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ABSTRACT

Stability conditions 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 climate change, and can cause large-scale seafloor instabilities. In addition, hydrate
formation can be used for CO2 sequestration (also through CO2-CH4 replacement), and
efficient geological storage seals. 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 depressurization 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 implications. The goals
of this research has been to addresses the complex thermo-hydro-chemo-mechanical
THCM coupled phenomena in hydrate-bearing 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 proposed as 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.



EXECUTIVE SUMMARY

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 pressure (P) and temperature (T) conditions that are
common in sub-permafrost layers and in deep marine sediments. Hydrate concentration
is gas-limited in most cases, except near high gas-flux conduits. Stability conditions
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 climate change,
and can cause large-scale seafloor instabilities. In addition, hydrate formation can be
used for COz sequestration (also through CO2-CHa replacement), and efficient geological
storage seals. 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 depressurization 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 implications.

The goals of this research has been to addresses the complex thermo-hydro-chemo-
mechanical THCM coupled phenomena in hydrate-bearing 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 proposed as 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 important research outcomes follows:

e THCM-hydrate: a robust fully coupled and efficient formulation for HBS
incorporating the fundamental physical and chemical phenomena that control de
behavior of gas hydrates bearing sediments has been developed and validated.

e 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 various P-T trajectories
that may take place in field situations.

e 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.

e The proposed new 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.

e The enhancement of sediment strength, stiffenss and dilation induced by the
presence of the hydrates were well reproduced by the model.



The ability of the proposed mechanical model to simulate the volumetric soil
collapse compression observed during hydrate dissociation at constant stresses is
particularly remarkable. This is a key contribution of this research in relation to
the geomechanical modeling of HBS during dissociation.

The mechanical model 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 Ksed/Knbs, the leakage in the aquifer k’/ksed, relative
pressure dissociation (h* — hw)/(htar — h*) and a geometrical ratio H b/rw?.

At steady-state 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 pressure-driven
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-hydrate simulation 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,
seafloor instability
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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 pressure (P) and temperature (T) conditions that are
common in sub-permafrost layers and in deep marine sediments, and their distribution is
typically correlated with the presence of oil reservoirs and thermogenic gas. Hydrate
concentration is gas-limited in most cases, except near high gas-flux conduits.

Hydrate bearing sediments (HBS) 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 trigger large-scale 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 et al., 1997). Methane
hydrates can become a valuable energy resource as large reserves are expected
worldwide (e.g. Sloan, 1998; Soga et al., 2006; Rutqvist and Moridis, 2007).
Furthermore, carbon sequestration in the form of CO2 hydrate is an attractive alternative
to reduce the concentration of COz2 in 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 depressurization 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 implications.

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 accompanied by large volume
expansion, for example, a 2.6-to-1 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 free draining conditions,
or high fluid pressure if the rate of dissociation is faster than the rate of fluid pressure
dissipation (possibly causing fluid-driven fractures, Shin and Santamarina 2010). In
general, the excess pore fluid pressure will depend on the initial 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, hence the stiffness, strength and dilatancy of the sediment.
Therefore, hydrates stability conditions combine with sediment behavior to produce a
strong Thermo-Hydro-Chemo-Mechanical THCM coupled response in hydrate bearing
sediments.

Methane production from gas hydrate accumulations in permafrost possess additional
challenges and opportunities. Complex stress paths in the P-T space with two phase
boundaries (i.e. ice-liquid and gas-hydrate phase lines) are anticipated during gas
production, including secondary ice and hydrate formation; clearly ice phase must be
explicitly incorporated in the analysis as it affects mechanical stability, fluid migration,
and thermal properties.

11



Truly coupled thermo-hydro-chemo-mechanical numerical approaches rather than
sequential explicit computational schemes (i.e., they resolve the hydrate state separate
from the sediment state at every time step) is recommendable for the robust analysis of
hydrate bearing sediments. Sequential schemes often restrict computations to one-way
coupled 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 schemes 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 truly-coupled methods leads to
computational efficiency 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 bearing
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 extension of the Mohr—Coulomb (MC) model to
deal with hydrates is generally carried out by incorporating a dependency of the cohesion
with the hydrate concentration (Klar et al., 2010; Rutqgvist et al., 2007; Pinkert et al.,
2014). As it is well-known, MC type models cannot capture plastic deformations before
failure and are unable to simulate positive (compressive) plastic deformations. A model
based on the Modified Cam-Clay (MCC) framework was proposed by Sultan and
Garziglia (2011). Uchida et al. (2012; 2016) proposed a model based on the MCC and its
validation was performed using published experiments conducted at constant hydrate
saturation. Jeen-Shang et al. (2015) developed a critical state model based on the ‘spatial
mobilized plane’ framework and sub-loading concepts. The discrete element method has
also been used to simulate the mechanical behavior of HBS (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., 2016). Section 4 provides more details about previous geomechanical
modeling efforts. All the mechanical models discussed above have been used to simulate
tests performed at constant hydrate saturation.

The geomechanical modeling of HBS has been a critical component of this research. An
advanced new elasto-plastic 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 general and adaptable geomechanical model for hydrate bearing
sediments. Recently published experimental data based on synthetic and natural
specimens involving different Sh and hydrates morphology was adopted to validate the
proposed approach. The model application and validation do not limit to cases in which
Sh 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 behavior of HBS 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 hydrates to the mechanical behavior during loading and
dissociation, aspect that was not studied before with an elastoplastic model for HBS.
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The scope of the conducted study has been related to the development of a formal and
robust numerical framework able to capture P&T paths and ensuing phase changes
during production in either marine and permafrost settings analysis of available data
from laboratory tests and field experiments. A geomechanical model and analytical
solutions have been also proposed. The main following activities have been conducted:

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

update of a thermo-hydro-chemo-mechanical THCM-hydrate formulation and
code for hydrate bearing sediments to incorporate augmented constitutive
models;

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

proposal of an advanced geomechanical model able to simulate the HBS during
loading and dissociation;

to use the enhanced code (in combination with close-form solutions) to optimize
future field production studies in marine and permafrost sediments, taking into
consideration various production strategies and addressing the most pertinent
questions 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 hydrate-bearing sediments include:
e heat transport through conduction, liquid and gas phase advection,
e heat of formation-dissociation,
e water flux as liquid phase,
e methane flux in gas phase and as dissolved methane diffusion in liquid phase,
e heat of ice formation/thaw,
o fluid transport of chemical species,

e mechanical behavior: effective stress and hydrate-concentration dependent
sediment behavior.

To include these main processes (as well as other interacting ones) balance equations,
constitutive equations, equilibrium restrictions, and Kinetic reactions are considered in
the mathematical formulation. This set of coupled phenomena is analyzed next,
following the CODE_BRIGHT framework and numerical platform developed by
Olivella et al. (1994).

2.1. Phases and Species — Mass densities

HBS consist of a granular skeleton where pores are filled with gas, hydrate, water or ice
(Figure 2.1a). Three main species mineral, water, and methane are found in five phases:
solid mineral particles, liquid, gas, hydrates and ice are considered. To simulate
production strategies based on chemical stimulation, the presence of solutes in the liquid
phase is also included. The ice phase is modeled because water-to-ice transformation
may take place during fast depressurization. Observations related to phase composition
and mass densities are discussed next. Figure 2.1b summarizes phases and their
compositions; their mass densities are listed in Table 2.1.

Solid and Ice. These two phases are considered single species the 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 sediments: a) Grains, water, gas, hydrate and ice may be found forming the sediment. (b)
Components can be grouped into phases and species
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Table 2-1: Specific Energy and Thermal Transport — Selected Representative Values

Species and Specific Energy Transport
Phases Expression specific heat - latent heat | thermal conduct.

Levap= 2257 J.g*

water - vapour | ¢/ =L, +¢, (T—-T,) S g 0.01 W miK?
cw =2.1J.g7K?

water - liquid | ¢, =¢,, (T —T,) cu=4.21.g°K?! 0.58 W mK™!
Lise= 334 J.g7

water — ice ¢ =L+, (T=T,) use : 2.1Wm?K?

Cwice = 2.1 \].g-lK-1

cm=1.9J.gK? V=const
methane gas e, =c,(T—T) 25 gL p t 0.01 W m?K?
cn=2.5J.9 =cons

Ldi55= 339 \].g_l

0.5WmiK?
ch=2.1J.g°K?

hydrate ¢, =Ly, +¢,(T-T)

¢=0.7Jg'K1 quartz |8W mK?!quartz

mineral ¢e. =c (T-T
=l ) c=0.8J.gK?* calcite 3 W m*K?* calcite

Source: CRC handbook and other general databases. @ Waite,
http://woodshole.er.usgs.gov/operations/hi_fi/index.html; Handa (1986).

