test Final Technical Report, in United States Department of Energy;
ConocoPhillips Company: Houston, TX, USA, 2013; p. 204.

28. Booth, J.S.; Winters, W.J.; Dillon, W.P. Circumstantial evidence of gas hydrate and slope failure associations
on the United States Atlantic continental margin. Ann. N. Y. Acad. Sci 1994, 715, 487–489. [CrossRef]

29. Boswell, R.; Collett, T.S.; Myshakin, E.; Ajayi, T.; Seol, Y.; States, U. The Increasingly Complex Challenge of
Gas Hydrate Reservoir Simulation. In Proceedings of the 9th International Conference on Gas Hydrates
(IGCH9), Denver, CO, USA, 25–30 June 2017.

30. Kimoto, S.; Oka, F.; Fushita, T. A chemo-thermo-mechanically coupled analysis of ground deformation
induced by gas hydrate dissociation. Int. J. Mech. Sci. 2010, 52, 365–376. [CrossRef]

31. Rutqvist, J. Status of the THOUGH-FLAC simulator and recent applications related to coupled fluid flow
and crustal deformations. Comput. Geosci. 2011, 37, 739–750. [CrossRef]

32. Kim, J.; Moridis, G.; Yang, D.; Rutqvist, J. Numerical studies on two way coupled fluid flow and
geomechanics in hydrate deposits. SPE J. 2012, 17, 485–501. [CrossRef]

33. Klar, A.; Uchida, S.; Soga, K.; Yamamoto, K. Explicitly coupled thermal flow mechanical formulation for gas
hydrate sediments. SPE J. 2013, 18, 196–206. [CrossRef]

http://dx.doi.org/10.1029/2007GC001920
http://dx.doi.org/10.1007/s10706-013-9696-5
http://dx.doi.org/10.1016/j.margeo.2004.10.015
http://dx.doi.org/10.1029/1998JB900092
http://dx.doi.org/10.1016/j.sandf.2013.02.010
http://dx.doi.org/10.1139/cgj-2017-0241
http://dx.doi.org/10.3390/en11071819
http://dx.doi.org/10.1016/j.marpetgeo.2015.02.033
http://dx.doi.org/10.1016/j.marpetgeo.2018.07.006
http://dx.doi.org/10.1016/j.petrol.2005.10.011
http://dx.doi.org/10.1029/2006GL027977
http://dx.doi.org/10.1029/2005GL024687
http://dx.doi.org/10.1111/j.1749-6632.1994.tb38863.x
http://dx.doi.org/10.1016/j.ijmecsci.2009.10.008
http://dx.doi.org/10.1016/j.cageo.2010.08.006
http://dx.doi.org/10.2118/141304-PA
http://dx.doi.org/10.2118/162859-PA


Energies 2019, 12, 2178 21 of 23

34. Gupta, S.; Wohlmuth, B.; Helmig, R. Multi-rate time stepping schemes for hydro-geomechanical model for
subsurface methane hydrate reservoirs. Adv. Water Resour. 2016, 91, 78–87. [CrossRef]

35. Sun, X.; Luo, H.; Soga, K. A coupled thermal–hydraulic–mechanical–chemical (THMC) model for methane
hydrate bearing sediments using COMSOL Multiphysics. J. Zhejiang Univ.-SCIENCE A 2018, 19, 600–623.
[CrossRef]

36. Sánchez, M.; Santamarina, C.; Teymouri, M.; Gai, X. Coupled numerical modeling of gas hydrate bearing
sediments: From laboratory to field-scale analyses. J. Geophys. Res. Solid Earth 2018, 123, 10326–10348.
[CrossRef]

37. Olivella, S.; Gens, A.; Carrera, J.; Alonso, E.E. Numerical formulation for a simulator (CODE-BRIGHT) for
the coupled analysis of saline media. Eng. Comput. 1996, 13, 87–112. [CrossRef]

38. Alonso, E.; Pinyol, N.M. Numerical analysis of rapid drawdown: Applications in real cases. Water Sci. Eng.
2016, 9, 175–182. [CrossRef]

39. Gens, A.; Sánchez, M.; Guimaräes, L.; Alonso, E.; Lloret, A.; Olivella, S.; Villar, M.V.; Huertas, F. A full
scale in situ heating test for high level nuclear waste disposal: Observations, analysis and interpretation.
Géotechnique 2009, 59, 377–399. [CrossRef]

40. Vilarrasa, V.; Carrera, J.; Bolster, D.; Dentz, M. Semi analytical solution for CO2 plume shape and pressure
evolution during CO2 injection in deep saline formations. Transp. Porous Media 2013, 97, 43–65. [CrossRef]

41. De La Fuente, M.; Vaunat, J.; Marín-Moreno, H. A densification mechanism to model the mechanical effect
of methane hydrates in sandy sediments. Numer. Anal. Methods Geomech. 2019, under review.

