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ABSTRACT

Stability conditions constrain the occurrence of gas hydrates to submarine sediments and
permafrost regions. The amount of technically recoverable methapped in gas
hydrate may exceed 104tcf. Gas hydrates are a potential energy resource, can contribute
to climate dange and can cause lagcale seafloor instabilitiesn addition, hydrate
formation canbe used for C®sequestrationa{so through C®CHa replacement)and
efficient geological st@age sealsThe experimental study of hydrate bearing sediments
has been hindered by the very low solubility of methane in water (lab testing), and
inherent sampling difficulties associated with depressuomatind thermal changes
during core extraction. This situation has prompted more decisive developments in
numerical modeling in order to advance the current understanding of hydrate bearing
sediments, and to investigate/optimize production strategies atidations. The goals

of this researcthas beerto addresses the complex thermaro-chememechanical

THCM coupled phenomena in hydrdiearing sediments, using a truly coupled
numerical model that incorporates sound and proven constitutive relatioisfiesat
fundamental conservation principle&nalytical solutions aimed at verifying the
proposed code ka been proposed as wellhesetools will allow to better analyze
available data and to further enharibe currentunderstanding of hydrate bearing
sadiments in view of future field experiments and the development of production
technology.



EXECUTIVE SUMMARY

Gas hydrates are solid compounds made of water molecules clustered around low
molecular weight gas molecules such as methane, hydrogen, and chobate.
Methane hydrates form under press@R® and temperatur€T) conditions that are
common in suipermafrost layes and in deep marine sedimerttydrate concentration

is gaslimited in most cases, except near high-fjas conduits. Stability conditons
constrain the occurrence of gas hydrates to submarine sediments and permafrost regions.
The amount of technically recoverable methane trapped in gas hydrate may exceed
104tcf. Gas hydrates are a potential energy resource, can contribute to clinmage, cha
and can cause largeeale seafloor instabilities. In addition, hydrate formation can be
used for C@sequestration (also through &0OHa replacement), and efficient geological
storage seals. The experimental study of hydrate bearing sediments hambessd by

the very low solubility of methane in water (lab testing), and inherent sampling
difficulties associated with depressurization and thermal changes during core extraction.
This situation has prompted more decisive developments in numericalimyodeorder

to advance the current understanding of hydrate bearing sediments, and to
investigate/optimize production strategies and implications.

The goals of this research has been to addresses the complex-hiyermohemao
mechanical THCM coupled phomena in hydratearing sediments, using a truly
coupled numerical model that incorporates sound and proven constitutive relations,
satisfies fundamental conservation principles. Analytical solutions aimed at verifying the
proposed code have been praggmbsas well. These tools will allow to better analyze
available data and to further enhance the current understanding of hydrate bearing
sediments in view of future field experiments and the development of production
technology A selection of importantesarchoutcomedollows:

1 THCM-hydrate a mbust fully coupled and efficient formulation for HBS
incorporatingthe fundamental physical and chemical phenomena that control de
behavior of gas hydrates bearing sediméatsbeen developed and validated

1 THCM-hydrate properly captures the complex interaction between water and
gas, and kinetic differences between ice and hydrate formation. Therefore, it
permits exploring the development of phases along the vaRdusrajectories
that may take place in fieldtsations.

1 Results show the pronounced effect of hydrate dissociation on pore fluid pressure
generation, and the consequences on effective stress and sediment response.
Conversely, the model shows that changes in effective stress can cause hydrate
instability.

1 The proposedew geomechanical model was capable of capturing not only the
main trends and features of sediment observed in the different tests, but also to
reproduce very closely the experimental observations in most of the analyzed
cases.

1 The enhanement of sediment strength, stiffenss and dilatimdtuced by the
presence of the hydrateere well reproduced by the model.



The ability of the proposedhechanical modelo simulate the volumetric soll
collapse compression observed during hydrate digsmtiat constant stresses is
particularly remarkableThis is a keycontribution of thisresearchin relation to
the geomechanicahodeling of HBS during dissociation

The mechanicamodel has also assisted to interpret how sediment and hydrates
contribute to the mechanical behavior of HBS and how these contributions
evolve during loading and hydrates dissociation.

The analytical solutions show the interplay between the variables: relative
sediment permeabilities sdgknos the | eakage 4 nmelatvene aqu
pressure dissociation (fi*hw)/(hrar T h*) and a geometrical ratio H b

At steadystate conditions, the pressure distribution in radial flow is inversely
proportional to the logarithm of the radial distance to the well. Therefore there is
a physical limit to the zone around a well that can experience prehsiea
dissociation

The results reflect the complexity of gas recovery from deep sediments included
limited affected zone, large changes in effective stress and associated reductions
in permeability.

THCM-hydratesimulation results compare favorably with published results with
well-defined boundary conditions; this corroborates the validity of the
implementation.

THCM-hydrate relevance: resource recovery, environmental implications,
safloor instability

1C



1. INTRODUCTION

Gas hydrates are solid compounds made of water molecules clustered around low
molecular weight gas molecules such as methane, hydrogen, and carbon dioxide.
Methane hydrates form under press@R® and temperatur€T) conditions that are
common in suipermatfrost layers and in deep marine sediments, and their distribution is
typically correlated with the presence of oil reservoirs and thermogenic gas. Hydrate
concentration is galémited in most cases, except near high-fijas conduits.

Hydrate bearing sedimentsiBS play a critical role on the evolution of various natural
processes and the performance of engineered systems. Hydrate dissociation can cause
borehole instability, blowouts, foundation failures, and triggegeacale submarine

slope failures (Kayen & Lee, 1991; Jamaluddin et al., 1991; Briaud and Chaouch, 1997;
Chatti et al., 2005). The escape of methane into the atmosphere would exacerbate
greenhouse effects and contribute to global warming (Dickens €t98i7). Methane
hydrates can become a valuable energy resource as large reserves are expected
worldwide (e.g. Sloan, 1998; Soga et al.,, 2006; Rutgvist and Moridis, 2007).
Furthermore, carbon sequestration in the form of By@rate is an attractive alterneg

to reduce the concentration of €@ the atmosphere.

The experimental study of hydrate bearing sediments has been hindered by the very low
solubility of methane in water (lab testing), and inherent sampling difficulties associated
with depressurizabh and thermal changes during core extraction. This situation has
prompted more decisive developments in numerical modeling in order to advance the
current understanding of hydrate bearing sediments, and to investigate/optimize
production strategies and fications.

Numerical modeling is equally challenged by the complex behavior of hydrate bearing
sediments. Hydrate dissociation (triggered by either increase in temperature, decrease in
fluid pressure or changes in pore fluid chemistry) is accompanielhrgg volume
expansion, for example, a 261 volume expansion takes place during methane hydrate
dissociation at a constant pressure of P=10 MPa. Such as pronounced expansion of the
pore fluid within sediments will cause either large fluid flux in fdeaining conditions,

or high fluid pressure if the rate of dissociation is faster than the rate of fluid pressure
dissipation (possibly causing flutiven fractures Shin and Santamarina 2010). In
general, the excess pore fluid pressure will depend @mttial volume fraction of the
phases, the rate of dissociation (often controlled by the rate of heat transport) relative to
the rate of mass transport, and sediment compliance. In turn, changes in fluid pressure
will alter the effective stress, henceethtiffness, strength and dilatancy of the sediment.
Therefore, hydrates stability conditions combine with sediment behavior to produce a
strong ThermeHydro-ChemaeMechanical THCM coupled response in hydrate bearing
sediments.