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

Hydrate. This phase is made of water and methane, and is assumed to be of constant
density (Table 2.1). The mass fraction of water in hydrate a=mw/mn depends on the
hydration number y for methane hydrates CHayxH20; from the atomic masses,
o=y/(0.89+y). In the case of Structure-I, ¥=5.75 and «=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 absence of hydrates,
the solubility of methane in water [mol/mq] increases with pressure and decreases with
temperature and salt concentration. The opposite is true in the presence of hydrates: the
solubility of CHa4 in water increases with increasing temperature and decreases with
increasing pressure (Sun and Duan, 2007). In both cases, the solubility of methane in
water is very low; e.g., at P¢=10 MPa and T=280°K, the mass fraction of methane in
water is mm/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 law- in view of potential related studies such as hydrate
formation from dissolved phase. The mass density of the liquid pc¢ depends on
temperature T [°K] and pressure P¢ [MPa]. The asymptotic solution for small volumetric
changes is:

R 2
P =P (1+ %jllﬁw (%} ] 272°K<T<300°K (2.1)
( .
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where pe=0.9998 g/m? is the mass density of water at atmospheric pressure and at
T=277°K, B¢=2000 MPa is the bulk stiffness of water, and Br¢=0.0002°K™? is the
thermal expansion coefficient. This equation properly captures the thermal expansion
water experiences below and above T=277°K. The formulation proposed herein is
capable of considering cryogenic suction effects and the presence of unfrozen water at
freezing temperature. However, hereafter (for the sake of simplicity) it is assumed that
all the liquid water is transformed into ice at freezing temperature.

Gas. It is considered that the gas phase consists of pure methane gas. The mass density
of the gas phase is pressure Pq [MPa] and temperature T [°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<P¢<40MPa):

M.,P, P, P, Y
Py = 1176+12.7 —-0.45

RT 1MPa 1MPa
(2.2)
where the gas constant R=8.314 J/(mol°K) and the molecular mass of methane
Mm=16.042 g/mol (example: pg=86 g/m? at T=280°K and Pg=10MPa).

2.2. Volumetric Relations

The total volume Viotal is the sum of the partial volume of each B-phase Vg, where the
sub-index B is one of [s, ¢, g A ] for solid, liquid, gas, hydrate or ice
phases, V., :ZVB. Assuming that the solid mineral is a non-reactive phase, the total

porosity is defined as the ratio of the volume of voids Vv=1-V;s to the total volume Viotal,

VvV, V,+V,+V,+V,

¢ === Vv (2.3)

total

The volume of voids Vv is occupied by the liquid, gas, hydrate and ice phases; the
associated volume fractions are Sg=Vp/Vy, the following volumetric restriction applies

S, +S,+S,+8, =1 (2.4)

2.3. Balance Equations

The macroscopic balance of either mass or energy relates the rate of change per unit
volume to the flux in-and-out of the volume, and takes into consideration external inputs
as well. Mass balance equations are written for the three species: water w, methane m,
and for the mineral that makes the particles (no letter is required, it coincides with the
solid). The mass flux in balance equations includes advective transport by the fluid and
the movement of the sediment relative to a fixed reference frame. The proposed
framework can also accommodate non-advective diffusive transport of species in the
phases (i.e.win g, and min ).
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Mass Balance: Water. The mass of water per unit volume of the porous medium
combines the mass of water in the liquid, hydrate and ice phases. The water flux
associated to the liquid, hydrate and ice phases with respect to a fixed reference system
combines Darcian flow with respect to the solid phase g¢ [m/s] and the motion of the
whole sediment with velocity v [m/s] relative to the fixed reference system. Then, the
water mass balance can be expressed as:

0 w
LS, +apS, +pS)OI+V.[pA +p SOV +ap, S oV +piSipv] =T (2.5)
mass water per unit volume w in liquid w in hydrate w in ice

where p [g/m?] represents the mass density of phases and o is the mass fraction of water
in hydrate. The external water mass supply per unit volume of the medium f* [g/(m?3s)] is
typically '=0; however, the general form of the equation is needed to model processes
such as water injection at higher temperature 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: Methane. The total 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 fractions Sq and Sk, the mass
fraction of methane in hydrate (1-oc), and the porosity of the porous medium ¢. As in the
case of water balance, the flux of methane in each phase combines advective terms
relative to the porous matrix and the motion of the porous medium with velocity v [m/s]
relative to the fixed reference system

%{[pgsg +(1-0)p,S, o} +V.Ip0 +p S0V +(1-0)p,Spv]=F" (2.6)

mass of methane per unit volume min gas m in hydrate

In this case, ™ [g/(m3s)] is an external supply of methane, expressed in terms of mass of
methane per unit volume of the porous medium. Typically, f"=0; however, the general
expression may be used to capture conditions such as methane input along a pre-existing
fault. The first term takes into consideration the methane mass exchange between the
hydrate phase and the gas phase during hydrate formation-dissociation.

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

2 1p, (1-4)1+V [p, (1-4) V] =0 (27)

per unit volume

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

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

0 s
a (CsS(pC¢) + v[ Dp(VCs + Csp(q( + Csplsl¢ V] = f (28)
mass s per non advective sin liquid sin liquid

unit volume flux of s
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where Cs is concentration of the solute ‘s’ expressed in mass of solute per mass of water
[kg/kg] and D hydrodynamic dispersion tensor that includes both molecular diffusion
and mechanical dispersion (Olivella et al., 1994, 1996). f* is a sink source of solute. One
balance equation is necessary per each species in the liquid phase. One chemical species
is sufficient for the aims of this work. A more complex reactive transport model is
available when necessary (more details in Guimarées et al., 2007).

Other species such as salts, gases and fluids such as CO2 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 due to “freshening”.

Energy Balance. The energy balance equation is expressed in terms of internal energy
per unit volume [J/mq], 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:

E
——=ep, (1-0)+(epS, +&,p,S, +&,0,S, +€pS, )0 (2.9)

total
where e [J/g] represents the specific internal energy per unit mass of each phase. These
values are computed using the specific heat of the phases c [J/(g.K)] and the local
temperature T relative to a reference temperature To=273°K (see Table 2). The selected
reference temperature does not affect the calculation: the system is presumed to start at
equilibrium, and energy balance in tracked in terms of “energy changes” from the initial
condition.

Energy consumption or liberation associated to hydrate formation/dissociation and ice
formation/fusion are taken into consideration using the corresponding latent heats or
changes in enthalpy L [J/g], as summarized in Table 2.1. Hence, the formulation
inherently captures energy changes during endothermic or exothermic processes through
specific internal energies and the corresponding changes in volume fractions S¢, Sg, Sh
and Si.

The energy flux combines (1) conduction through the hydrate bearing sediment ic
[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 the fixed reference system.
The specific internal energies per unit mass for each species in each phase are seldom
known (e.g. methane-in-hydrate). Therefore, the formulation is simplified by working at
the level of each phase; furthermore, we also disregard the energy 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 bearing sediment

f&= %{[esps (1-0)]+(en S +e,0,S, +e,p,S, +epS, )b} +

+V.i + (2.10)
+V.[ep,(d,+S,0V)+ €4Pyq (qg + Sg(l) V) +€,0,S,0V+€pSdV+ep (1-0)V]
- —_— — | ——
transport in ¢ transport in g transport in h transport in i transport in s

The energy supply per unit volume of hydrate bearing sediment f& [W/m?] can be used to
simulate thermal stimulation of the reservoir.
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Momentum Balance (equilibrium). In the absence of inertial forces (i.e. quasi-static
problems) the balance of momentum for the porous medium is the equilibrium equation

V.o, +b=0 (2.11)

where ot [N/m?] is the total stress tensor and b [N/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.

24. Constitutive Equations

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

Conductive heat flow. The linear Fourier’s law is assumed between the heat flow ic
[W/m?] and thermal gradient. For three dimensional flow conditions and isotropic
thermal conductivity,

ic = _khbSVT (212)

where Anbs [W/(m.K)] is the thermal conductivity of the hydrate bearing sediment. A
non-linear volume average model is selected to track the evolution of Anbs,

1
e =[(1-0)22 +0(S,28 + 5 45,28 +522) |7 (213

The parallel model corresponds to B=1 and the series model to f=-1. Experimental data
gathered for dry, water saturated and hydrate filled kaolin and sand plot closer to the
series model in all cases (Yun et al 2007, Cortes et al., 2009). An adequate prediction for
all values and conditions is obtained with $=-0.2.

Advective Fluid Flow. The advective flux of the liquid and the gas phases q¢ and qg [m/s]
are computed using the generalized Darcy’s law (Gens and Olivella, 2001):

d, Z_Ka(vpa_pcxg) oa=/(0 (2.14)

where P, [N/m?] is the phase pressure, and the vector g is the scalar gravity g=9.8 m/s?
times the vector [0,0,1].

The tensor K, [m*/(N.s)] captures the medium permeability for the a-phase in 3-D flow;
if the medium is isotropic, K, is the scalar permeability K times the identity matrix. The
permeability K, depends on the intrinsic permeability k [m?] of the medium, the

dynamic viscosity of the a-phase po [N.s/m?] and the relative permeability krq [ ]:
UL
Mo o 0=00 (2.15)
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The viscosity of the liquid pe phase varies with temperature T [°K] (i.e. Olivella, 1995):

u,[Pas]=2.1-10" exp(%j (2.16)

While the viscosity of gases is often assumed independent of pressure, experimental data
in the wide pressure range of interest shows otherwise. 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: 270°K<T<290°K and 0.1MPa<P¢<40MPa).