42. Peng, D.Y.; Robinson, D.B. A new two-constant equation of state. Ind. Eng. Chem. Fundam. 1976, 15, 59–64.
[CrossRef]

43. Tishchenko, P.; Hensen, C.; Wallmann, K.; Wong, C.S. Calculation of the stability and solubility of methane
hydrate in seawater. Chem. Geol. 2005, 219, 37–52. [CrossRef]

44. Wilder, J.; Moridis, G.; Wilson, S.; Kurihara, M.; White, M.; Masuda, Y.; Anderson, B.J.; Collett, T.S.;
Hunter, R.B.; Narita, H.; et al. An international effort to compare gas hydrate reservoir simulators.
In Proceedings of the 6th International Conference on Gas Hydrates (ICGH), Vancouver, BC, Canada,
6–10 July 2008.

45. Gupta, S.; Helmig, R.; Wohlmuth, B. Non-isothermal, multi-phase, multi-component flows through
deformable methane hydrate reservoirs. Comput. Geosci. 2015, 19, 1063–1088. [CrossRef]

46. Van Genuchten, M.T.T. A closed-form equation for predicting the hydraulic conductivity of unsaturated
soils. Soil Sci. Soc. Am. J. 1980, 44, 892–898. [CrossRef]

47. Biot, M.A.; Willis, D.G. The Elastic Coefficients of the Theory of Consolidation. J. Appl. Mech. 1957, 24, 594–601.
48. Waite, W.F. Thermal Properties of Methane Gas Hydrates. U.S. Geol. Surv. Fact Sheet 2007, 3041, 2.
49. Gamwo, I.K.; Liu, Y. Mathematical modeling and numerical simulation of methane production in a hydrate

reservoir. Ind. Eng. Chem. Res. 2010, 49, 5231–5245. [CrossRef]
50. Mahabadi, N.; Zheng, X.; Jang, J. The effect of hydrate saturation on water retention curves in hydrate-bearing

sediments. Geophys. Res. Lett. 2016, 43, 4279–4287. [CrossRef]
51. IUPAC. Solubility Data Series; Methane, 27/28; Clever, H.L., Young, C.L., Eds.; Pergamon Press: Oxford, UK,

1987; pp. 50–55 .
52. Englezos, P.; Kalogerakis, N.; Dholabhai, P.D.; Bishnoi, P.R. Kinetics of Formation of Methane and Ethane

Gas Hydrates. Chem. Eng. Sci. 1987, 42, 2647–2658. [CrossRef]
53. Kim, H.C.; Bishnoi, P.R.; Heidemann, R.A.; Rizvi, S.S.H. Kinetics of methane hydrate decomposition.

Chem. Eng. Sci. 1987, 42, 1645–1653. [CrossRef]
54. Nishimura, S.; Gens, A.; Jardine, R.J.; Olivella, S. THM-coupled finite element analysis of frozen soil:

Formulation and application. Géotechnique 2009, 59, 159–171. [CrossRef]
55. Dai, S.; Lee, C.; Santamarina, J.C. Formation history and physical properties of sediments from the Mount

Elbert gas hydrate stratigraphic test well, Alaska North Slope. Mar. Petroleum Geol. 2011, 28, 427–438.
[CrossRef]

56. Ghiassian, H.; Grozic, J.L.H. Strength behavior of methane hydrate bearing sand in undrained triaxial testing.
Mar. Pet. Geol. 2013, 43, 310–319. [CrossRef]

57. Hyodo, M.; Kajiyama, S.; Yoshimoto, N.; Nakata, Y. Triaxial behaviour of methane hydrate bearing sand.
In Proceedings of the 10th International ISOPE Ocean Mining & Gas Hydrate Symposium OMS, Szczecin,
Poland, 22–26 September 2013; pp. 126–134.

http://dx.doi.org/10.1016/j.advwatres.2016.02.013
http://dx.doi.org/10.1631/jzus.A1700464
http://dx.doi.org/10.1029/2018JB015966
http://dx.doi.org/10.1108/02644409610151575
http://dx.doi.org/10.1016/j.wse.2016.11.003
http://dx.doi.org/10.1680/geot.2009.59.4.377
http://dx.doi.org/10.1007/s11242-012-0109-7
http://dx.doi.org/10.1021/i160057a011
http://dx.doi.org/10.1016/j.chemgeo.2005.02.008
http://dx.doi.org/10.1007/s10596-015-9520-9
http://dx.doi.org/10.2136/sssaj1980.03615995004400050002x
http://dx.doi.org/10.1021/ie901452v
http://dx.doi.org/10.1002/2016GL068656
http://dx.doi.org/10.1016/0009-2509(87)87015-X
http://dx.doi.org/10.1016/0009-2509(87)80169-0
http://dx.doi.org/10.1680/geot.2009.59.3.159
http://dx.doi.org/10.1016/j.marpetgeo.2010.03.005
http://dx.doi.org/10.1016/j.marpetgeo.2013.01.007


Energies 2019, 12, 2178 22 of 23

58. Masui, A.; Haneda, H.; Ogata, Y.; Aoki, K. The effect of saturation degree of methane hydrate on the shear
strength of synthetic methane hydrate sediments. In Proceedings of the 5th International Conference on Gas
Hydrates, Trondheim, Norway, 12–16 June 2005; pp. 657–663.