Methane production from gdsydrate accumulations in permafrgetssessadditional
challenges and opportunities. Complex stress paths in-thespace with two phase
boundaries (i.e. icBquid and gasydrate phase lines) are anticipated during gas
production, including secondaryeiand hydrate formation; clearly ice phase must be
explicitly incorporated in the analysis as it affects mechanical stability, fluid migration,
and thermal propertse
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Truly coupled thermédnydro-chememechanical numerical approaches rather than
sequentialexplicit computational schemes (i.e., they resolve the hydrate state separate
from the sediment state at every time stepe@mmendabléor the robust analysis of
hydrate bearing sediments. Sequential schemes often restrict computationsamayone
coupkd analysis where one can investigate, for example, the effects that changes in
pressure and temperature have on the sediment mechanical response but does not
account for the effect of granular strains on multiphase flow behavior. Furthermore,
sequential shemes are generally less efficient because they require the use mapping
algorithms to transfer the information between the codes used to solve the different
physics. The robust monolithic approach in implicit trabupled methods leads to
computational #iciency and improved rate of convergence in the solution of the
coupled nonlinear problem

Geomechanics is a key component in the numerical modeling of engineering problems
involving HBS Several types of mechanical constitutive models for hydrate fearin
sediment have been proposed in the last few years. For example, Miyazaki et al. (2012)
suggested a nonlinear elastic model for hydrate bearing sands based on the Duncan
Chang model (Duncan et al., 1970). The extengfdhe Mohi Coulomb (MC) modeto

deal with hydrates is generally carried out by incorporating a dependency of the cohesion
with the hydrate concentration (Klar et al., 2010; Rutqvist et al., 2007; Pinkert et al.,
2014). As it is welknown, MC type models cannot capture plastic deformatiefisre

failure and are unable to simulate positive (compressive) plastic deformationsdel

based on the Modified Caflay (MCC) frameworkwas proposedby Sultan and
Garziglia (2011)Uchida et al. (2012; 201¢@yoposed a modélased on the MCC and its
validation was performed using published experiments conducted at constant hydrate
saturation.JeeBhang et al. (2015) developed a crit
mobilized pl an e-oading conoepts.dheldisceete dlement me texd

also been used to simulate the mechanical behavidB8f(e.g. Jiang et al., 2014; Jiang

et al.,, 2015; Liu et al., 2014; Shen et al., 2016a; Shen and Jiang, 2016; Shen et al.,
2016b; Yu et al., 20165ection 4 provides are details aboupreviousgeomechanical
modelingefforts. All the mechanical models discussed above have been used to simulate
tests performed at constant hydrate saturation.

The geomechanical modeling HBShas been a critical component of this research. A
advancedhew elasteplagic model based on the stress partition concept (Carol et. al.,
2001; Fernandez et al., 2001; Pinyol et al.,, 2007; Vaunat et al., 2003) and the
Hlerarchical Single Surface (HISS) framework (Desai et al., 1986; 1989; 2000) was
selected to provide a genewrd adaptable geomechanical model for hydrate bearing
sediments. Recently published experimental data based on synthetic and natural
specimens involving differers, and hydrates morphology was adopted to validate the
proposed approach. The model applmatand validation do not limit to cases in which

S is maintained constant during the tests (as in previous works), but also include
experiments in which dissociation is induced under constant stress. Particular attention is
paid to evaluate the behavidrtldBSduring dissociation under different stress levels and
tests conditions (i.e., triaxial and oedometric), as well as experiments involving both:
reconstituted and natural specimens. The model also allows examining the individual
contribution of sedimds and hydrates to the mechanical behavior during loading and
dissociation, aspect that was not studied before with an elastoplastic model for HBS.

12



The scope of the conducted study has been related ttetleéopment of a formal and
robust numerical fraework able to captur®&T paths and ensuing phase changes
during production in either marine and permafrost settangaysis of available data
from laboratory tests and field experimenfs geomechanical model and analytical
solutions have been also preed. The main following activities have been conducted

1 in-depth review of the properties associated with gas hydrates sediments, with
proper recognition of hydrate morphology in different sediments;

1 update 6 a thermehydro-chememechanical THCIhydrate formulation and
code for hydrate bearing sediments to incorporate augmented constitutive
models

1 development ofbounding closdorm analytical solutions that highlight the
interplay between governing parameters in the context of gas production, and to
comoborate the numerical code with these clfisen endmember situations
(i.e., close form solutions will inherently involve simplifying assumptions such as
adiabatic, isochoric, isothermal, no mass transport; etc.)

i1 proposal of an advanced geomechanicati@h@ble to simulate the HBS during
loading and dissociation;

1 to use the enhanced code (in combination with elosa solutions) to optimize
future field production studies in marine and permafrost sediments, taking into
consideration various productiortrategies and addressing the most pertinent
guestions that have emerged from past field experiences

In the following sections a brief description of the main components of the conducted
research is summarized.

13



2. THEORETICAL AND MATHEMATICAL FRAMEWORK

The dominant THCM phenomena that take place in hydpai@ing sediments include:
heat transport through conduction, liquid and gas phase advection,

heat of formatiordissociation,

water flux as liquid phase,

methane flux in gas phase and as dissolved mett#fusion in liquid phase,
heat of ice formation/thaw,

fluid transport of chemical species

= =4 4 A4 A4 A -

mechanical behavior: effective stress and hyedcateentration dependent
sediment behavior.

To include these main processes (as well as other interacte®) lmalance equations,
constitutive equations, equilibrium restrictions, and kinetic reactwasconsidered in
the mathematical formulationThis set of coupled phenomena is analyzed next,
following the CODE_BRIGHT framework and numerical platform depetb by
Olivella et al. (1994).

2.1. Phases and SpecidsMass densities

HBSconsist of a granular skeleton where pores are filled with gas, hydrate, water or ice
(Figure2.1a). Three mairspeciesmineral,water, and methane are found in fpleases

solid mineanl particles, liquid, gas, hydrates and iaee consideredTo simulate
production strategies based on chemical stimulation, the presence of solutes in the liquid
phaseis also includedThe ice phase is modeled because wéabdce transformation

may takeplace during fast depressurization. Observations related to phase composition
and mass densities are discussed nEigure 2.1b summarizes phases and their
compositions; their mass densities are listed in T28le

Solid and IceThese two phases arerssidered single spesighe solid phase is made of
the mineral that forms the grains, and ice is made of pure water.

Gasg { NMethane (1)

Liquid (1)
Ice (1)

Hydrate (h)

Solid

Water (w) +
.. Seolutes (S)
Liquid

Water
Water + methane
Hydrate

Solid (s) NMhoneral (M)

b)

Figure 2-1 Hydrate beating sedimen®&) Grains, water, gas, hydrate and ice may be found forming the sedime
Components can be grouped into phases and species

14



Table 2-1: Spedfic Energy and Thermal TranspdriSelected Representative Values

Species and Specific Energy Transport
Phases Expression specific heat latent heat] thermal conduct.
_ Levag= 2257J.¢* o
water- vapour | € = L+ [T ), 6= 2.10.°K 0.01W m'K
water- liquid | §, = qw( T- 'D cw=4.2J.g°%K*? 0.58 W mK?
Liuse= 334J.¢"
wateri ice €= LeetC V(CJ T) fuee J 2.1 W mK?

Cwice = 2.1J.g'K™

cr= 1.9 J.gK™*  V=const
methane gas | €,= G( T- ) ) be) giK_l o | 001w mK*
= 2.5J.9 =cons

Lgise= 339J .g‘l

0.5 W mK?
c=2.1J.g%K?

hydrate® 6= Ly, (T -T)

c= 0.7 J.0K1 quartz |8 W ni'K*quartz

mineral = T-
&= ¢ L c= 0.8 J.gK* calcite |3 W m*K™*calcite

Source: CRC handbok and other general databases. Q) Waite,
http://woodshole.er.usgs.gov/operations/hi_fi/index.htdanda(1986.

Note: the sign of the latent heat is adopted to capture endotirexathermic effects during
phase transformation.