P KY
uy[Pas]=10.3-10° {1+ 0,053 2~ (282 Kj } (2.17)

The intrinsic permeability of the hydrate-bearing medium k with hydrate saturation Sh
and porosity ¢ is estimated from the intrinsic permeability in the medium without
hydrates ko determined at porosity ¢o (Minagawa et al., 2008):

3 2
P o Y NS (2.18)
(1—(])) o
While the trend may higher than linear in the factor (1-Sp-Si), 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 relative permeabilities for liquid k. and gas krg increase as the degree of
saturation of each phase increases with respect to the mobile phase saturation S¢c+Sg. A
single parameter power function properly reproduces experimental data

g ) (2.18)
=) o | =(S))
S, +S,
: (2.19)
Ky =|1-— =(1-s))
S, +S,

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

Exponents a, b are typically 3-4 (see Gupta et al, 2006; Minagawa et al, 2008). The
relative permeability of a phase vanishes when the phase stops percolating (in the
absence of other coupling phenomena); percolation thresholds vary around Sg~0.3 and
S~0.3 for gas and liquid flow. While the power function does not stop flow at
percolation 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 P¢ and Pg. Let's define the capillary pressure Pc=Pg-P¢. In a porous
network, the capillary pressure and the effective liquid saturation S, are related (van

Genuchten, 1978):
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-L

1
12
S = S _ 1+(%} (2.20)

0

The model parameters Po (can be taken as the air entry value) and A (typically
0.05<A<0.4) relate to the porosity structure of the hydrate bearing sediment: finer grains
and denser sediments imply higher Po and the lower A values.

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

V, V.-V, -V,
bor =2 —=¢,(1-S,-S;) (2.22)

tot

where ¢o is the granular porosity (Viot-Vs)/Viot.

Constitutive Model for Mechanical Response. The 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 hydrate and ice. The
selected expression for the phase boundary of methane hydrate follows the format in
Sloan and Koh (2008), but it is adjusted to satisfy values computed using the HWHYD
software [2001]:

8860
Teq [°K]

[40.234—

P.mlkPa]=e J methane hydrate (2.23)

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

40.234— 8860
eq —als]

PmlkPa]=e (2.24)

where, asis the slope of the temperature-salinity curve (assumed as 0.55) and Is is the
salinity weight concentration.

The phase boundary for the ice-water transition exhibits low sensitivity to pressure. For
the most common I ice phase, the linear fit for the pressure range between 0 MPa and
20 MPa is (based on the equation provided by Wagner and Kretzschmar (2008):

[MPa] =13.0(273.16 —T[°K]) Ice (0<P<20 MPa) (2.25)

F:.eq—ice

Four regions emerge for gas-water systems when the hydrate stability and the ice-water
boundaries are superimposed on the pressure-temperature PT-space, as shown in Figure
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2.2. The presence of free gas, water, ice and hydrate 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 c-quadrant is assumed to remain I+G upon pressurization into the d-quadrant
because of limited solid-gas interaction in the absence of beneficial energy conditions:
the enthalpy for ice-to-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 presented later in this report.

Either water or free gas may be in contact with the hydrate phase at any given location.
Therefore, the model compares the equilibrium pressure Peq-mh Or Peg-1 against a volume
average pressure P*
* S S
PP=——P +—
S, +S, S, +S,

P, =(1-S;)P, +SP, (2.26)

+ @ ®
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Figure 2-2 Phase boundaries for water-gas mixtures in the pressure-temperature space. The
phases in each quadrant depend on the availability of water and gas, and the PT trajectory.

Local equilibrium conditions are attained much faster than the duration of the global
process in most THCM problems; we assume local equilibrium at all times, but consider
kinetics-controlled formation and dissociation for both hydrate and ice. Gas hydrate
dissociation/formation is generally modeled including 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, Saturation-Index based models to simulate
precipitation/dissolution phenomena in porous media (e.g. Lasaga, 1998). It is assumed
that the rate of formation or dissociation is driven by the distance & to the corresponding
equilibrium phase boundary

5= \/[ST (T-T, )T + [SP (Pa—P, )]2 both methane hydrate and ice  (2.27)

where 8t [°K] and & [MPa] are scaling parameters; default values are 8t=1/°K and
dp=0.1/MPa. The change in hydrate or ice volume fraction applied in a given time step is

22



a fraction B of the potential change ASh or ASi. The reduction factor 0<p<1.0 is a
function of the distance to the phase boundary:

B=1-q° (2.28)

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

St =Sl +BAS for either ice or hydrate (2.29)

This flexible formulation allows to capture different rates of reaction (without invoking
specific 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 high g-values so
that acceptably low excess pore fluid generation is predicted throughout the medium
(dissociation stops when q=1 and the rate of dissociation becomes AS/At=0).

2.6. Computer code

The mathematical formulation presented above has been implemented in the finite
element computer program CODE_BRIGHT, (Olivella et al. 1996), a code designed to
analyze numerically coupled THCM problems in porous media. It supports multi-phase,
fully coupled thermo-hydro-chemo-mechanical sediment response. We adapt and expand
it to represent all species and phases encountered in HBS. Details related to the code can
be found elsewhere (e.g. Olivella et al., 1996), only the main aspects are summarized
as follows: (1) The state variables are: solid velocity, u (one, two or three spatial
directions); liquid pressure Py, gas pressure Pg, temperature T 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. (4) We consider
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 hydrate Sh as the associated variable. (5) All constitutive equations 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 sediments was
developed using the Math-cad software. This IT tool compiles the main constitutive
equations proposed for the thermo, hydraulic and mechanical problems; including their
dependences on temperature, fluids pressures, stresses and water chemistry. The
database also incorporates the phase laws and phase boundaries (including mixed gases)
associated with HBS. The main model parameters and their typical range of variation are
key components of the database as well.

The IT tool plays a central role in analysis involving HBS. As shown in Figure 3.1, the
IT tool collects the experimental information gathered from different sources, including
in-situ investigation, data from Pressure Core Characterization Tools (PCCTs) and
experimental information obtained in the laboratory from 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 between the existing information and
current knowledge about HBS and the numerical/analytic models. In summary, this is a
key tool in HBS analysis because:

e Serve as a repository for constitutive equations, phase laws and parameters for
HBS.

e Provide best estimation of properties given limited input
e Guide the back-analysis of test data

e Provide robust correlations

e Assist the validation of available models

e Provide consistent set of parameters for THCM simulators

The IT tool will be updated and upgraded as new experimental information and insight
on HBS behavior become available. This 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 example) some of the constitutive laws contemplated for the mechanical problem.
Likewise, constitutive equations for the thermal and hydraulic problems have been
incorporated in the database.

Figures 3.2a and 3.2b presents examples of comparisons between experimental data and
results from proposed constitutive equations for mechanical properties. Figure 3.2a is
related to predicted strength by Santamarina and Ruppel (2008) and measured strength;
while Figure 3.2b is associated with the predicted 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 for hydrate phase equilibrium in seawater and freezing
point of seawater respectively.
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Disturbed
specimens

Analysis &
Design Code

Figure 3-1 Scheme showing the link between the proposed IT tool, the source of data (for HBS)
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 &
§ g
o]

— 6 3 EG
(=2 o
-] o
3 Q

L 4 o 9 Sa
] ®
g ° £

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) comparison of predicted
strength by Santamarina and Ruppel (2008) and measured strength; and b) comparison of predicted
strength by Miyazaki et al. (2012) and measured strength.
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Table 3-2: Mechanical properties

Properties Formulation Reference
_ sing' py cos ¢’ '+ oS’ Santamarina and
- ing' 3 indg' Ruppel (2008)
Strength 1_S|n¢ 1_S|n¢
—ac.'+b S_h Miyazaki et al.
=80 +0| (2012)
Stiffness Esuza(c—"'jh+cE,,wSﬁ Jung et al. (2012)

1kPa

S-wave velocity

VS22 o"+o"ﬁ2
v QPRI EREY
n 2kPa

Santamarina and
Ruppel (2008)

Effective medium model

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

P-wave velocity

’ ‘3 3(1_2Vsk) Phos B., B, B,

V2:V2{4+ 2(1+Vsk)}+ 1 |:n(17$h)+nish+l_7n:|

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

7
P[MPa] =1MPaxe 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

I _P_(280KY
4, [Pa-s]=1.03x10° [Pa 5]{1+0'053|\/|Pa( T ”

Younglove and Ely
(1987)

Liquid viscosity

1808.5K

U, [Pa-s]=21x10"[Pa-sle T

Sanchez and
Santamarina

Freezing point of seawater

T, =-0.05755(%0) +1.710523x10°S(%o)"*
—2.154996x10™*S(%,)° —0.0753P

Fofonoff and Millard
(1983)
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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 a readable introduction for each property; including:

“Descriptions”,

“Definitions

parameters”,  “Functions/  scripts”, and

“Calculations/examples”. Figure 3.4 shows a Mathcad based 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 reference of functions were introduced in “Descriptions”, while
parameters in functions were defined in “Definitions and parameters”, scripts can be
found in “Functions/scripts”, and a simple example of application of functions can be
found in “Calculations/examples”.