59. Miyazaki, K.; Masui, A.; Sakamoto, Y.; Aoki, K.; Tenma, N.; Yamaguchi, T. Triaxial compressive properties of
artificial methane-hydrate-bearing sediment. J. Geophys. Res. Solid Earth 2011, 116, 1–11. [CrossRef]

60. Soga, K.; Lee, L.S.; Ng, A.Y.M.; Klar, A. Characterisation and engineering properties of methane hydrate
soils. Charact. Eng. Prop. Nat. Soils 2006, 4, 2591–1642.

61. Waite, W.F.; Santamarina, J.C.; Cortes, D.D.; Dugan, B.; Espinoza, D.N.; Germaine, J.; Jang, J.; Jung, J.W.;
Kneafsey, T.J.; Shin, H.; et al. Physical properties of hydrate-bearing sediments. Rev. Geophys. 2009, 47, 1–38.
[CrossRef]

62. Jung, J.W.; Santamarina, J.C.; Soga, K. Stress-strain response of hydrate-bearing sands: Numerical study
using discrete element method simulations. J. Geophys. Res. Solid Earth 2012, 117, 1–12. [CrossRef]

63. Pinkert, S.; Grozic, J.L.H.; Priest, J.A. Strain-Softening Model for Hydrate-Bearing Sands. Int. J. Geomech.
2015, 15, 04015007. [CrossRef]

64. Pinkert, S.; Grozic, J.L.H. Prediction of the mechanical response of hydrate-bearing sands. J. Geophys. Res.
Solid Earth 2014, 119, 4695–4707. [CrossRef]

65. Sánchez, M.; Gai, X.; Santamarina, J.C. A constitutive mechanical model for gas hydrate bearing sediments
incorporating inelastic mechanisms. Comput. Geotech. 2017, 84, 28–46. [CrossRef]

66. Uchida, S. Numerical Investigation of Geomechanical Behaviour of Hydrate-Bearing Sediments. Ph.D.
Thesis, University of Cambridge, Cambridge, UK, 2012.

67. De La Fuente, M.; Vaunat, J.; Marín-Moreno, H. Composite model to reproduce the mechanical behaviour of
Methane Hydrate Bearing Sediments. In Energy Geotechnics: Proceedings of the 1st International Conference on
Energy Geotechnics, ICEGT; Wuttke, F., Bauer, S., Sanchez, M., Eds.; CRC Press: Boca Raton, FL, USA; Kiel,
Germany, 2016; pp. 483–489.

68. Jiang, M.; Zhu, F.; Liu, F.; Utili, S. A bond contact model for methane hydrate-bearing sediments with
interparticle cementation. Int. J. Numer. Anal. Methods Geomech. 2014, 38, 1823–1854. [CrossRef]

69. Lin, J.S.; Seol, Y.; Choi, J.H. An SMP critical state model for methane hydrate-bearing sands. Int. J. Numer.
Anal. Methods Geomech. 2015, 32, 969–987. [CrossRef]

70. Pinkert, S. Rowe’s stress-Dilatancy Theory for Hydrate-Bearing Sand. Int. J. Geomech. 2016, 17, 1–5. [CrossRef]
71. Pinkert, S.; Grozic, J.L.H. Experimental verification of a prediction model for hydrate bearing sand. J. Geophys.

Res. Solid Earth 2016, 121, 4147–4155. [CrossRef]
72. Yu, H.S. CASM: A unified state parameter model for clay and sand. Int. J. Numer. Anal. Methods Geomech.

1998, 22, 621–653. [CrossRef]
73. Hashiguchi, K. Subloading surface model in unconventional plasticity. Int. J. Solids Struct. 1989, 25, 917–945.

[CrossRef]
74. Yan, R.; Wei, C. Constitutive Model for Gas Hydrate-Bearing Soils Considering Hydrate Occurrence Habits.