Hydrate. This phase is made of water and methane, and is assumed to be of constant
density (Table2.1). The mass fraction of water in hydraaemw/mn depends orthe
hydration numberc for methane hydrates HicH20; from the atomic masses,
a=c/(0.894c). In the case of Structwiec=5.75 anda=0.866. Hydrates found in nature

often involve higher hydration numbers (e.g., Handa 1988).

Liquid. The liquid phase is made of water and dissolved gas. In the absdnairates,

the solubility of methane in water [molffrincreases with pressure and decreases with
temperature and salt concentration. The opposite is true in the presence of hydrates: the
solubility of CH: in water increases with increasing temperature @ecteases with
increasing pressure (Sun and Duan, 2007). In both cases, the solubility of methane in
water is very low;e.g, at R=10 MPa and T=28(K, the mass fraction of methane in
water is n/mw~1.4x10°. While the contribution of methane dissolution in water to mass
transport can be disregarded for gas production studies, we keep the formulation in the
code -based on Henry's lawin view of potential related studies such as hydrate
formation from dissolved phasélhe mass density of the liquida depends on
temperature T K] and pressure HMPa]. The asymptotic solution for small volumetric
changes is:

o o o o 2,
g g SR 2TTK S pekeresnok 2.1)
g B( e. g 56 -
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wherer 5 #0.9998 g/m is the mass density of water at atmospheric pressure and at
T=277K, Bs=2000 MPa is the bulk stiffness of water, amds0.0002K? is the
thermal expansion coefficient. This eqoat properly captures the thermal expansion
water experiences below and above T=277TKe formulation proposed herein is
capable of considering cryogenic suction efentdthe presence of unfrozen water at
freezing temperature. Howevdrereafter for the sake of simplicityit is assumd that

all the liquid water is transformed into ice at freezing temperature.

Gas.It is considered thahe gas phase consists of pure methane gas. The mass density
of the gas phase is pressukg[l[APa] and temperatur@é [ K] dependent and it can be
estimated using the ideal gas law. Experimental data in Younglove and Ely (1987) is
used to modify the ideal gas law for methane gas in the range of interest (fitted range:
270 K<T<290 K and 0.1MPa<fx40MPa):

2

Mmpgé; Pg é F; 0
r, =—~2é176 2.7 0.45 5
RT § IMPa  ¢1MPa 2

2.2)

where the gas constant R=8.314 J/(mol°K) and the molecular mass of methane
Mm=16.042 g/mol (example:g=86 g/n¥ at T=280°K and &10MPa).

2.2.  Volumetric Relations
The total volume Ml is the sum bthe partial volume of each-phase V, where the

subindex b is one of § , a, ] dor solid,, liquid, gas, hydrate or ice
phasesy,., =8 V, . Assuming that the solid mineral is a A@active phase, the total

porosity is defined as ératio of the volume of voids\W¥1-Vsto the total volume Mia,

VvV, VgtV VW
V V

total

(2.3)

total

The volume of voids Vis occupied by the liquid, gas, hydrate and ice phases; the
associated volume fractions ang=8y/Vv, the following volumetric restriction applies

S+3 t% 5 (24)

2.3. Balance Equations

The macroscopic balance of either mass or energy relates the rate of change per unit
volume to the flux irandout of the volume, athtakes into consideration external inputs

as well. Mass balance equations are written for the three specieswyatethanem,

and for the minerathat makes the particles (no letterrégjuired it coincides with the

solid). The mass flux in balancewdions includes advective transport by the fluid and

the movement of the sediment relative to a fixed reference frame. The proposed
framework can also accommodate ramivective diffusive transport of species in the
phases (i.ewin g, andmin |).
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Mass BRilance: Water The mass of water per unit volume of the porous medium
combines the mass of water in the liquid, hydrate and ice phabkeswater flux
associated to the liquid, hydrate and ice phases with respect to a fixed reference system
combines Darcia flow with respect to the solid phage [m/s] and the motion of the

whole sediment wittvelocity v [m/s] relative to the fixed reference systeihen, the

water mass balance can be expressed as

Eirs +a8 8r] L DSV +r§V ravr] M (25)
mass water per unit volume w in liquid w in hydeat win ice

wherer [g/m?] represents the mass degsif phases and is the mass fraction of water

in hydrate The external water mass supply per unit volume of the medijigh(fn®s)] is
typically f'=0; however, the general form of the equation is needed to model processes
such as water injection at hightemperature as part of the production strategy. The first
term includes the water mass exchange during hydrate and formation/dissociation. Note
that the hydrate and ice phases are assumed to move with the solid particles.

Mass Balance: Methanel'he totd mass of methane per unit volume of the hydrate
bearing sediment is computed by adding the mass of methane per unit volume of the gas
and hydrate phases taking into consideration the volume fractipoasdSs, the mass
fraction of methane in hydrate-él), and the porosity of the porous meditimAs in the

case of water balancehe flux of methane in each phase combines advective terms
relative to the porous matrix and the motion of the porous medium with velofertis]

relative to the fixed referen@ystem

&{ggsg {1 -)asrg flap Sv+a )i, Svi-R (2.6)

mass of methane per unit volume min gas m in hydrate

In this case, T [g/(m®s)] is an external supply of methane, expressed in terms of mass of
methane per unit volume of the porous medium. Typicdlly0f however, the general
expression mape used to capture conditions such as methane input alongeaigtieg

fault. The first term takes into consideration the methane mass exchange between the
hydrate phase and the gas phase during hydrate forrthsieociation.

Mass Balance: MineralThe mineral specie is only found in the solid particles. The
mass balance equation follows

&[rs( S ABIO NV 0 (27)

per unit volume

wherer s [g/m?] is the mass density of the mineral that makes the solid particles.

Mass Balance: Solas. The total solute mass balanper each chemical species
dissolved in the liquid phase can be expressed as

LGS +P ., 608G A € SIS (28
mass s per non advective sin liquid sin liquid

unit volume flux of s
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whereCsi s concentration of the soluteatersd exp

[kg/kg] and D hydrodynamic dispersion tensor that includes both molecular diffusion
and mechanical dispersig@livella et al., 1994, 1996j° is a sink source of solute. One
balance equation is necessary per each species in the liquid phase. Dicaldpecies

is sufficient for the aims of this work. A more complex reactive transport medel
availablewhennecessarynjoredetails inGuimaraest al, 2007).

Other species such as salts, gases and fluids as C®can be included as needed.
While salt is expected to play a secondary role in dissociation and production studies, it
is often a tracer of ongoing dissolution dudifreshening.

Energy BalanceThe energy balance equation is expressed in terms of internal energy
per unit volume [J/d}, presuming that all phases are at the same temperature and in
equilibrium. In the absence of fluxes, the total energy per unit volume of the medium is

V£=es (1 ) f(erSrg,§ R, erp (29)

where e [J/g] represents the specific inteergergy per unit mass of each phase. These
values arecomputed using the specific heat of the phasgl(g.K)] and the local
temperature T relative to a reference temperatur2713°K (see Table 2). The selected
reference temperature does not affectdaieulation: the system is presumed to start at
equilibrium, and energy balance in tracked in term8eofrgy changésrom the initial
condition.

Energy consumption or liberation associated to hydrate formation/dissociation and ice
formation/fusion aregtaken into consideration using the corresponding latent heats or
changes in enthalpy L [J/g], as summarized in Tdhle Hence, the formulation
inherently captures energy changes during endothermic or exothermic processes through
specific internal energseand the corresponding changes in volume fractfanS,

ands.

The energy flux combines (1) conduction through the hydrate bearing sediment
[W/m?], (2) transport by fluid mass advection relative to the mineral skeleton, and (3)
transport by the motion of the whole sediment with respect to tbd feference system.