Model predictions can be made by providing input and choosing proper parameters. Also
recommended parameters are listed in the “Parameters to choose” section. Figures 3.5

show examples of the Mathcad based IT tool interfaces for parameter input/selection.

lce saturation

§=1-5,- 8 -5.=0

Input Output
Pressure = . kg
. P=IMPa Gas density fa pg\_P__T.eptdmsin_.)' = ?23]—‘3
Seawater properties Temperature I=2K Densit B o
) Y HBS density
Salinity §=3 |
fhbs= phbsln.Sw.Sl.Sg.Sh.pm.P.T.ep[deH}.} =1873x 1
Water saturation S5 =
Hydrate saturation 8y, =02
Sediment pore fluid h Phase boundary  Dissociation pressure
Gas saturation 5, =01 6
= Pis, = Pais(T.8) = 2933 x 10°Pa

Freezing point

Te= Tp(P.5§) = 2T1132K

Porosity n=04
n . "
Sediment properties Void ratio &= T 0.66 Wave velocity S-wave velocity
2 Vo= Vg ol Sl .oy = 25007
Specific surface 8 = 1000 — P ocit - :
-wave velocity
Poisson's ratio Vg =015 S . o185 10
k V, =V (R 05 B =183« 100 —
s p = Vp_sel Vs Vsk -Phbs-"-2h ) <
Specific gravity G =2 Stiffness Small-strain stifness
_ - P G = ppp. Ve = 3565 10°Pa
Density P = 100G = 27 107 = &7 Phbs s
m
Sediment grain -
Bulk stifiness Bap = 43672
. W Strength Max g . 6
Thermal conductivity Ay =0 o 95,= S Sy .n.0p.2.b) = 1055 x 10°Pa
Heat capacity e = 2300 ! .
m ke K Hydraulic conductivity

Parameters to choose
Density 1 (opt==1, Van der Waals equation
OPldensity = opt==2, Peng-Robension equation
opt==3, correlation from Sanchez and Santamarina)
m Recommended values for parameters (Lee et al | 2010)
S-wave velocity o= 80— :
5
P-wave velocity 3= 025 Soil type ofmis) B ]
6= 015 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
Strength a=135 Recommended values
po=014 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
Hydraulic conductivity Recommended values
by =3 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 MODELING

Geomechanics is a key component in the numerical modeling of engineering problems
involving HBS. Several types of mechanical constitutive models for hydrate bearing
sediment have been proposed in the last few years. (Miyazaki et al., 2012; Kimoto et al.,
2007; Klar et al., 2010; Rutqvist and Moridis, 2007; Pinkert and Grozic, 2014; Pinkert et
al., 2015; Lin et al., 2015; Gai and Sanchez, 2017; Sultan and Garziglia, 2011; Uchida et
al., 2012; Uchida et al., 2016; Gai and Sanchez, 2016; Gai,2016; Jiang et al., 2014; Jiang
et al., 2015; Liu et al., 2014; Shen et al., 2016a; Shen et al., 2016b; Yu et al., 2016; Shen
and Jiang, 2016, Sanchez et al., 2017). Only 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 Duncan-Chang model (Duncan et al., 1970). The Mohr—Coulomb
(MC) model has been adopted by several researchers to describe the behavior of HBS.
For instance, Rutqvist and Moridis (2007) simulated the geomechanical changes during
gas production from HBS undergoing depressurization-induced dissociation using a
modified MC model. Klar et al. (2010) proposed a single-phase elastic—perfectly plastic
MC model for hydrate soils based on the concept of effective stress that incorporates an
enhanced dilation mechanism. Pinkert (2014) and Grozic (2015) proposed a model based
on a non-linear elastic model (dependent on Sh) and the on MC failure criterion. The
extension of MC type models to deal with hydrates is generally carried out by
incorporating a dependency of the cohesion with the hydrate concentration (Klar et al.,
2010; Rutqgvist and Moridis, 2007; Pinkert et al., 2014). However, Pinkert (2016) showed
that by using the Rowe’s stress-dilatancy theory (Rowe, 1962) it was possible to model
the behavior of hydrates without the need of enhancing the cohesion with the increase of
Sh. As it is well-known, MC type models cannot capture plastic deformations before
failure and are unable to simulate positive (compressive) plastic deformations.

The model based on the Modified Cam-Clay (MCC) framework proposed by 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 experiments. The critical state
model for HBS proposed by Uchida et al. (2012; 2016) is based on the MCC model and
its validation was performed using published experiments conducted at constant hydrate
saturation. Jeen-Shang et al. (2015) developed a critical state model based on the ‘spatial
mobilized plane’ and sub-loading concepts. Kimoto et al. (2007) proposed an elasto—
viscoplastic model to analyze ground deformations induced by hydrate dissociation. The
discrete element method has also been used to simulate the mechanical behavior of HBS
(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., 2016Db; Yu et al., 2016). All the mechanical models discussed
above have been used to simulate tests performed at constant hydrate saturation.

In this project a new elasto-plastic 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
developed to provide a general and adaptable geomechanical model for hydrate bearing
sediments. Recently published experimental data based on synthetic and natural
specimens involving different Sh and hydrates morphology was adopted to validate the
proposed approach. The model application and validation do not limit to cases in which

29



Sh 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 behavior of HBS 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 hydrates to the mechanical behavior during loading and
dissociation, aspect that was not studied before with an elastoplastic model for HBS.

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

In the following section the mechanical behavior of HBS is briefly discussed to provide
some background information about the key features of this material. An advanced
model for HBS is proposed to deal with problems involving hydrate dissociation. The
effect of cryogenic suction on the mechanical response of soil is also discussed.

4.1. Mechanical Behavior of HBS - Experimental evidences

Loading tests at constant hydrate saturation. Triaxial tests at constant hydrate saturation
have provided very useful information to understand the influence of hydrate saturation
and morphology on the mechanical behavior of HBS. 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 peak stress) 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 saturation (Miyazaki et al., 2011; Masui et al.,
2008). It has also been observed that the stiffness of HBS 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., 2007; Zhang et al., 2012).

Hydrates are generally present in sediments in three main morphology types (Soga et al.,
2006; Waite et al., 2009): a) cementation (Fig. 4.1a); b) pore-filling (Fig. 4.1b); and c)
load-bearing (Fig. 4.1c).
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a) cementation; b) pore filling; C) supporting matrix

Figure 4-1 Main types of hydrate morphology: (a) cementation; (b) pore-filling; 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 investigation (Chaouachi et al., 2015, that 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 between soil particles (Aman et al., 2013; Clayton
et al.; 2010, Jiang et al., 2014, Jiang et al., 2015; Lin et al., 2015; Liu et al., 2014; Masui
et al., 2005; Pinkert, 2016; Priest et al., 2009; Shen et al., 2016a; Shen and Jiang, 2016;
Shen et al., 2016b; Uchida et al., 2012; Uchida et al., 2016; Waite et al., 2009; Yu et al.,
2016). Even a small hydrate saturation can significantly contribute to increase the
sediment stiffness and strength in this morphology type (Dvorkin and Uden, 2004). As
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 hydrates also impacts on the mechanical properties of the sediments. When
hydrate saturation is above 25%, this morphology turns into the load-bearing type (c)
(Berge et al., 1999; Yun et al., 2005; 2006) Sediment permeability and water storage
capacity are significantly affected by the presence of hydrates in the load-bearing form
(Helgerud et al., 1999). This mode is generally found in fine-grained soils and a typical
example is the Mallik 5L-38 sediment (Dai et al., 2004).

Figure 4.2a presents typical results showing the effect of Sn on stress-strain behavior and
strain-volumetric response of natural methane hydrate samples under triaxial conditions
(Masui et al., 2008). While figure 4.2b shows the tests conducted by Masui et al. (2005)
to study the influence of hydrate morphology on the geomechanical response of hydrate
bearing sediments. The sample without hydrates (i.e. pure sediment) exhibited lower
stiffenss, strength, and dilatancy. The presence of hydrates increases these mechanical
properties. The maximum values corresponds to the cementing mode (i.e. type ‘a’,
above).
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Figure 4-2 Tests on natural and synthetic HBS in terms of stress-strain behavior and volumetric
response a) specimens prepared at different hydrate saturation; and b) samples prepared with
different hydrate morphology (Masui et al., 2005; 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 section. Hyodo et al. (2014)
adopted a temperature-controlled high pressure triaxial apparatus to mimic the formation
and dissociation of methane hydrate in the deep seabed. This device was used to conduct
a series of triaxial compression tests on synthetic HBS samples under various stress
conditions. Toyoura sand was chosen as the host material with a similar porosity (i.e.,
~40%), and with Sh ranging from ~37% to ~53%. Firstly, water and sand were mixed to
form the specimen at the target density. The sample was placed in a freezer to keep it
stand and then in a triaxial cell, at the target pressure and room temperature. Once the
specimen was thawed, methane was injected into the specimen, while keeping the cell
pressure and temperature condition inside the hydrate stability zone.

Three experiments were selected in this work for the numerical simulations (see Section
4.4), namely: two triaxial tests at which hydrate dissociation was induced at two different
initial axial strains (i.e., &a=1%, and &=5%), and a third one in which the sample was
subjected to shearing after the hydrates dissociated completely. These tests were
conducted under isotropically consolidated specimens at an effective confining stress
o'«<=5 MPa under drained conditions. Figure 4.3a presents the main experimental results.
In one of the hydrate dissociation tests, the specimen was firstly sheared up to g=~8.4
MPa (i.e., at £a=1%), then hydrate dissociation was induced at constant stress conditions,
and once hydrate dissociation was completed, but the shearing continued up to £=20%.
A similar procedure was followed for the other test, but the maximum deviatoric load in
this cases was g=12 MPa (i.e., at £&a=5%).

The responses observed under these tests conditions are quite different. In the first test,
the deviatoric stress after hydrate dissociation was 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 induced at £=5%) the
deviatoric stress was higher than the strength of the dissociated sample. In consequence,
a stress-softening 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 dissociated sample. More details about these tests and the
associated modeling are presented later on when modeling these tests.