Int. J. Geomech. 2017, 17, 209–220. [CrossRef]
75. Sloan, E.D.; Koh, C.A. Clathrate hydrates of natural gases. In Chemical Industries Series, 3rd ed.; CRC Press:

Boca Raton, FL, USA, 2007.
76. Egeberg, P.K.; Dickens, G. Thermodynamic and pore water halogen constraints on gas hydrate distribution

at ODP site 997 (Blake Ridge). Chem. Geol. 1999, 153, 53–79. [CrossRef]
77. Hensen, C.; Zabel, M.; Pfeifer, K.; Schwenk, T.; Kasten, S.; Riedinger, N.; Schulz, H.D.; Boetius, A. Control of

sulfate pore water profiles by sedimentary events and the significance of anaerobic oxidation of methane for
the burial of sulfur in marine sediments. Geochim. Cosmochim. Acta 2003, 67, 2631–2647. [CrossRef]

78. Davie, M.; Buffett, B. Sources of methane for marine gas hydrate: Inferences from a comparison of
observations and numerical models. Earth Planet. Sci. Lett. 2003, 206, 51–63. [CrossRef]

79. Sloan, S.W.; Abbo, A.J.; Sheng, D. Refined explicit integration of elasto-plastic models with automatic error
control. Int. J. Num. Methods. Engrg. 2001, 18, 121–154.

80. Allen, M.B.; Murphy, C.L. A Finite-Element Collocation Method for Variably Saturated Flow in Two Space
Dimensions. Water Resour. Res. 1986, 22, 1537–1542. [CrossRef]

http://dx.doi.org/10.1029/2010JB008049
http://dx.doi.org/10.1029/2008RG000279
http://dx.doi.org/10.1029/2011JB009040
http://dx.doi.org/10.1061/(ASCE)GM.1943-5622.0000477
http://dx.doi.org/10.1002/2013JB010920
http://dx.doi.org/10.1016/j.compgeo.2016.11.012
http://dx.doi.org/10.1002/nag.2283
http://dx.doi.org/10.1002/nag.2347
http://dx.doi.org/10.1061/(ASCE)GM.1943-5622.0000682
http://dx.doi.org/10.1002/2015JB012320
http://dx.doi.org/10.1002/(SICI)1096-9853(199808)22:8<621::AID-NAG937>3.0.CO;2-8
http://dx.doi.org/10.1016/0020-7683(89)90038-3
http://dx.doi.org/10.1061/(ASCE)GM.1943-5622.0000914
http://dx.doi.org/10.1016/S0009-2541(98)00152-1
http://dx.doi.org/10.1016/S0016-7037(03)00199-6
http://dx.doi.org/10.1016/S0012-821X(02)01064-6
http://dx.doi.org/10.1029/WR022i011p01537


Energies 2019, 12, 2178 23 of 23

81. Celia, M.A.; Boulotas, E.T.; Zarba, R. A General Mass Conservative Numerical Solution for the Unsaturated
Flow Equation. Water Resour. Res. 1990, 26, 1483–1496. [CrossRef]

82. Simo, J.; Taylor, R. Consistent tangent operators for rate-independent elastoplasticity. Comput. Methods Appl.
Mech. Eng. 1985, 48, 101–118. [CrossRef]

c© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1029/WR026i007p01483
http://dx.doi.org/10.1016/0045-7825(85)90070-2
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.


Bibliography

Ahmadi, G., Ji, C., and Smith, D. H. (2004). Numerical solution for natural gas pro-

duction from methane hydrate dissociation. Journal of Petroleum Science and Engi-

neering, 41(4):269–285.

Allen, M. and Murphy, C. (1986). A finite-element collocation method for variably

saturated flow in two space dimensions. Water Resources Research, 22(11):1537–1542.

Alonso, E. and Pinyol, N. M. (2016). Numerical analysis of rapid drawdown: Ap-

plications in real cases. Water Science and Engineering, 9 (Issue 3)(175-182):ISSN

1674–2370.

Anderson, R., Llamedo, M., Tohidi, B., and Burgass, R. W. (2003a). Characteristics

of clathrate hydrate equilibria in mesopores and interpretation of experimental data.

The Journal of Physical Chemistry B, 107(15):3500–3506.

Anderson, R., Llamedo, M., Tohidi, B., and Burgass, R. W. (2003b). Experimental mea-

surement of methane and carbon dioxide clathrate hydrate equilibria in mesoporous

silica. J. Phys. Chem, B(107):3507–3514.

Anderson, R., Tohidi, B., and Webber, J. B. W. (2009). Gas hydrate growth and

dissociation in narrow pore networks: Capillary inhibition and hysteresis phenomena.

Geol. Soc. Spec. Publ., 319:145–159.

Andreassen, K., Hart, P., and Grantz, A. (1995). Seismic studies of a bottom simulating

reflection related to gas hydrate beneath the continental margin of the beaufort sea.

Journal of Geophysical Research, 100(B7):12659–12673.

Archer, D. (2007). Methane hydrate stability and anthropogenic climate change. Bio-

geosciences, (4):521–544.

Aubertin, M., Mbonimpa, M., M, Bussière, B., and Chapuis, R. (2003). A model

to predict the water retention curve from basic geotechnical properties. Canadian

Geotechnical Journal, 40:1104–1122.