The specific internal energies per unit mass for each speciestlinpbase are seldom
known (e.gmethanean-hydrate). Therefore, the formulation is simplified by working at
the level of each phase; furthermore, we also disregarenigy flux associated to the
diffusive transport of water or methane in either the liquid or the gas phases. Then, the
energy balance equation taking into consideration transport through the phases is

energy per unit volume of the hydrate bearingiseent

fE=§{éesrs(1 )fgletSre,§ Bt erpl+ r o«
+D’C + (2.10)

+He ra, SV g FO,r VY gf, S¥rerSH e I y-

transport in( transport in g transport in h transport in i transport in s

The energy supply per unit volume of hydrate bearing sedifi@/m?] can be used to
simulate thermal stimulation of the reservoir.
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Momentum Balance (equilibrium)n the absence of inertial forc€se. quasistatic
problem$ the balance of momentufor the porous medium is the equilibrium equation

ps, % 8 (2.11)

where(: [N/m?] is the total stress tensor abdN/m?] the vector of body forces. The
constitutive equations for the hydrate bearing sediment permit rewriting the equilibrium
equation in terms of the solid velocities, fluid pressures and temperatures.

2.4.  Constitutive Equations

The governing equations are finally written in termsh&f unknowns when constitutive
equations that relate unknowns to dependent variables are substituted in the balance
equations. Note that constitutive equations capture the couplimgpgarhne various
phenomena considered in the formulation. Given the complexity of the problem, simple
yet robust constitutive laws are selected for this simulation.

Conductive heat flowT he | i near Fourierds | aw iks asst
[W/m?] and thermal gradient. For three dimensional flow conditions and isotropic
thermal conductivity,

ic = - hl)s T (212)

wherel nbs [W/(M.K)] is the thermal conductivity of the hydrate bearing sediment. A
nortlinearvolume average model is selected to track the evolutibr.gf

L L B I(SEE S 1P 8,0 S4)% (213

The parallel model correspondstiel and the series model be-1. Experimental data
gathered for dry, watesaturated and hydte filled kaolin and sand plot closer to the
series model in all cases (Yun et al 200@rtes et al., 2009An adequate prediction for
all values and conditions is obtained with-0.2.

Advective Fluid FlowThe advective flux of the liquid and thesggphasesopnd @ [m/s]
are computed using t he ayg®livella, 2001): zed Dar cyos
0.= K. P, g a =g (2.14)

where R [N/m? is the phase pressure, and the vegtisrthe scalar graiy g=9.8 m/$
times the vector [0,0,1]

The tensoKa [m*(N.s)] captures the medium permeability for trgphase ir3-D flow;

if the medium is isotropida is the scalar permeability.K{imes the identity matrix. The
permeability Ko depends on the intisic permeabilityk [m?] of the medium, the

dynamic viscosity of tha-phasem, [N.s/n?] and the relative pereability ka [ ]:
Ka =k kﬂ
mooag (2.15)
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The viscosity of the liquidn: phase variesvith temperature T K] (i.e. Olivella, 1995):

&1808.5° K
X —

m[Pad =218 e = (2.16)
G

While the viscosity of gases is often assumed independent of pressure, experimental data
in the wide pressure range of interestvgb@therwise. Published data in Younglove and

Ely (1987) are fitted to develop a pressure and temperature dependent expression for the
viscosity of methane gas (fitted range: K€T<290 K and 0.1MPa<f40MPa).

e P, 4280°K 0
m[Pag =10.3 96 1 60532 G200 K 3 2.17)
é Mpag T =

The intrinsic permeability of the hydrabearing medium k with hydrate saturation S
and porosityf is estimated from the intrinsic permeability in the medium without
hydrates kdetermined at porositiy (Minagawa et aJ.2009:

k =k f? (1- f))z
T

While the trend may higher than linear in the facte&{E), i.e., the value of k remains

low until the fluid percolates through the system, a linear trend is assumed in the current
version. The elative permeabilities for liquidrkand gas k increase as the degree of
saturation of each phase increases with respect to the mobile phase saf#&HoA

single parameter power function properly reproduces experimental data

1-s §) (2.19

. . (2.18)
a S 0 a

kr( :% - - S?
. b (2.19)
a S 0] b

K, = 5 fa
255809

where S, = S/(S«+S) is the effective liquid saturation in the hydrate bearing sediment.

Exponentsa, b are typically 34 (seeGupta et al, 2006Minagawa et B 2008. The
relative permeability of a phase vanishes when the phase stops percolating (in the
absence of other coupling phenomena); percolation thresholds vary argting &nd

S~0.3 for gas and liquid flow. While the power function does not stop fdw
percohtion thresholds, relative permeabilities become very small and do not contribute
to transport phenomena relevant to production processes.

The interfacial tension between liquid and gas sustains the difference between the liquid
and gas pressures Bnd R. Let's define the capillary pressure=Py-Ps. In a porous

network, the capillary pressure and the effective liquid satura§orare related (van
Genuchtenl1978:
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€ o L O

__ S g aR 10"y
SZ—S+ Pl (2.20)

‘ 6 “° T

The model parameterso Hcan be taken as the air entry value) dndtypically
0.054 <0.4)relate to the porosity structure of the hydrate bearing sediffiregit:grains
and denser sediments imply higheraRd the lowel vaues.

Effective Porosity The effective porosity is calculated based on the volume of void
occupied by liquid and gas phase:
V.-V, V, V

— " tot

feff V

tot

=@ S-9) (2.22

wheref o is the granular porosity -Vs)/Viot.

Constitutive Model for Mechanical Respondéde implemented robust constitutive
modeling which represents the realistic mechanical behavior of HBS is described in
Section 4

2.5. Phase Boundaries Reaction Kinetics

Pressure and temperature defined the phase boundary for methane hydrateTdrel ice
sdected expression for the phase boundary of methane hydrate follows the format in
Sloan and Koh (2008)ut it is adjusted to satisfy values computed usingH¥&HYD
software[2001];

8860 O
Teq[—K] 9

&
0.234

P mlkPal= € methane hydrate (2.23

The ghase boundary of the gas hydrate mixture is also influenced by the salinity of
water.Based on Kamath and Godbole (1987) studielnear relationship between the
temperature of disassociation and the salinity weight concentration for a given pressure
wasassumedWe account for the effect of salinity on hydrate phase boundary correcting
(2.23 as follows:

Teq' @J 9 (224
where,asis the slope of the temperatesalinity curve (assumed as 0.55) dads the
salinity waght concentration

The phase boundary for the jaater transition exhibits low sensitivity to pressure. For
the most commomlice phase, the linear fit for the pressure range between 0 MPa and

20 MPa is (basedn the equation provided by Wagner arétzschmar(2008):
[MPa]=13.¢ 273.16- T[K]l ce (0OPO20 MPa) (2.29

Req— ice

Four regions emerge for gaster systems when the hydrate stability and thevater
boundaries are superimposed on the predsunperature P-Epace, as shown in Figure

21



2.2. The presence of free gas, water, ice aypdrate in each quadrant depends on the
relative mass of water and gas, and the PT trajectory. Note that the ice+gas condition
I+G in the equadrant is assumed to remé&i®& upon pressurization into thegiadrant
because of limited solidas interactionn the absence of beneficial energy conditions:

the enthalpy for icgo-hydrate transformation is H#48.49 kJ/mol, i.e., an endothermic
process. The simulation of these transformation demands careful attention during code
development; examples are presdrgger in thigeport

Either water or free gas may be in contact with the hydrate phase at any given location.
Therefore, the model compares the equilibrium pressagien Br P against a volume
average pressure P*

S S *
= 9 P + ¢ P =1 2.2
Sgﬁg%ﬁ[( §) p ‘s (2.26
'@ ©

©
o
= | gas limited
o H+I 7 H+ |/
a Z:' water limited W+
%) = Rkt
o AT
o
=
L | e |+ -  \\/+

Temperature [K]