Another set of experiments modeled in this study corresponds to the tests reported by
Santamarina et al. (2015). Two natural core samples were extracted from the Nankai
Trough, offshore Japan, using the Pressure Core Characterization Tools (PCCT)
(Santamarina et al., 2012). The tested cores were predominantly sandy- and clayey-silts,
but also contained some silty-sands. Hydrate saturation ranged from ~15% to ~74%,
with significant concentrations in the silty-sands samples. The PCCT was able to
maintain the HBS cores stable at field conditions. After retrieval, the cores were loaded
under oedometric conditions and at some point, hydrate dissociation was induced under
constant effective stress conditions. The mechanical behavior of the HBS specimens
before, during and after dissociation was recorded.
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Figure 4-3 a) Experimental results for 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 shows the results of a typical test in the ‘effective stress chamber’ (i.e., the
sample coded as ‘core-10P’, with an initial Sh~74%). Prior to hydrate dissociation, the
specimen was loaded up to an applied effective vertical stress ¢'v=3 MPa, then hydrate
dissociation was induced via depressurization, maintaining the effective stress constant.
Once the hydrates were fully dissociated, the specimen was loaded up to ¢/v=9 MPa, and
it was unloaded afterwards. A significant volumetric collapse-compression deformation
was observed during dissociation under load. This test and another one with lower
hydrate dissociation (i.e., Sh~18%) are modeled and discussed later on when modeling
these tests

4.3.

The mechanical behavior of HBS 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,
pore-filling, or load-bearing s). It was observed that the behavior of HBS during hydrate
dissociation (and after it) depends on stress level, as shown in more detail in later on
when modeling these tests. It has also been suggested that hydrate bonding effects can be
damaged during shearing (Lin et al., 2015; Uchida et al., 2012; Uchida et al., 2016).

The progressive stiffness degradation in tests involving HBS is generally very evident.
Figure 4.4a illustrates the phenomenon of hydrate 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 observed during dissociation under normally
consolidated conditions (e.g., Fig. 4.3b). In summary, the mechanical response of HBS is
highly non-linear, controlled by multiple inelastic phenomena that depends on hydrate
saturation, sediment structure, and stress level. In the following section, two advanced
elastoplastic models for HBS is presented in detail.

Discussion
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(b) Hydrate dissociation =» Sediment collapse

Figure 4-4 a) Schematic representation of the hydrate damaged during shearing; b) rearrangement
of the HBS structure upon dissociation.

4.4. Advanced geomechanical model

In this section a new elasto-plastic model based on the stress partition concept (Carol et
al., 2001, Fernandez and Santamarina, 2001, Pinyol et al., 2007, Vaunat and Gens, 2003)
and the Hlerarchical Single Surface (HISS) framework (e.g., Gai and Sanchez, 2016,
Sanchez) was selected to provide a general and adaptable geomechanical model for
hydrate bearing sediments. Recently published experimental data based on synthetic and
natural specimens involving different Sn and hydrates morphology was adopted to
validate the proposed approach. The model application and validation do not limit to
cases in which Sy 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 behavior of HBS 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 hydrates 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 stress-partition concept proposed by Pinyol et al. (2007) for clayed cementing
materials is adapted in this work for describing the behavior of HBS. The main reason
behind the selection of this model is that it is extremely well suited to deal with materials
that have two main constituents (i.e. ‘hydrates’ and ‘sediments’ in this case), feature that
is not considered in previous models for HBS. 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 represented
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by a damage model that is able to account for the material degradation induced by
loading and hydrate dissociation. As for the sediment skeleton, a model based on critical
state soil mechanics concepts is adopted, which is an appropriate approach for describing
the elastoplastic behavior of the soils. The particular constitutive equations adopted
hereafter are based on a modification of the HISS elasto-plastic model (Desai, 1989;
2000). The proposed framework also incorporates sub-loading and dilation enhancement
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, the stress 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 and dilation
enhancement effects), inelastic mechanisms are incorporated into a critical state model
for the sediment to account for these effects.

The main model components and its mathematical formulation are detailed below,
introducing firstly some basic relationships, detailing afterwards the specific constitutive
models for the hydrates and sediment, and developing finally the global stress-strain
equations.

4.4.2. Basic relationships

The stress-partition concept (Pinyol et al., 2007) was adopted to develop the basic
relationships. The total volume of the sample (V) can be computed as:
V=V, +V, +V,

(4.1)

where Vs is the volume of sediment skeleton, Vi is the volume of hydrate, Vs is the
volume occupied by the fluid in the pore space (Figure 4.5).

Assuming that the soil grains are incompressible, the total volumetric strain can be
defined as:
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Figure 4-5 Schematic representation of a HBS.
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where the superscript v indicates volumetric strains. The volumetric strain of methane
hydrate is computed as:

. Ay,
"Iy,
h

(4.3)
The deformation of hydrate can be defined locally through the following relationship:

AV AV
Y, V. V

(4.4)

where Ch is the volumetric concentration of methane hydrate; which in turns is equal to
the porosity (¢) times the hydrate saturation (i.e., Ch= ¢ Sn). From equations (4.2) and
(4.4), the total volumetric strain accounting for both the sediment skeleton (i.e., subscript
ss) and the hydrates deformations can be calculated as:

e =¢,+C.é& wa

In a similar fashion, the deviatoric strains can be computed as:

q_ .0 q
e =g,+C¢g, 4.5)
The relationships that link hydrates and soil skeleton strains are proposed following an
approach similar to (Pinyol, 2007):

&y = AEs (4.6)

9 _ a0
8h Xsss (47)
where y is the strain partition variable that evolves during loading. The evolution law for
this variable is presented in Section 3.3. From these equations, it can be anticipated that
when the sediment skeleton deforms, the local hydrate strain reduces if y decreases.
Combining equations above leads to:

vo_ X v
“T1c (4.8)
x
P £
" 1+C.y (4.9)

Equations (4.26) and (4.27) can also be written as a vector:

1+C x

€,
(4.10)

In the following sections the specific constitutive models for the hydrate and sediment
skeleton are discussed.
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4.4.3. Constitutive model for the methane hydrate

The damage theory is an appropriate framework to describe the degradation process of
geomaterials subjected to loading (Kachanov et al., 1987). Isotropic scalar damage
models track the degradation behavior of materials via damage variables. Loading
degradation occurs when the stress state arrives to a predefined threshold. As mentioned
above, previous studies suggested that hydrate can be damaged during shearing (Lin et
al., 2015; Uchida et al., 2012; 2016). It is also assumed here that the material degradation
takes place during hydrate dissociation. When the stresses are below a pre-established
threshold, a linear elastic response of the material is assumed via the following
relationships:
S = Doty (4.11)
where on corresponds to the stresses taken by the hydrate and Dno is the methane hydrate
elastic constitutive matrix of the intact material, as follows:

Ko +gGhO Kio —%Gho Kho —%Gho 0 0 0
Kho +gGhO Kio —%Gho 0 0 0
Dio = K., +gGh0 0 0 (4.12)
Symetric G, 0 O
G, O
L Gho ]

where K,, and G,, are the bulk and shear moduli, of the intact hydrate, respectively.
A logarithmic isotropic damage variable (L:+o0> L >0) is introduced to account for the
damage induce by loading (Fernandez et al., 2001). The following expressions can be
adopted for damaged states:

6, =¢ ‘D, g, =D,g, (4.13)

where D is the methane hydrate constitutive matrix.

It is assumed that the material damage and the subsequent changes in L can be related to
the variation in the energy (per unit of volume) stored in the hydrates (Carol et al. 2001).
This energy can be defined as the elastic secant energy that would be recovered upon
unloading; which, e.g. for triaxial conditions, can be written as:

Up = 1( Phén +Qh€r?)
2 (4.14)

The hydrate damage locus is defined by a threshold value ‘r,” of the secant elastic

energy that can be represented by an ellipse in the ‘pn-gn’ space. The hydrate stiffness
remains constant when the stresses are inside that ellipse. Loading damage takes place
when the changes in the stress state is such that the secant elastic energy reaches ro.
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During damage, the associated variable L increases, inducing a reduction of the material
stiffness. The damage evolution is determined by (Pinyol, 2007)
Ly =Te™ =U, (4.15)

The damage rate is controlled by ri. The consistency condition is adopted for defining
the evolution law for L. The following evolution law for the partition variable is adopted:

L
a2

where 1y, is an initial reference value assumed for the partition variable.

4.4.4. Constitutive model for the sediment skeleton

The constitutive model for the soil skeleton is based on a modified HISS framework. The
constitutive equation incorporates sub-loading concepts, as well as hardening and
dilation enhancement mechanisms associated with the presence of hydrates in the
sediments. The modified HISS model involves a single and continuous yield surface that
can adopt different shapes depending on the selected parameters (Desai et al. 1986;
1989; 2000). The HISS yield surface (F) is given by:

F = %qssz _97|:( pss )2 _( pss )n pCZn:| (417)

where a and y are model constants; n is the parameter related to the transition from
compressive to dilative behavior; p’ss and (ss are the mean effective and deviatoric
stresses, respectively, both associated with the sediment skeleton; M is the slope of
critical line in the gss-p 'ss Space; and pc is the effective pre-consolidation pressure.

The mean effective stress (p’ss) and the elastic volumetric strains are related through the
stress-dependent elastic sediment bulk modulus K ’ss:

K, =—p, (4.18)
K

where Vv is the specific volume; and x is the slope of the unloading/reloading curve
in the void ratio (e) versus log(p’ss) space. The sediment-skeleton shear modulus (Gss)
relates the deviatoric elastic strains with the deviatoric stresses.