Azmatch, T. F., Sego, D. C., Arenson, L. U., and Biggar, K. W. (2012). Using soil freez-

ing characteristic curve to estimate the hydraulic conductivity function of partially

frozen soils. Cold Regions Science and Technology, 83-84:103 – 109.

155



Beaudoin, Y., Waite, W., Boswell, R., and Dallimore, S. E. (2014). Frozen heat: A

unep global outlook on methane gas hydrates, vol 1. . United Nations Environmental

Programme, GRID-Arendal, Norway preface.

Beckett, C. and Augarde, C. (2013). Prediction of soil water retention properties using

pore-size distribution and porosity. Canadian Geotechnical Journal, 50:435–450.

Been, K. and Jefferies, M. G. (1985). A state parameter for sands. Géotechnique,
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González, N. (2011). Development of a family of constitutive models for geotechnical

applications. PhD thesis, Polytechnic University of Catalonia.

Goswami, B. K., Weitemeyer, K. A., Minshull, T. A., Sinha, M. C., Westbrook, G. K.,

Chabert, A., Henstock, T. J., and K., S. (2015). A joint electromagnetic and seismic

study of an active pockmark within the hydrate stability field at the vestnesa ridge,

west svalbard margin. J. Geophys. Res. Solid Earth, 120:6797–6822.

Graham, J., Crooks, J. H. A., and L. Bell, A. (1983). Time effects on stress-strain

behavior of natural soft clays. Geotechnique, 33:327–340.

Grauls, D. (2001). Gas hydrates: Importance and applications in petroleum exploration.

Marine and Petroleum Geology, 18:519–523.

Grozic, J. L. H. (2010). Interplay Between Gas Hydrates and Submarine Slope Failure,

pages 11–30. Springer Netherlands, Dordrecht.

Guerin, G. and Goldberg, D. (2002). Sonic waveform attenuation in gas hydrate-bearing

sediments from the mallik 2l-38 research well, mackenzie delta, canada. Geophys. Res.,

107(B5):2088.

Gupta, S., Helmig, R., and Wohlmuth, B. (2015). Non-isothermal, multi-phase, multi-

component flows through deformable methane hydrate reservoirs. Comput. Geosci.,

19:1–26.

Gupta, S., Wohlmuth, B., and Helmig, R. (2016). Multi-rate time stepping schemes for

hydro-geomechanical model for subsurface methane hydrate reservoirs. Advances in

Water Resources, 91:78–87.

Hammerschmidt, E. (1934). Formation of gas hydrates in natural gas transmission lines.

Ind. Eng. Chem., 26(8):851–855.

Handa, Y. P. and Stupin, D. (1992). Thermodynamic properties and dissociation char-

acteristics of methane and propane hydrates in 70 – åradius silica gel pores. J. Phys.
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Tréhu, A., Long, P., Torres, M., Bohrmann, G., Rack, F., Collett, T., Goldberg, D.,

Milkov, A., Riedel, M., Schultheiss, P., Bangs, N., Barr, S., Borowski, W., Claypool,

G.E, ., Delwiche, M., Dickens, G., Gracia, E., Guerin, G., Holland, M., and Wein-

berger, J. (2004). Three-dimensional distribution of gas hydrate beneath southern

hydrate ridge: Constraints from odp leg 204. Earth and Planetary Science Letters,

222:845–862.

Tsuji, Y., Fujii, T., Hayashi, M., Kitamura, R., Nakamizu, M., Ohbi, K., Saeki, T.,

Yamamoto, K., Namikawa, T., Inamori, T., Oikawa, N., Shimizu, S., Kawasaki, M.,

Nagakubo, S., Matsushima, J., Ochiai, K., and Okui, T. (2009). Methane hydrate

occurrence and distribution in the eastern nankai trough, japan: Findings of the

tokai-oki to kumano-nada methane hydrate drilling program. Natural Gas Hydrates

- Energy Resource and Associated Geologic Hazards (eds. T. Collett, A. Johnson, C.

Knapp and R. Boswell), pages 228–246.

Uchida, S. (2012). Numerical investigation of geomechanical behaviour of hydrate-

bearing sediments. PhD thesis, University of Cambridge.

Uchida, S., Klar, A., and Yamamoto, K. (2016a). Sand production model in gas hydrate-

bearing sediments. Int. J. Rock. Mech. Min. Sci., 86:303–316.

Uchida, S., Lin, S., Myshakin, E., Seol, Y., and Boswell, R. (2018). Numerical simula-

tions of sand migration during gas production in hydrate-bearing sands interbedded

with thin mud layers at site nghp-02-16. Marine and Petroleum Geology.

Uchida, S., Soga, K., and Yamamoto, K. (2012). Critical state soil constitutive model

for methane hydrate soil. Journal of Geophysical Research: Solid Earth, 117(B3).