Figure 2-2 Phase boundaries for waigas mixtures in the pressti@mperature space. The
phases in each quadrant depend on the availability of water and gas, and the PT trajectory

Local equilibrium conditions are attained mudster than the duration of the global
process in mostHCM problems; we assume local equilibrium at all times, but consider
kineticscontrolled formation and dissociation for both hydrate and ice. Gas hydrate
dissociation/formation is generally modeled luttng explicitly the time in the
formulation (e.g. Rutqvist and Moridis (2007), Kimoto et al 2007 and Garg et al.
2008). We propose a totally different approach, inspired in time independent kinetic
models, as for example, SaturationAindex based models ot simulate
precipitation/dissolution phenomena in porous media (e.g. La%888). It is assumed

that the rate of formation or dissociation is driven by the distditoghe corresponding
equilibrium phase boundary

d i/g AT T) zg FgPﬂd P.) ~ both metlane hydrate and ice(2.27)

wheredr [°KY] and dr [MPal] are scaling parameters; default valuesdarel/°K and
dr=0.1/MPa. The change in hydrate or ice volume fraction applied in a giaerstep is
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a fraction b of hbe i.@BTtheentn @d u ccthiaonng ef agESt o
function of the distance to the phase boundary:

b 4 ¢ (2.28

so, the updated hydrate e volume fraction at time interval j+1 outside the stability
field is

S*" =93 + bS for either ice or hydrate (2.29

This flexible formulation allows to capture different rates of reaction (without invoking
speific surface as in models based on results by Kim et al. 1987), relative to mass flux
and drainage conditions. The preselected parameter 'q' establishes the rate of change
(default value g=0.5). Drained conditions can be simulated by selecting-hajbes so

that acceptably low excess pore fluid generation is predicted throughout the medium
(di ssociation stops when gq=1 and the rate

2.6.  Computer code

The mathematical formulation presented above has been implemented inite fin
element computer program CODBRIGHT, (Olivella et al. 1996), aode designed to
analyze numerically coupled THCM problems in porous media. It supportsphake,

fully coupled thermehydro-chemaemechanical sediment response. We adapt and expand

it to represent all species and phases encountered in HBS. Details related to the code can
be found elsewdre (e.g. Olivella et al., 1996 only the main aspects are summarized

as follows: (1) The state variables are: solid veloadity(one, two or three spat
directions); liquid pressur®i, gas pressur®g, temperatureT and chemical species
concentration. (2) Small strains and small strain rates are assumed for solid deformation.
(3) Thermal equilibrium between phases in a given element is assumed. ¢(dn¥ider

the kinetics in hydrate formation/dissociation as a function of the driving temperature
and fluid pressure deviations from the phase boundary, considering the mass fraction of
methane in hydrat&, as the associated variable. (5) All constituteguations are
modified and new equations are added to properly accommodate for the behavior of
hydrate bearing sediments and all phases involved.
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3. IT TOOL FOR HBS

A database compiling the main published data related to hydrate bearing sesagents
devdoped using the Matlbad software. This IT tool compiles the main constitutive
equations mposed for the thermo, hydraulic and mechanical problems; including their
dependences on mperature, fluids pressures, stresses and water chemistry. The
database alsmcorporates the phase laws and phase boundaries (including mixed gases)
associated witlHBS The main model gzameters and their typical range of variation are
key components of the database as well.

The IT tool plays a central role in analysis involyiiBS As shown in Figur&.1, the

IT tool cdlects the experimental information gathered from different sources, including
in-situ investigtion, data from Pressure Core Characterizati@ol§ (PCCTs) and
experimental informationltained in the laboratgrfrom disturbed samples. As shown

in the scheme below, the IT tool is then used to feed the models with appropriate
constitutive equations, phase laws and parameters needed in the numerical/analytic
simulations. The proposed IT tool is the nexus betwaenetisting information and
current knowledge abol{BSand the numerical/analytic models. In summary, this is a
key tool inHBSanalysis because:

1 Serve as a repository faonstitutive equationgphase laws and parameters for
HBS

Provide best estimatioof properties given limited input
Guide the baclanalysis of test data
Provide robust correlations

Assist the validation of available models

= =4 4 -4 -

Provide consistent set of parametersBiCM simulators

The IT tool will be updated and upgraded as new expeatahénformation and insight
on HBSbehavior become availablehis task is shared/complements other projects

Table 3.1 presents the list of properties contemplated in the IT tool and Table 3.2 shows
(as an rample) some of the constitutive laws contesigdl for the mechanical problem.
Likewise, congtutive equations for the thermal and hydraulic problems have been
incorporated in the dabase.

Figures 3.2a and 3.2b presemtamples ofcomparisons between experimerdata and
results from proposed cstitutive equationgor mechanical propertiesigure 3.2ais
related to predted strength by Santamarina and Ruppel (2008) and measured strength;
while Figure 3.2hs associtged with thepredicted strength by Miyazaki et al. (2012) and
measured strength

Table 3.3 shows some typical phase properties incorporated in the database. Figures 3.3a
and 3.3b present the functions toydrate phase equilibrium in seawaserd freezing
point of seawaterespectively.
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Disturbed
specimens

Analysis &
DesignCode

Figure 3-1 Scheme showing the link between the proposed IT tool, the source of dat#BGor
and the modeling.

Table 3-1: List of Properties

Properties

Hydrate phase
Phase Boundaries Gas mixtures

Liquid chemistry
Strength

Mechanical Stiffness

Wave velocities

Soil water characteristic
curve

Hydraulic Hydraulic conductivity
Permeability of HBS
Relative permeability
Thermal conductivity

Thermal z
Heat capacity

(a) (b)

10 10
Q,
- 8 &
§ N
o]
— 6 3 EG
(=2 o
-] o
3 Q
L 4 o 9 %4
T | :
a , 2
0 0
0 2 4 6 8 10 0 2 4 6 3 10
Measured q (MPa) ) Measured q (MPa)

Figure 3-2 Examples of data and formulations for mechanical properties: a) comparisoadiuftqat
strength by Santamarina and gRel (2008) and measured strength; and b) comparison of predicted
strength by Miyazaki et a{(2012) and measured strength.
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Table 3-2: Mechanical properties

Properties Formulation Reference
- sinf" ,  cosf Santamarina and
Strength 1-sinf'"° 1 -sin f Ruppel (2008)
e as, Miyazaki et al.
= +h -
4785 Whee, ¢ (2012)
Stiffness et Sue, Jung et al. (2012)

S-wave velocity

2 N
av,s? 6 € g"s + 5 5
Vs:\/ h~h @'é \% ‘% 88

¢ n +égZ<Pa

Santamarina and
Ruppel (2008)

Effective medium model

Helgend et al.
(1999), Ecker et al.
(1998)

P-wave velocity

€4 2(1+v,) 2 1 éen(1- n
Vo =Vieg ¢3(1-2k) l:H;‘?(BS‘) ?Eﬁ
&3 3 2y) grwsé By h

Santamarina and
Ruppel (2008)

Effective medium model

Helgend et al.
(1999), Ecker et al.
(1998)

Table 3-3: Phase properties

Properties

Formulation

Reference

Hydrate phase equilibrium

o i
P[MPa] = MPa 3¢ T/

Sloan and Koh (2008)

Equation considering effect of salinity

Tishchenko et al.
(2005)

Gas density
Liquid density

Van der Waals Equation of State

Beyer (2005)

Peng-Robinson Equation of State

Peng and Robinson
(1976)

Duan’s Equation of State

Duan et al. (1992)

Gas viscosity

P 328K %

m[Paly £03 10°[ Pa 3;2@ 0053 — o ——
é MPa

c T

Younglove and Ely
(1987)

Liquid viscosity

1808 XK

m[Pa&] 21 10°[ Pa $&7

Sanchez and
Santamarina

Freezing point of seawater

T, = 00575§ J 4710523 19 (S )&

Fofonoff and Millard
(1983)