An isotropic strain hardening behavior in terms of the plastic volumetric deformation
(&"P) is adopted:
dp, __v

=——de” (4.19)
P, A—-k

where )\ is the slope of the normal compression line in the e-log(p’ss) plane. It has
assumed that the yield surface F and the plastic potential G coincide (i.e. associated
plasticity). A non-associated flow rule can be easily incorporated if necessary.
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de” =A§—G:A£

o, 0o (4.20)
where A is the plastic multiplier and o, is the effective Cauchy’s stress tensor.

The isotropic expansion of the yield surface is controlled by the hardening parameter
‘pa’. Based on (Uchida, 2012), the influence of hydrates in this law is considered as:

P =a(2C,)’ (4.21)
where « and g are constants that describe the degree of hydrate contribution to the
hardening law. In all the analyses conducted in this work, a good agreement with the
experimental data was obtained when £=1, therefore this parameter could be excluded
from the formulation, however it was kept to provide more flexibility to model in case is
necessary. Also, previous works adopted a similar expression for pd. Note that the
presence of hydrate is also accounted when modeling the soil skeleton because of the
profound impact of hydrates on sediment matrix behavior. Equation (4.21) considers that
once the hydrates fully dissociate, the behavior of the pure soil skeleton is recovered.
The partition parameter y accounts for the effect of hydrate degradation on the
preconsolidation pressure and it also provides a link between the damage law for the
hydrates and the critical state model for the solid skeleton. The yield function (YF)
incorporating the strength enhancement associated with the presence of methane hydrate
can be expressed as:

F, =%qsf —9y[( p. ) —(ps) (p. + pd)z‘“} (4.22)

where Fb corresponds to an external (limit) surface, called hereafter boundary yield
surface. This surface coincide with F when the effect of hydrates on the sediment matrix
vanishes because of hydrate dissociation or damage.

To account for inelastic deformations that may occur inside the bounding yield-surface
sub-loading concepts are incorporated into the model formulation. This technique also
smooths the transition between elastic and plastic states. Sub-loading concepts were used
before with success to model the behavior of HBS (Lin et al., 2015; Uchida et al., 2012;
2016). The sub-loading yield surface and the yield surface F, are geometrically similar.
The sub-loading surface passes through the present stress state and it evolves during
yielding. More details about sub-loading concepts can be found elsewhere (e.g.,
Hashiguchi et al., 1977). The modified sub-loading yield surface (Fs) incorporating pd
can be written as:

F= 20,2 -97{(0.) ~(p.) [R(p.+ )] 429

where R is the sub-loading surface ratio. As suggested by Hashiguchi et al.(1977), it is
assumed that 0<R <1. The changes in R are defined through the following evolution
law (Uchida et al. 2012; 2016):

dR=—7InR|de’| (4.24)

39



where |deP| is the norm of the incremental plastic strain vector and » is a sub-loading

parameter that controls the plastic deformations inside Fp. The term between brackets in
Eq. (4.41) is called effective hardening parameter (i.e., H=R(pc+pd)). The three yield
surfaces considered in this model are presented schematically in Figure 4.13.
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Figure 4-6 Yield surfaces considered in the proposed model.

The consistency condition is enforced to ensure that the stress state remains on the (sub-
loading) yield surface during yielding:

dF, = aFP do_, + o, dp, +£dpd + PR
o, op, op, R (4.25)

After substituting the flow rule into the consistency condition (4.25), the plastic
multiplier can be obtained as:

.
( oF, j do_ + oF, afy(C, )ﬁ_l dC,

_ 86;5 apd
SO (v oF, oF, oF, (4.26)
Y p, T T (<) inR|
op, \A—k ) " op, R o6,

The constitutive relationship for the sediment skeleton is obtained following the
procedure suggested in (Pinyol, 2007).

do,, =D de+d dC,

(4.27)
where:
I oF (oF Y |
DL | - | DS
0o | 06
Dss: Dis_ T
oOF ) OF OF( v oF, oF, oF, (4.28)
S| D=+ —— P —=+—=(-n)InR| =
I oo, oo, op,\A-k) “op, oR oo, |
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s pc ‘s + s ( _77) |n R Is
op,\L—k ) “ap. R oa.,

where Ds is the sediment skeleton elastic constitutive matrix, with a structure similar to
EqQ. (4.12) but K’ss (i.e., Eq. (4.28)) and Gss are used instead of Kno and Gno, respectively.
Equation (4.27) shows the effect of hydrates on effective stress; which in turns affects
the mechanical behavior of HBS. This equation also shows that the effect of hydrates
vanishes once they dissociate and the true response of the sediment matrix is recovered.

4.4.5. Final stress-strain relationships

To obtain the expressions relating the external effective stress o’ with the two stress
components, the principle of virtual work is advocated, which for triaxial conditions can
be written as (Pinyol et al. 2007):

pde’ +qde? = p de’ +q.de’ + p,C,de’ +q,C de’ (4.30)
The following equation is obtained after replacing equations (4.8) and (4.9) into equation
(4.30):

de’ +qde® = p,de’ +q.de’ + p,C, —L—de’ +q,C, —Z—d &
p q pss qss ph h1+ChZ qh hl_'_ChZ (431)

Considering that the equation above is valid for any external strain:

—n Cux
p - pss 1+Chx ph
(4.32)
Cx
=0, +
q qss 1+Chx qh
(4.33)

For a given Ch the redistribution of external stress between hydrates and soil skeleton is
given by y. When y decreases (i.e., when degradation is taking place), the mechanical
contribution associated with the hydrates is progressively transferred to the sediment
matrix. A similar phenomenon takes place during dissociation, and once the hydrates
fully dissociate, the external stresses are equal to the soil skeleton ones (i.e., as expected,
there is no contribution from the hydrates).

Considering equations above, the external (global) effective stress can be expressed as
follows.
Cx

do =do_ +
1+C x

do,

(4.34)
Finally, do’ becomes:
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2 2
do =| D +| —%—| D, |de+|d, +e,| —4—-C,| —2£ dc,
1+C x " 1+C x 1+C x
(4.35)

The constitutive equations described above provide the relationships between the
external stresses in terms of hydrate and soil matrix stresses. Eq. (4.34) in particular
expresses the changes in external effective stresses, when changes in total strains and
hydrate concentration take place. Note that Ch is acting as a ‘pseudo-strain’ (i.e. Eq.
4.53), in the sense that changes in hydrate concentration also induce changes in effective
stress.

4.4.6. Model Application

The performance of the model presented above was compared against available (recently
published) experimental data involving a variety of conditions, from tests at constant S,
to experiments involving hydrate dissociation at constant stresses.

The same parameters for the hydrate were assumed in all the cases analyzed in the
following sections. For example, Kn, Gh can be considered as material constants for
hydrates; which can be obtained from the literature (e.g. Miranda and Matsuoka, 2008).
As for the model related to the sediment skeleton, an ellipse (as in the MCC model) was
adopted initially in all the cases. However, when the response of the suggested approach
based on the MCCM vyield surface was not satisfactory, its shape was slightly modified to
improve the model performance. More details about the determination of the model
parameters are provided below in each one of the analyzed cases. It is also worth
mentioning that the main aim of the modeling was not to exactly reproduce the
experimental behavior, but to check whether or not the suggested approach was able to
capture the main features of HBS behavior observed in these experiments.

The equations presented above can be integrated numerically as suggested in Pinyol et
al. (2007). The stress integration method proposed by Sloan et al. (1987) was adapted for
the specific characteristics of this model (Gai and Sanchez 2017). All the analyses
presented in this study correspond to the ‘point integration level” type. For the modeling
of the tests loaded at constant hydrate concentration (i.e. cases below in Case 1 to 3 and
5), dCh was kept constant, changes in de were introduced by steps and do” was updated
correspondingly (see Eq. (4.35)). While for those cases in which hydrate dissociation
was induced at constant effective stress (i.e. cases below in Case 4 and 6), do’ was hold
constant, dCh was changed by steps and Equation (4.35) was solved in terms of de. All
the experiments analyzed in this research were conducted under drained conditions.

Casel. Effect of hydrate saturation on HBS behavior. Hyodo et al. (2013) reported
triaxial compression tests on synthetic HBS samples conducted at four constant hydrate
saturations (i.e. Sh=0; 24.2; 35.1; and 53.1%). All the samples were prepared at a similar
porosity (i.e., ¢~40%). The effective confining pressure for all the tests was 5 MPa. The
samples were isotopically consolidated first and then subjected to shearing. The main
test conditions related to this experimental study are listed in Table 4.1.
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Table 4-1: Test conditions for triaxial compression tests studied in Casel

Effective confining Porosity Sh
pressure (MPa) (%) (%)
39.4 0
39.6 24.2
5 39.2 35.1
40.1 53.1

The model parameters were determined using back-analysis based on two tests, the one
involving sediments without hydrates (i.e., Sh=0) and the test related to the highest
hydrate saturation (i.e., Sh~53.1%). Then, this model (without modifying the parameters
adopted before) was used to predict the behavior of the samples with Sh~24.2% and S
h~35.1%. Table 4.2 lists the parameters adopted in the numerical simulations. Figures
4.6&b show the comparisons between experimental and model results for the different
hydrate saturations in terms of deviatoric stress and volumetric strains versus axial
strains. The specimen corresponding to hydrate saturation equal to 53.1% presents a
(slight) stress-softening (post-peak) behavior and a dilatant response; while all the other
samples exhibits a predominant compression behavior. The relatively high confining
pressure at which these tests were performed (i.e., o'c<=5 MPa) could be one reason for
the predominant hardening behavior with positive volumetric strains observed in the
experiments. In all the tests the initial stiffness and shear strength increase with Sh. The
model was able to match very satisfactorily the stress-strain curves for all the
experiments under study, i.e. the ones used for calibration and also the others two
prediction tests. The agreement between tests and models results in terms of volumetric
behavior is also excellent (Fig. 4.7b).