Uchida, S., Xie, X., and Leung, Y. (2016b). Role of critical state framework in under-

standing geomechanical behaviour of methane hydrate-bearing sediments. Journal of

Geophysical Research, 121(8):5580–5595.

175



Uchida, T., Ebinuma, T., and Ishizaki, T. (1999). Dissociation condition measurements

of methane hydrate in confined small pores of porous glass. J. Phys. Chem. B, 103

(18), pages 3659–3662,.

Uchida, T., Ebinuma, T., Takeya, S., Nagao, J., and Narita, H. (2002). Effects of pore

sizes on dissociation temperatures and pressures of methane, carbon dioxide, and

propane hydrates in porous media. J. Phys. Chem. B, 106 (4), pages 820–826.

Uchida, T., Takeya, S., Chuvilin, E., Ohmura, R., Nagao, J., Yakushev, V. S., Istomin,

V. A., Minagawa, H., Ebinuma, T., and Narita, H. (2004). Decomposition of methane

hydrates in sand, sandstone, clays, and glass beads. J. Geophys. Res., 109(B05206).

Van Genuchten, M. T. (1980). A closed-form equation for predicting the hydraulic

conductivity of unsaturated soils. Soil Science Society of America Journal, 44(5):892–

898.

Vasilév, V., Makogon, Y., Trebin, F., A.A., T., and Cherskiy, N. (1970). The property

of natural gases to occur in the earth crust in a solid state and to form gas hydrate

deposits. Otkrytiya v SSR, pages 15–17.

Vialle, S. and Vanorio, T. (2011). Laboratory measurements of elastic properties of

carbonate rocks during injection of reactive co2-saturated water. Geophysical Research

Letters, 38:L01302.

Vilarrasa, V., Carrera, J., Bolster, D., and Dentz, M. (2013). Semi analytical solution for

co2 plume shape and pressure evolution during co2 injection in deep saline formations.

Transp. Porous Media, 97:43–65.

Vilarrasa, V., Olivella, S., and Carrera, J. (2011). Geomechanical stability of the caprock

during co2 sequestration in deep saline aquifers. Energy Procedia, 4:5306 – 5313. 10th

International Conference on Greenhouse Gas Control Technologies.

Villar, M. and Romero, J. F. (2012). Water retention curves of opalinus clay. Technical

report, Ciemat, page 47.

Waite, W. (2007). Thermal properties of methane gas hydrates. U.S. Geological Survey,

Fact Sheet 2007-3041:2p, Online Only.

Waite, W., Santamarina, J., Cortes, D., Dugan, B., N. Espinoza, D., Germaine, J., Jang,

J., Jung, J., Kneafsey, T., Shin, H., Soga, K., J. Winters, W., and Yun, T. (2009).

Physical properties of hydrate-bearing sediments. Reviews of Geophysics, 47.

Waite, W. F., Winters, W. J., and Mason, D. H. (2004). Methane hydrate formation in

partially water saturated ottawa sand. Am. Mineral, 89:1202–1207.

Wallmann, K., Aloisi, G., Haeckel, M., Obzhirov, A., Pavlova, G., and Tishchenko,

P. (2006). Kinetics of organic matter degradation, microbial methane generation,

176



and gas hydrate formation in anoxic marine sediments. Geochim. Cosmochim. Acta,

70(5):3905–3927.

Wang, C., Lai, Y., and Zhang, Y. (2017). Estimating soil freezing characteristic curve

based on pore-size distribution. Applied Thermal Engineering, 124:1049 – 1060.

Watanabe, K. and Wake, T. (2009). Measurement of unfrozen water content and relative

permittivity of frozen unsaturated soil using nmr and tdr. Cold Reg. Sci. Technol.,

59(1):34–41.

Weinberger, J. L. and Brown, K. M. (2006). Fracture networks and hydrate distribution

at hydrate ridge, oregon. Earth Planet. Sci. Lett., 245:123–136.

Weitemeyer, K. A., Constable, S. C., Key, K. W., and Behrens, J. P. (2006). First

results from a marine controlled-source electromagnetic survey to detect gas hydrates

offshore oregon. Geophysical Research Letters, 33(L03304).

White, M. D., Kneafsey, T. J., and Seol, Y. (2018). Modeling of Coupled Thermal,

Hydrologic, and Geomechanical Processes in Gas Hydrate Bearing Porous Media: The

2nd International Gas Hydrate Code Comparison Study. AGU Fall Meeting Abstracts.

White, M. D. and Oostrom, M. (2006). Stomp subsurface transport over multiple phase:

User’s guide. Pacific Northwest National Laboratory, Washington.

Wilder, J., Moridis, G., Wilson, S., Kurihara, M., White, M., M., Y., Anderson, B.,

Collett, T., Hunter, R., Narita, H., Pooladi-Darvish, M., Rose, K., and Boswell, R.