-2.154996210 § §° -0.0753P
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Figure 3-3 Phase boundaries: a) hydrate phase equilibrium in seawater; and b) freezing point of seawater

The user interface allows aeadable introduction for agh property; including:

ADescr i pftDefnismi,t i ons

and c pamsaimet eamds O pt s @

AfCal cul at i oFgerd3d shaws pMatkecaddbased IT tool prototype

PHASE BOUNDARIES

Descriptions

Definitions and parameters

functions fscripts

Calculationsfexamples

SMALL STRAIN PROPERTIES

Description

Definitions and parameters

Functions/scripts

Calculations fexamples

LARGE STRAIN PROPERTIES

Description

Definitions and parameters

Functions/scripts

Calculationsfexamples

HYDRAULIC PROPERTIES

Descriptions

Definitions/parameiers

Functions/scripts

Calculationsfexamples

THERMAL PROPERTIES

Figure 3-4 Mathcad based IT tool prototype.
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Input, feature, and refee n c e

parameters in

f ound
f ound

functi

of
ons

funct

i ons

wer e dsripts caa be

ét m o B U and asimplé example of application of functions can be
i aiondle@anipd.els o

n

wer ewhilent r odu

N L

Model predictions can be made by providing input and choosing proper paramidsers

recommended parametessel | st ed i n

t he

APar.aFgeds5r s t o

show exanples of theMathcadbased ITtool interfaces for parameter inpwlsction.

Input

Seawater properties

Sediment pore fluid

Sediment properties

Sediment grain

Output
Pressure P = IMPa
Temperature I=2K Density
Salinity §=3
Water saturation S =07
Hydrate saturation 8, =02

Phase boundary

Gas saturation 5, =01

lce saturation

Porosity n=04
n 7
Void ratio &m0 Wave velocity
2
Specific surface 8 = 1000 —
Poisson's ratio Vg =015
Specific gravity Gg=27 Stiffness
. kg . 3k
Density Pm = 100073 Go=27x 10 73
m
Bulk stifiness B, 43672
B W Strength
Thermal conductivity Ap =073 —
m-K
Heat capacity o = 2500 !
kg K

\ .. kg
Gas density = p{P,T,opt S =723 —=
A= Pgl; P densn‘_&" 3

m
HBS density

Phbs. ™ phbsln.Sw.Sl.Sg.Sh.pm.P.T.ep[deH}.} =1873x 1

Dissociation pressure
P i, = Pais(T.8) = 2933 x IDGPa
Freezing point

Te= Tp(P.5§) = 2T1132K

S-wave velocity

V.=

y - m
< \'S_SII_Sh.n,c\,|3_.6.cr‘.,ch)| = 42).0'-‘2;

P-wave velocity

T

N . Im
=, (R 05 B =183« 100 —
p = Vp_sel Vs Vsk -Phbs-"-2h m’I <

Small-strain stifness

2L 3
8= Ppps Vs =3363x 10 Pa

Max q . 6
&= Sulsh.n.:rh.a.b) =1035x 10" Pa

Hydraulic conductivity

Parameters to choose

Density
Pt density = |
S-wave velocity a=302"
s
P-wave velocit
Y 3= 025
B=1013
Strength a=155
b =014
%

Hydraulic conductivity

by =3

(opt==1, Van der Waals equation
opt==2, Peng-Robension equation
opt==3, correlation from Sanchez and Santamarina)

Recommended values for parameters (Lee et al | 2010)

Soil type a(mis) B [

Sand a0 0.25 0.15
Crushed silt 50 0.26 0.12
Precipitated silt 10 041 0.13
Kaolinite 23 0.31 0.07

Recommended values

Soil type a b
sand 1.55 0.14
crushed silt 1.55 016
precipitated silt 0.9 0.5
aolinite 0.5 0.07

Recommended values

Soil type by
Coarse grain soils 3
Fine grain soils 4

Figure 3-5 Example of Mathcad based IT tool interfaces for parameter input/selection.
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4. GEOMECHANICAL MODEL ING

Geomechanics is a key component in the numerical modeling of engineeringraoble
involving HBS Several types of mechanical constitutive models for hydrate bearing
sediment have been proposed in theflastyears(Miyazaki et al., 2012; Kimoto et al.,
2007; Klar et al., 2010; Rutgvist and Moridis, 2007; Pinkert and Grozic, 20ikerPet

al., 2015; Lin et al., 201%3aiandSanchez2017 Sultan and Garziglia, 2011; Uchida et

al., 2012;Uchida et al., 206; Gai and Sarwez, 2016Gai,2016; Jiang et al., 2014; Jiang

et al., 2015; Liu et al., 2014; Shen et al., 2016a; Shen @04bb;Yu et d., 2016; Shen

and Jiang, 2016Sanchez et al., 20L70nly a few of them are discussed below. For
example, Miyazaki et al. (2012) suggested a nonlinear elastic model for hydrate bearing
sands based on the Duneahang model (Duncan et al.970). The MohirCoulomb

(MC) model has been adopted by several researchers to describe the beha@d&r of

For instance, Rutqvist and Moridis (2007) simulated the geomechanical changes during
gas production fromHBS undergoing depressurizatidmduced dissciation using a
modified MC model. Klar et al. (2010) proposed a singlease elastigerfectly plastic

MC model for hydrate soils based on the concept of effective stress that incorporates an
enhanced dilation mechanism. Pinkert (2014) and Grozic (39tbppsed a model based

on a nordlinear elastic model (dependent &) and the onMC failure criterion.The
extension ofMC type models to deal with hydrates is generally carried out by
incorporating a dependency of the cohesion with the hydrate conman{fidlar et al.,

2010; Rutgvist and Moridj2007; Pinkert et al., 2@ However, Pinkert (2016) showed

t hat by usi ng-dilatdney theboyWRowes 19682} irwasspsssible to model
the behavior of hydrates without the need of enhancing thesiooheith the increase of

S As it is weltknown, MC type models cannot capture plastic deformations before
failure and are unable to simulate positive (compressive) plastic deformations.

The model based on the Modified G&tay (MCC) framework proposetly Sultan and
Garziglia(2011) was validated against the experimental data reported by Masui et al.
(2005; 2008). The global performance of the model was satisfactory, however, it was
unable to capture the softening behavior observed in these experilfentsitical state

model forHBS proposed by Uchida et al. (2012; 2016) is based oMtB€ model and

its validation was performed using published experiments conducted at constant hydrate
saturation. JeeBhang et al. (2015) developed a critical stateanbd based on t he
mobil i zed plbadimgeconceptsr Himosoebal. (2007) proposed an élasto
viscoplastic model to analyze ground deformations induced by hydrate dissociation. The
discrete element method has also been used to simulate chamual behavioof HBS

(e.g Jiang et al., 2014liang et al., 2(8; Liu et al., 2014; Shen et al., 2016a; Shen and
Jiang, 2016Shenet al., 2016b; Yu et al., 2016All the mechanical models discussed
above have been used to simulate tests perfornwhstant hydrate saturation.

In this projecta new elastglastic model based on the stress partition concept (Carol et.
al., 2001; Fernandez et al., 2001; Pinyol et al., 2007; Vaunat et al., 2003) and the
Hlerarchical Single SurfaceH(SS framework (Deai et al., 1986; 1989; 2000) was
developedo provide a general and adaptable geomechanical model for hydrate bearing
sediments. Recently published experimental data based on synthetic and natural
specimens involving differerts and hydrates morphology wadopted to validate the
proposed approach. The model application and validation do not limit to cases in which
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S is maintained constant during the tests (as in previous works), but also include
experiments in which dissociation is induced under consteggs. Particular attention is
paid to evaluate the behaviorldBSduring dissociation under different stress levels and
tests conditions (i.e., triaxial and oedometric), as well as experiments involving both:
reconstituted and natural specimens. Thal@h@lso allows examining the individual
contribution of sediments and hydrates to the mechanical behavior during loading and
dissociation, aspect that was not studied before with an elastoplastic mddBSor

This project also aims to study the beloawf hydrates bearing sediments in permafrost
stings. In thiscontext the effect of subzero temperatures in the mechanical behavior of
soils was investigated.