Table 4-2:; Soil parameters adopted in the modeling of HBS in Casel

. Test Test Test
Properties TestSh=0 g 91906  $,=351%  Sn=53.1%
M 1.30 1.30 1.30 1.30
A 0.16 0.16 0.16 0.16
K 0.004 0.004 0.004 0.004
pc (MPa) 10.0 10.0 10.0 10.0
a 3 3 3 3
n 1 1 1 1
Y -1/9 -1/9 -1/9 -1/9
Ch (initial) 0 0.096 0.138 0.213
o - 32 32 32
B - 1.0 1.0 1.0
r - 4.1 4.1 4.1
o - le-5 le-5 le-5
n 42 42 42 42
P - 1 1 1
Kn (MPa) - 9600 9600 9600
Gh (MPa) - 4300 4300 4300
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Figure 4-7 Comparisons between model and experimental results for synthetic samples of HBS
prepared at different hydrate saturations: a) stress-strain behavior; b) volumetric response.
Experimental data adapted from (Hyodo, 2013).

Case2. Effect of hydrate morphology on HBS behavior. Triaxial compression tests based
on synthetic methane hydrate samples were performed by Masui (2005). Some
specimens were prepared using the ice-seed method that generally produces gas hydrates
with dominant pore-filling pore-habit (Masui et al. 2005). For other samples, the partial
water saturation method was adopted, which generally leads to HBS where the
cementing morphology type is dominant. Toyoura sand was adopted for all the tests.
These specimens were tested in a triaxial device capable of reproducing fluid pressures
equivalent to conditions of around 800 meters under sea level. The tests were conducted
at a o'c=1.0 MPa. No hydrate dissociation was induced during the experiments. The three
experiments presented in Figure 4.2b carried out by Masui et al. (2005) were selected to
study the capability of the model to reproduce the effect of hydrate morphology on the
mechanical behavior of HBS. The main parameters adopted for the numerical analysis
are listed in Table 4.3. Masui et al. (2008) reported porosity values between 37.7% and
42.4%. The hydrate saturation was very similar in both tests (i.e., Sh~0.41).

Figure 4.15 shows the comparisons between experimental results and model outputs in
terms of stress-strain and volumetric behaviors. The model was able to capture very
satisfactorily the different features of HBS behavior (i.e. increase of stiffness, strength
and dilation in the samples with hydrates) observed in these tests involving different
hydrate morphologies and pure sediment. The model was able to satisfactorily capture
the more marked mechanical effect that the cementing form has on HBS behavior when
compared against the pore-filling morphology type. One issue to note is that the model
under-estimate the sediment dilatancy and softening for the cementing case. Note that
the same HISS model parameters were adopted for the sediment in the three cases since
they do not depend on the hydrates pore-habit. As discussed before, it was assumed that
the initial strain-partition parameter y, (i.e., EQ. (4.34)) depends on hydrate morphology.
The value of the cementing sample was adopted higher (i.e., y=1.5) than the pore-filling
one (i.e., y~=1.0)
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Table 4-3: Soil parameters adopted in the modeling of Cases in Case2

Pure Pore-

Propertles sand fl”lng Cementlng
M 1.17 1.17 1.17
A 0.18 0.18 0.18
K 0.006 0.006 0.006
pc (MPa) 12 12 12
a 3 3 3
n 1.02 1.02 1.02
y -1/9 -1/9 -1/9
Ch (initial) 0 0.16 0.16
a - 35 70
B . 1.0 1.0
r - 11 1.05
ro - 7e-5 le-4
n 15 15 15
70 0 1.0 1.5
Kn (MPa) - 9600 9600
G (Mpa) - 4300 4300
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Figure 4-8 Comparisons between model and experimental results for synthetic Toyoura sand
samples with different hydrates pore habits: a) stress strain behavior; b) volumetric response.
Experimental data adapted from (Masui, 2005)

Case3. Modeling the behavior of natural HBS samples. Synthetic methane hydrate
specimens were modeled in the two previous Cases, in this one, experiments involving
natural hydrate samples conducted by Yoneda et al. (2015) are studied. Core samples
were retrieved from the Eastern Nankai Trough by means of the pressure core analysis
and transfer system. The natural sediments were maintained very close to the in-situ
condition (Santamarina et al. 2012). Table 4.4 lists the main soil properties and other
information associated with these experiments. Specimens identified as core#7 and
core#9, with Sp~38% and Sh~79%, respectively, were tested under triaxial drained
conditions.

As explained in Yoneda et al. (2015), the manipulation of core#9 and core#7 induced
changes in the material. Core#7 was treated using liquid nitrogen (LN2) core method,
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while core#9 was treated using CH4 purge LN2 core method. In these two methods, the
specimens were exposed to the atmospheric pressure, which might induce hydrate
dissociation. Yoneda et al. (2015) suggested that the plausible in-situ hydrate saturation
for core#7 could be between 65% and 90%, but because of the sample handling, the
hydrate saturation decreased up to ~38% (i.e. at test condition). Furthermore, some
damage of the core was observed in the CT images which means that the soil structure
was affected by the handling method. As for core#9, the in-situ hydrate saturation was
between 70% and 95%. It was also estimated that the hydrate saturation at test condition
was around 79%. Furthermore, no damage was observed in this specimen which implies
that when core#9 was tested at conditions similar to the field ones. Based on the
comments above these two cores correspond to different materials and therefore slightly
different parameters were assumed in the simulation of these two cases. However, the
same critical state parameters were assumed for both cases because they are not related
to the hydrate morphology. Table 4.5 lists the adopted parameters.

Table 4-4: In situ conditions, soil properties, and testing conditions for tests presented in Case3

Test name Host type Overburden 0’3 Water content (%) ) Sh
(m) (MPa) (%) (%)

#7 Silty sand 279.3 15 26.4 441 38

#9 Silty sand 294.2 1.6 22.7 39.4 79

Figure 4.9 presents the experimental and numerical results for the stress-strain behavior
and volumetric response of the natural HBS core samples discussed above. Core#9
exhibits a very noticeable peak strength, with a significant enhancement in stiffness and
dilatancy, which can be associated with the higher hydrate saturation of this sample
respect to core#7. As shown in Figure 4.9, the model provides enough flexibility to
satisfactorily reproduce the mechanical behavior of two natural samples from Nankai
Trough. The performance of the model is very satisfactory but for some slight deviations
in terms of volumetric strain.

Table 4-5: Soil parameters adopted in the modeling of HBS specimens in Case3

Properties Core7 Core 9
M 1.26 1.26

A 0.16 0.16

K 0.014 0.014
p. (MPa) 12 12

a 3 3

n 0.98 0.98

¥ -0.14 -0.14
Ch (initial) 0.1675 0.311
o 6 21

B 1 1

r 1.1 1.3

ro le-5 1.25e-4
n 3 48

0 1 1

Kn (MPa) 9600 9600
Gh (MPa) 4300 4300
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Figure 4-9 Model and experimental results for triaxial tests on natural samples: a) stress strain
behavior; b) volumetric response. Experimental data adapted from (Yoneda et al. 2015)

Case4. Effect of hydrate dissociation on HBS behavior under triaxial conditions. The
tests conducted by Hyodo et al. (2014) were selected to study the effect of hydrate dissociation
under triaxial conditions. The main information about the samples and tests details were
introduced before. Table 4.6 lists the main tests conditions related to these experiments.

Table 4-6: Test conditions of methane hydrate dissociation tests. Case4.

Consolidation o, Sy Porosity ~ Test Remarks

condition (MPa) (%) (%) N°

Isotropic 5 48.7 40.4 1 Dissociation-Shear

Isotropic 5 47.4 39.9 2 Shear1%-Dissociation—Shear
Isotropic 5 47.9 39.8 3 Shear5%-—Dissociation—Shear

These tests provide very useful information about the effect of hydrate dissociation at
two stages of shearing. When the dissociation was induced at £=1%, the stress
conditions were quite far from the failure of the dissociated sediment (i.e., the deviatoric
stress of this sample at £&a=1% was 8.4 MPa, while the strength at failure of the already
dissociated sample was around 10 MPa). However, when the hydrate dissociation started
at £=5% the deviatoric stress (i.e. =12 MPa) was higher than the strength of the
dissociated sediment and it was difficult to maintain the constant stress condition during
dissociation. The sample failed and the deviatoric stress reduced tending to the strength
of the dissociated sample (i.e., g=10 MPa). These were quite complex experiments that
have been simulated following the reported test protocols (Hyodo et al., 2014).

The modeling of these experiments was approached as follows: i) first the test related to
the already dissociated sediment was simulated (using typical reported parameters for
this type of material, i.e. sand); then, ii) the test related to the dissociation at &a=1% was
studied (and used to adjust the model parameters for the HBS case); and finally, iii) the
test involving hydrate dissociation at an initial &=5% was simulated to validate the
proposed model under these particular conditions. Table 4.7 lists the main parameters
selected for the modeling. Figures 4.10 present the comparisons between experiment and
model results for the three cases discussed above.
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As for the already dissociated sample (Fig. 4.10a), quite good agreements were obtained
in terms of deviatoric stress and volumetric behavior. In particular, the model manages to
replicate well the maximum stress, but slightly under-predicts the maximum volumetric
strain. Figure 4.10b presents the experimental and numerical results related to the sample
at which dissociation was induced at £=1%. In addition to the external deviatoric
stresses (i.e., the one to be compared against the experimental observations), the
mechanical contributions of the hydrate and sediment skeleton are computed by the
model and included in this figure as well.