(2008). An international effort to compare gas hydrate reservoir simulators. Proceed-

ings of the 6th International Conference on Gas Hydrates (ICGH 2008), Vancouver,

British Columbia.

Winters, W., Waite, W., Mason, D., Gilbert, L., and Pecher, I. (2007). Methane gas

hydrate effect on sediment acoustic and strength properties. Journal of Petroleum

Science and Engineering, 56(1-3):127–135.

Winters, W. J., Pecher, I. A., Waite, W. F., and Mason, D. H. (2004). Physical prop-

erties and rock physics models of sediment containing natural and laboratory-formed

methane gas hydrate. American Mineralogist, 89:1221–1227.

Winters, W. J., Waite, W. F., Hutchinson, D. R., and Mason, D. H. (2005). Physical

property studies in the usgs ghastli laboratory. Fire in the Ice: Methane Hydrate

Newsletter, Fall 2005. Natl. EnergyTechnol. Lab., U. S. Dept. of Energy, Morgantown,

W. Va., 6-9.

Wood, B. and Ruppel, C. (2000). Seismic and thermal investigations of the blake ridge

gas hydrate area: a synthesis. in Paull, C., Matsumoto, R., Wallace, P.J., and Dillon,

W.P., (eds.), Proceedings of ODP, Scientific Results, 164:253–264.

177



Xiong, Q., Todor, G. B., and Andrey, P. J. (2016). Review of pore network modelling

of porous media: Experimental characterisations, network constructions and applica-

tions to reactive transport. Journal of Contaminant Hydrology, 192:101 – 117.

Xu, W. and Ruppel, C. (1999). Predicting the occurrence, distribution, and evolution of

methane gas hydrate in porous marine sediments. Journal of Geophysical Research,

104:5081–5095.

Yamamoto, A., Yamanaka, Y., Oka, A., and Abe-Ouchi, A. (2014a). Ocean oxygen

depletion due to decomposition of submarine methane hydrate. Geophys. Res. Lett.,

41:5075–5083, doi:10.1002/2014GL060483.

Yamamoto, K. (2016). Overview and introduction: Pressure core-sampling and analyses

in the 2012-2013 mh21 offshore test of gas production from methane hydrates in the

eastern nankai trough. Marine and Petroleum Geology, 66:296–309.

Yamamoto, K. and Dallimore, S. (2008). Aurora-jogmec-nrcan mallik 2006- 2008 gas

hydrate research project progresss. Fire in Ice, Methane Hydrate Newsletter, National

Energy Technology Laboratory, 8(1-2).

Yamamoto, K., Terao, Y., Fujii, T., Terumichi, I., Seki, M., Matsuzawa, M., and Kanno,

T. (2014b). Operational overview of the first offshore production test of methane

hydrates in the eastern nankai trough.

Yan, R. and Wei, C. (2017). Constitutive model for gas hydrate–bearing soils considering

hydrate occurrence habits. International Journal of Geomechanics, 17(8):209–220.

Yang, J., Hassanpouryouzband, A., Tohidi, B., Chuvilin, E., Bukhanov, B., Istomin,

V., and Cheremisin, A. (2019). Gas hydrates in permafrost: Distinctive effect of

gas hydrates and ice on the geomechanical properties of simulated hydrate- bearing

permafrost sediments. Journal of Geophysical Research: Solid Earth.

Yerro, A., Rohe, A., and Soga, K. (2017). Modelling internal erosion with the material

point method. volume 175.

Yoneda, J., Oshima, M., Kida, M., Kato, A., Konno, Y., Jin, Y., Jang, J., Waite, W., Ku-

mar, P., and Tenma, N. (2018). Permeability variation and anisotropy of gas hydrate-

bearing pressure-core sediments recovered from the krishna–godavari basin, offshore

india. Marine and Petroleum Geology, in press, doi: 10.1016/j.marpetgeo.2018.07.006.

Yu, H. (1998). Casm: a unified state parameter model for clay and sand. International

Journal for Numerical and Analytical Methods in Geomechanics, 22(8):621–653.

Yun, T. S., Lee, C., Lee, J. S., Bahk, J. J., and Santamarina, J. C. (2011). A pressure

core based characterization of hydrate-bearing sediments in the ulleung basin, sea of

japan (east sea). Journal of Geophysical Research, 16(B2):1–12.

178



Yun, T. S., Santamarina, J. C., and Ruppel, C. (2007). Mechanical properties of sand,

silt, and clay containing tetrahydrofuran hydrate. Journal of Geophysical Research,

112(B4):1–13.

Zhao, J., Yang, L., Liu, Y., and Song, Y. (2015). Microstructural characteristics of natu-

ral gas hydrates hosted in various sand sediments. Phys.Chem., 17(35):22,632–22,641.