In the following section the mechanical behavioH&Sis briefly discussed to provide
some bakground information about the key features of this mateAal.advanced
model for HBSis proposedo deal with problems involving hydrate dissociatidime
effect of cryogenic suction on the mechanical response of stflddiscussed

4.1. Mechanical Behavior of HBS - Experimental evidences

Loading tests at constant hydrate saturatidriaxial tests at constant hydrate saturation
have provided very useful information to understand the influence of hydrate saturation
and morphology on the mechanical behawbHBS The presence of hydrates strongly
affects key mechanical properties of soils. Gas hydrate increases the shear strength of the
sediment (Miyazaki et al., 2011; Masui et al., 2008) Hydrates specimens exhibit a
softening behavior (after the peakests) and more dilation than free hydrate samples
(Miyazaki et al., 2011; Masui et al., 2008). The sediment stiffness and strength generally
increase with the increase in hydrate saturafMiyazaki etal., 2011; Masui et al.,
2008). It has also been obsexd that the stiffness dfiBS degrades during shearing
(Hyodo et al., 2014; Hyodo et al., 2005; Hyodo et al., 2013; Li et al., 2011; Masui et al.,
2005; Miyazaki et al., 2010; Yun et al., 20@hang et al., 2012)

Hydrates are generally present in sediteem three main morphology types (Soga et al.,
2006; Waite et al., 20095) cementation (Figd.1a); b) pordfilling (Fig. 4.1b); and c)
load-bearing (Fig4.1c).

/ \HJ; : // //j J-> / /f

~
- : Q/\/ AT .
\ \I '\/ ( ‘\, (\ \ ‘/ \
\ /i
\\\\7—}1_/ - \\_/" / \-\\\___/_ _— \\_7_// \-\\_; 77_//// ‘\_7/] /
a) cementation; b) pore filling; C) supporting matrix

Figure 4-1 Main types of hydrate morphology: (a) cementation; (b) {iitineg; and (c) load
bearing.
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Hydrates formed in the cementation mode are typically found at the contact between
particles.A recent microstructural investigan (Chaouachi et al., 201%hat does not
involve any mechanical test), speculates about the actual cementation effects provided
by the hydrates. However a large number of studies support that hydrates formed in the
cementing mode do provide bonding beén soil particlegAman et al., 201,3Clayton

et al.; 2010Jiarg et al., 2014Jiang et al., 20%43.in et al., 2015Liu et al., 2014 Masui

et al., 2005Pinkert, 2016 Priest et al., 200%hen et al., 2016&hen and Jiang, 2016

Shen et al., 2016kJchida et al., 203,2Jchida et al., 201;,6/Naite et al., 2009Yu et al.,

2019. Even a small hydrate saturation can significantly contribute to increase the
sediment stiffnesand strengthn this morphology typéDvorkin and Uden, 2004As

for hydrate morphology type (b), the hydrates nucleate on soil grains boundaries and
grow freely into the pore space, without bridging two or more particles together. This
type of hydratesalso impacts on the mechanical properties of the sediments. When
hydrate saturation is above 25%, this morphology turns into thebleatding type (c)
(Berge et al., 1999; Yun et al.,, 2005; 2006) Sediment permeability and water storage
capacity are signifiantly affected by the presence of hydrates in the-@mding form
(Helgerud et al., 1999). This mode is generally found in-greened soils and a typical
example is the Mallik 5t38 sediment (Dai et al., 2004).

Figure4.2a presents typical resultsosting theeffect of S on stressstrain behavior and
strainvolumetric response of natural methane hydrate samples under triaxial conditions
(Masui et al., 2008)While figure 4.2b shows he tests conducted by Masui et al. (2005)

to study the influence difydrate morphology on the geomechanical response of hydrate
bearing sedimentsThe sample without hydrates (i.e. pure sediment) exhibited lower
stiffenss, strength, and dilatancthe presence of hydrates increaseseheechanical

properties. Themaximum valuescorresponds td he cementi ng mode (i
above).

g .

8.
o o oS ?n'_\. O O O08:0%
A A ““ =22.5% A A AS=81% (pore-filing))
& ¢  $5=376% & O S5=41% [eementing)
OO0,
6 o
R &‘,@W‘” . & W oo
= %o% = o
< °<>O¢ o @ A &4 A AT O
- :‘::: & 3""“ - :0—'\)
o o A &
4t AALAAAANSA S0 o5 sl ¢ A ¢ o
i A g eo oo o
OO o0 o0 A a go © o
£ W D OAXREOAPOC OG0 4 Oy cc® o o 8
T 5 s o7 T
& ol 8 =T o @ 9. #
2 & PO Iy - & -
5 o = L o a qs £
; o 14 E 2r o A o o
o ., ® S0 & a o 4 &=
PR 13 o o N c© 1. B
y o k= ) A g <IN
¢ A & &2 E A & A Soe
o 0% - . © 2 a 4,0 las €
o f T & &7 o 00 © e D = L fe) ', B
0 B o 5 oo oot o 3 a L a @ s E
Opoo00 G M 1 8 ¥ mE © ° 3
L L L ' . n L L 2 ! =
0 1 2 3 4 5 & 7 8 8 10 M 12 — —
\ Axial . (%) 0 1 2 3 4 a5 B 7 ] ] o 1" 12
xial strain ) .
a, b) Axial strain(%)

Figure 4-2 Tests on natural and synthetic HBS in terms of sts&sén behavior and volumetric
response a) specimens prepared at different hydrate saturation; and b) samples prepared with
different hydrate morphology (Masui et,&005; 2008).
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4.2. Hydrate dissociation tests under load

Two types of tests involving hydrate dissociation conducted under triaxial and
oedemetric loading conditions are briefly discussed in this seé¢fiypodo et al.(2014)
adopted a temperatuoentrolledhigh pressurdériaxial apparatus to mimic the formation
and dissociation of methaihgdrate in the deep seabddhis devicewas usedo conduct

a series of triaxial compression tests on synthdBS samplesunder variousstress
conditions.Toyourasand vas chosen as the host material with a similar porosity (i.e.,
~40%), and withS, rangng from ~37% to~53%. Firstly, water and sand were mixed to
form the specimen at the target densitile sample was placed in a freezer to keep it
stand and then in a #&xial cell, at the target pressure and room temperaiuree the
specimen was thawed, methane was injected into the specimen, while keeping the cell
pressure and temperature condition inside the hydrate stability zone

Threeexperiments were selectedthis work for the numerical simulatiorisee Section
4.4), namely: twotriaxial tests at which hydratissociationvasinduced at two different
initial axial strairs (i.e., @=1%, and &=5%), and a third onein which the sample was
subjectedto stearing after the hydrate dissociatd completely These tests were
conductedunder isotropically consolidated specimens ateffactive confining stress
s'c=5 MPaunder drained condition&igure4.3apresentthe mainexperimental results
In one of the hydrateiskociation teststhe specimen was firstly shearagd to ga8.4
MPa (i.e, at e@=1%), thenhydratedissociation was induceat constant stress conditions
andonce hydrate dissociation was completed,tbatshearingontinued up ta=20%.
A similar procedure was followed for thether testput the maximum deviatoric load in
this cases wagal2 MPa (i.e. at &=5%).