179


	Declaration of Authorship
	Acknowledgements
	1 Introduction
	1.1 Rationale and aims
	1.2 Background
	1.3 Exploration of marine gas hydrates
	1.3.1 MHBS: Pore-scale approach

	1.4 Geomechanics of MHBS
	1.4.1 Elastic wave properties: small-strain stiffness
	1.4.2 Geotechnical testing: intermediate and large-strain
	1.4.2.1 Influence of hydrate saturation
	1.4.2.2 Influence of confining effective stress
	1.4.2.3 Influence of host sediment density and particle size
	1.4.2.4 Influence of strain rate
	1.4.2.5 Influence of hydrate dissociation


	1.5 Numerical modelling of MHBS
	1.5.1 Mechanical modelling

	1.6 Thesis structure

	2 Methodology
	2.1 Introduction
	2.2 Mechanical modelling of MHBS
	2.2.1 Input parameters
	2.2.2 Numerical solution strategy
	2.2.3 Model validation and limitations

	2.3 Thermo-hydro-mechanical modelling of MHBS
	2.3.1 Theoretical approach
	2.3.2 Numerical solution strategy
	2.3.3 Model validation and limitations

	2.4 Hydrate stability and saturation inhibited by capillary pressure
	2.4.1 Model application and limitations


	3 A densification mechanism to model the mechanical effect of methane hydrates in sandy sediments
	3.1 Introduction
	3.2 CASM model
	3.2.1 State parameter concept
	3.2.2 CASM yield function
	3.2.3 Stress-dilatancy relation and plastic potential
	3.2.4 Hardening parameters

	3.3 Hydrate-CASM formulation
	3.3.1 Hydrate-CASM subloading function
	3.3.1.1 Plastic strain
	3.3.1.2 Model performance

	3.3.2 Densification mechanism
	3.3.3 MHBS critical state
	3.3.4 Hydrate dissociation phenomena

	3.4 Hydrate-CASM application
	3.4.1 Modelling of Masui's et al. (2005) experimental tests
	3.4.2 Modelling of Hyodo's et al. (2013) experimental tests

	3.5 Conclusions

	4 THM coupled modelling of methane hydrate-bearing sediments: Formulation and application
	4.1 Introduction
	4.2 Methodology
	4.2.1 Components, phases and partial saturations
	4.2.2 Multiphysical coupled system
	4.2.3 Governing equations
	4.2.3.1 Balance equations
	4.2.3.2 Constitutive equations and equilibrium constraints
	4.2.3.3 Numerical solution strategy


	4.3 Results and Discussion
	4.3.1 Thermo-hydraulic validation
	4.3.2 THM modelling of synthetic experimental tests
	4.3.3 THM modelling of Li's et al. (2018) experimental tests

	4.4 Conclusions
	4.5 Supporting material A
	4.6 Supporting material B
	4.6.1 Development of hydrate mass balance equation
	4.6.2 Development of ice mass balance equation


	5 Modelling methane hydrate stability inhibition caused by capillary effects
	5.1 Introduction
	5.2 Methane hydrate thermodynamic stability and capillary effects
	5.3 Equilibrium model for hydrate formation in pores
	5.3.1 Phase distribution in pores
	5.3.2 Methane hydrate thermodynamic equilibrium
	5.3.2.1 Clausius-Clapeyron equation for the methane-water system
	5.3.2.2 Capillary pressure at the methane hydrate-liquid interface

	5.3.3 Capillary effects and equilibrium pressure relation
	5.3.4 Capillary effects and methane hydrate saturation relation

	5.4 Results and discussion
	5.4.1 Hydrate thermodynamic stability in discrete pores
	5.4.1.1 Methane hydrate phase change hysteresis loop

	5.4.2 Modelling hydrate formation in natural sediments

	5.5 Conclusions
	5.6 Supporting material A
	5.7 Supporting material B

	6 Final conclusions and future work
	6.1 Mechanical formulation
	6.2 Thermo-hydro-mechanical formulation
	6.3 Equilibrium formulation
	6.4 Future work
	6.4.1 Composite mechanical model for MHBS
	6.4.1.1 Theoretical framework and formulation

	6.4.2 Hydrate kinetics and capillarity effects
	6.4.2.1 Hydrate kinetics in the porous medium, numerical coupling

	6.4.3 Particle migration


	A Peer reviewed publications
	Introduction
	Methodology
	Components, Phases and Partial Saturations
	Multiphysical Coupled System
	Governing Equations
	Numerical Solution Strategy

	Results and Discussion
	Thermo-Hydraulic Validation
	THM Modelling of Synthetic Experimental Tests
	THM Modelling of the Experimental Tests of Li et al. (2018)

	Conclusions
	Development of Hydrate and Ice Mass Balance Equations
	References
	Bibliography