The responses observed under these tests conditions are quite different. In the first test,
the deviatoric stress after hydrate dissociatuas smaller than the shear strength of the
dissociated sediment, therefore a tendency to harden was observed in the subsequent
shearing. However, in the second sample (i.e., dissociation induceg-5%) the
deviatoric stress was higher than the strewngtine dissociated sample. In consequence,

a stresssoftening behavior was observed during the hydrate dissociation stage, with a
tendency of the deviatoric stress to decrease until reaching the maximum deviatoric
stress observed in the already dissodig@mple More details about these tests and the
associated modeling are presertgdr on when modeling these tests

Another set of experiments modeled in tregidy corresponddo thetests reported by
Santamarinat al. (2015) Two natural core samplesere extractedrom the Nankai
Trough, offshore dpan, using the PressureCore Characterization ToolsPCCT)
(Santamarina et al., 2012Jhetested coresvere predominantly sandyand clayeysilts,
but alsocontaired somesilty-sands. Hydrate saturatioangel from ~15% to ~74%,
with significant conentrations in the silggands samplesThe PCCT was able to
maintain theHBS coresstableat field conditions.After retrieval, he coresvere loaded
underoedometricconditionsand at some point, hydratiissaiation was inducedinder
constant effective stress conditiorishe mechanical behavior ahe HBS specimens
before, during and after dissociatioasvecorded.
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Figure 4-3 a) Experimental result$or drained triaxial tests involving hydrate dissociation
(Hyodo, 2014); b) behavior of a natural HBS subjected to loading and dissociation under stress at
oedemetric conditions (Santamarina et al., 2015)

Figure 4.3b showsthe results of a typical tegt

sampl e

t he

oeffecti
c o dler with an indtial $+7480). Prior to hydrate dissociatiomhe
specimen wasoaded up to an applieeffective verticalstresss'v=3 MPa,thenhydrate
dissociation was induceda depressurization, maintaininie effective stressconstant
Oncethe hydrates were fullydissociatedthe specimen was loaded upstg=9 MPg and

stress

it was unloaded afterwardé significant volumetric cllapsecompression deformation

was observed during dissociatiomnder load.This testand anotherone with lower

hydrate dissociation (i.eS~18%) are modeledand discussethter on when modeling

these tests
4.3. Discussion

The mechanical behavior dfiBS is highly complex because its response not only
depends on the amount of hydrate, but also on the type of pore habit (i.e., cementing,

porefilling, or load-bearing s). It was observed that the behavidiBSduring hydrate
dissociation (and after it) dependn stress level, ahown inmore detail inlater on

when modeling these testshas also been suggested that hydrate bonding effects can be

damaged during shearifigin et al., 2015Uchida et al., 20%;2Jchida et al., 2016

The progressive stiffness degradation in tests involiHB& is generally very evident.
Figure 4.4a illustrates the phenomenom loydrate damage during shearing. Hydrate
dissociation is also accompanied by profound changes in the sediment structure. Figure
4.4b shows schematically the expected changes in the soil structure that lead to the
collapse compression deformations obsenddting dissociation under normally

consolidated conditions (e.g., F®3b). In summary, the mechanical responselBSis

highly nonlinear, controlled by multiple inelastic phenomena that depends on hydrate

saturation, sediment structure, and stresslldn the followingsection two advanced

elastoplastic modsfor HBSis presented in detalil.



(b) Hydrate dissociationC Sediment collapse

Figure 4-4 a) Sclematic representation of the hydrate damaged during shearing; b) rearrangement
of theHBSstructure upon dissociation.

4.4. Advancedgeomechanical model

In this sectiona new elastglastic model based on the stress partition con@gutol et

al., 2001, Fernatez and Santamarina, 2001, Pinyol et al., 2007, Vaunat and Gens, 2003)
and the Hlerarchical Single Surfacdl$S framework (e.g.Gai andSanchez 2016
Sanchey was selected to provide a general and atdégtgeomechanical model for
hydrate bearing sediments. Recently published experimental data based on synthetic and
natural specimens involving differenty @nd hydrates morphology was adopted to
validate the proposed approach. The model application amhtr@ah do not limit to

cases in which s maintained constant during the tests (as in previous works), but also
include experiments in which dissociation is induced under constant stress. Particular
attention is paid to evaluate the behaviorHBS during dissociation under different
stress levels and tests conditions (i.e., triaxial and oedometric), as well as experiments
involving both: reconstituted and natural specimens. The model also allows examining
the individual contribution of sediments and tés to the mechanical behavior during
loading and dissociation, aspect that was not studied before with an elastoplastic model
for HBS

4.4.1. Model description

The stresgartition concept proposed Wyinyol et al. (2007) for clayed cementing

materials isadapted in this work for describing the behaviorHBS The main reason

behind the selection of this model is that it is extremely well suited to deal with materials

t hat have two main const i tiothisndasp fegturetha. o6 hyd
is not considered in previous models 8BS The model allows to explicitly define

specific constitutive models and evolutions laws for each one of those two compounds

with the corresponding variables. The modeling of the hydrates can be well remtesente
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by a damage moddhat is able to account fothe material degradatiomduced by
loading and hydrate dissociatioks for the sediment skeleton, a model based on critical
state soil mechanics concepts is adoptddch is an appropriate approach foraédsng

the elastoplastic behavior of the soilRhe particular constitutiveequatios adopted
hereafterare based on a modification of thelSS elastoplastic model (Desai, 1989;
2000).The proposed frameworkiso incorporates stbading and dilation erdancement
concepts.

Therefore, the proposed model takes in account two basic aspects related to the presence
of hydrates in soils: i) it considers that hydrates contribute (together with the soil
skeleton) to the mechanical stability of the sediment, titess partition concept is used

to compute this contribution; and ii) it contemplates that the presence of hydrates alters
the mechanical behavior of sediments (e.g., providing hardening dilaton
enhancemengffects), inelastic mechanisms are incorpedlainto a critical state model

for the sediment to account for these effects

The main model componentend its mathematical formulatioare detailed below,
introducing firstly some basic relationships, detailing afterwards the specific constitutive
modds for the hydrates and sediment, and developing finally the global-strass
equations.

4.4.2. Basic relationships

The stresgpartition concept (Pinyol et al., 2007) was adopted to develop the basic
relationships. Metotal volume of the sampl&/) can be omputed as:
VIV, MV

4.2)

where Vs is the volume of sediment skeletow, is the volume of hydrateyr is the
volume occupied by the fluid in the pore spéeigure4.5).

Assuming that thesoil grains are incompress#) the total volumetric strain can be
defined as:

o VDY,
V V
(4.2
@ Vs
)
N Vh
- -
- A
&

Figure 4-5 Schematic representation oHBS
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wherethe superscriptv indicates volumetric strainghe volumetric strain of methane
hydrateis computed as:

v DV,
e =
Vh
4.3
Thedeformationof hydratecanbe cefined locallythrough the following relationship
DL MV e
Vv vV, V
(4.4

whereCh is the volumetric concentration of methane hydrateich in turns is equal to
the porosity f) times the hydrate saturation (i.€s= f $). From egations(4.2) and
(4.4), the total volumetric strain accounting fwththe sediment skeleton (i,suoscript
s9 and the hydrasedeformationsan be calculated as:

e=g %€,
(4.9
In a similar fashion, the deviatoric strains1d@ computed as
q — q
€= &€, (45)

The relationships that link hydrates and soil skeleton strains are proposed following an
approach similar to (Pinyol, 2007):

& = & (46)
5

& 4.7)

wherec is the strain partition variable that evolves during loading. The evolution law for
this variable is presented in SectioB.3From these equationis,can beanticipated that

when the sediment skeleton defarrthe local hydrate straineduces if decreases
Combining equations aboVeads to:

y c

e = €
" 1+C.c (4.8)
c
e = &
" 1+Cc (4.9)
Equations 4.26) and @.27) can also be written as a vector:
o C
R C.c

(4.10)

In the following sections the specificonstitutive models for the hydrate and sediment
skeleton are discussed.
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