Table 4-7: Parameters adopted in the modeling of HBS specimens. Case4.

_ Shear after _ Dissociation _ Dissociation
Properties dissociation induced at &= induced at &=
1% 5%
M 1.17 1.17 1.17
A 0.12 0.12 0.12
K 0.002 0.002 0.002
pc (MPa) 115 115 115
a 3 3 3
n 1 1 1
¥ -1/9 -1/9 -1/9
Ch (initial) 0 0.195 0.195
a - 16 16
B - 1.0 1.0
r - 2.9 2.9
ro - le-5 le-5
n - 35 35
X0 - 3 3
Kn (MPa) 9600 9600 9600
Gh (MPa) 4300 4300 4300

Initially, both hydrate and sediment contributed progressively to the mechanical stability
of the specimen. Afterwards, during hydrate dissociation, the mechanical contribution
arising from the hydrate was progressively decreasing and transferred to the soil
skeleton, leading to an increase in the sediment stress during this step at constant global
stress. The external stress is solely supported by the soil skeleton at the end of the
dissociation process. Shearing continued after full dissociation and the deviatoric stress
increased until reaching the strength of the already dissociated sediment.

The model captures very satisfactorily the main trends observed in these experiments,
particularly: the degradation in stiffness during the initial loading stage, the (average)
deviatoric stress during dissociation, and the maximum final deviatoric stress after
dissociation. However, the experimental deviatoric stress at £a=1% is slightly higher than
the one computed by the model, and the axial strains observed during dissociation are
larger than the simulated ones. Note that in any case, the &Y during dissociation are well
reproduced by the model. The model slightly under-predicts & at advanced stages of the
experiment (i.e., &>12%). At that final stages of shearing, the three yield surfaces
considered in this model coincided in one, and the stress state is on the summit of that
ellipse. Therefore, according to the model, there are not changes in plastic volumetric
strains (i.e., de*? =0) and &P remains almost constant. In this way the model simulates
the material failure (i.e., continuous deformations at constant deviatoric stress).
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Figure 4-10 Experimental and modeling results for drained triaxial tests: a) already dissociated
sediment, b) dissociation induced at £=1%; and c¢) dissociation induced at &=5%.
Experimental data adapted from (Hyodo, 2014)

Once the model parameters were calibrated using the two previous cases, the ability of
the constitutive equation to predict the HBS behavior under dissociation was checked
against the third test. Fig. 4.10c presents the comparisons between the experimental
results and the model predictions for the case in which the hydrate was dissociated at
£&=5%. The model results are also very satisfactory in this case, the main tendencies
observed in this experiment are well captured by the model. However, the peak
deviatoric stress is slightly over-predicted by the model. There are also some differences
between the model predictions and the reported experimental data in terms of volumetric
behavior. Surprisingly, it was observed that there was not volume change at the end of
this test, because an apparent dilation during dissociation compensate the initial positive
volumetric strains. This final dilation in the experimental result seems strange, the
tendency during dissociation at high stresses under drained conditions should be to
contract, because the sediment structure tend to a more compact state as the hydrates
disappear. The positive &' predicted by the model during dissociation are related to the
volumetric compression plastic strains induced by the collapse of the sediment structure
during hydrate dissociation (as shown in Fig. 4.3.b, and illustrated in Fig. 4.4.b). This
structure-collapse behavior is explained in more detail in Case6.

Hyodo et al. (2014) experienced some difficulties to maintain the deviatoric stress
constant during dissociation in this test. Because of the progressive degradation of the
HBS structure during hydrate dissociation, it was impossible to hold the (high) deviatoric
stress applied just before dissociation (i.e., at £&a=5%). The mechanical contribution from
the hydrate (dash line) was gradually transferred to the sediment skeleton during
dissociation, and the global deviatoric stress decreased progressively until reaching the
maximum strength associated with the already dissociated sediment. At the end of
shearing phase, the model predicts that hydrates still contribute to the mechanical
behavior of the sample, this result is supported with the reported experimental data
indicating that not all the hydrates dissociated at the final axial strain (i.e., £2=20%).

Figure 4.11 shows additional information about this modeling. Figure 4.11a presents the
g-&a plot extended until full dissociation.During dissociation the bearing capacity of the
hydrates decreased and the stress were gradually transferred to the sediment. The model
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predicts that at advanced stages of shearing and hydrate dissociation all the external
stresses are supported by the sediment skeleton only. The effective hardening parameter
(H=R(pctpd)) always increased (Fig. 4.19b). This implies that Fs kept expanding during
the whole test. The variable R always increased during the simulation as well (Fig.
4.11b). The increase in H (i.e. hardening of the sediment skeleton) observed at advanced
stages of the experiment was induced by the volumetric-collapse-compression strains
discussed above; which compensated the decrease of ps during hydrate dissociation.
Figures 4.11c presents the three initial yield surfaces (i.e., F, Fs, and Fp) considered in
this model at the start of the test. Figure 4.11d presents these three yield surfaces at two
different stages: i) at £=15.3%, (when the sub-loading yield surface reached the
boundary one, F is still inside Fo=Fs, because p4 did not vanish totally at this stage); and
i) at the end of the test, when the three yield surfaces coincided in one.

The proposed model has not only reproduced and predicted satisfactorily the behavior
observed in the experiments, but it has also provided an explanation to the main features
and trends of HBS behavior observed during the tests. In the tests, the hydrate
dissociation was induced by heating (Hyodo, 2014).
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Figure 4-11 Additional modeling information for the test in which dissociation was induced at
&£=5%: a) extended stress-strain behavior; b) hardening variables, c) yield surfaces at the
beginning of the experiment; and d) yield surfaces at an intermediate stage of shearing
(£,=15.3%) and at the end of test.
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Thermal effects were not modeled in this analysis. This seems a reasonable assumption
as the main focus here was on the influence of hydrates dissociation on material
behavior. It also seems that temperature may have a small influence on the overall
mechanical behavior of the specimen in this type of experiment. A more sophisticated
analysis can certainly be done in the future incorporating thermal effects. The inclusion
of temperature could also help to reproduce these experiments more closely.

Caseb. Effect of coffining pressure and y on HBS response. Once the ability of the
model to reproduce the main tendencies observed in the experiments was checked, it
could be of interest to see how other factors (not modeled in the cases before) have an
influence on the behavior of HBS. It can also be relevant to explore further about how
the different parameters and inelastic mechanisms proposed in this model work to
simulate the main features of HBS behavior.

The first analysis in this section is relate to the effect of confinement on HBS behavior.
The study is based on the HBS specimen presented in Case4. Tests at two additional cell
pressures were simulated (i.e., oc=1 MPa and &'<=3 MPa) and dissociation was not
induced in this modeling (i.e., shearing at constant Sh=48%). Table 4.8 lists the adopted
model parameters. Figures 4.12a&b show that the confinement plays a critical role in the
behavior HBS, as o'c decreases the peak strength decreases, the dilatancy increases and
also the softening is more marked.

The plots in Figure 4.13 show more details about how the main variables of the model
evolve for the test at 'c=1 MPa. The hardening or softening behavior of the sediment is
controlled by the effective hardening parameter H, which depends on R, pc and pd
through H=R(pc+pd). It is assumed that the plastic deformations of the soil skeleton take
place from the beginning of yielding.

This is in line with previous works in this area. (e.g., (Lin et al., 2015; Uchida et al.,
2012; Uchida et al., 2016). Under this assumption, the model predicts plastic positive
volumetric strains at the start of the test (i.e., between ‘A’ and ‘B’, Fig. 4.13a&b),
because the stress state lies on the ‘wet side’ of Fs (Fig. 4.13c), therefore pc increases

Table 4-8: Parameters adopted in Case4 - Effect of confining pressure

Properties o'3=1 (MPa) o'3=3 (MPa) o'3=5 (MPa)
M 1.17 1.17 1.17
A 0.12 0.12 0.12
K 0.002 0.002 0.002
pc (MPa) 115 115 115
a 3 3 3

n 1 1 1

7 -1/9 -1/9 -1/9
Ch (initial) 0.195 0.195 0.195
a 16 16 16
i 1.0 1.0 1.0
r 2.9 2.9 2.9
ro le-5 le-5 le-5
n 35 35 35
20 3 3 3
Kn (MPa) 9600 9600 9600
Gh (MPa) 4300 4300 4300
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After point ‘B’, pc decreases because the stress state is on the ‘dry side’ of Fs. The sub-
loading parameter R increases during the whole test (as it depends on the module of the
total plastic strain). The hardening enhancement provides by the hydrates (pd) decreases
through the tests due to progressive damage of the hydrates, up to reaching a fairly
constant value. After the peak value ‘C’, the softening of the soil skeleton controls the
global behavior of the HBS and the deviatoric stress tends to decrease substantially. The
dilatant behavior of the skeleton also controls the global volumetric response. Figures
4.13c&d present the yield surfaces associated with this model at different stages.
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Figure 4-12 Effect of confinement on HBS: a) stress strain behavior; b) volumetric response.

Finally, a study related to the effect of the partition parameter y, on the model response
is conducted. This factor controls the amount of the applied stress that is supported by
the hydrate. The analysis discussed before with ¢'c=1 MPa and =3 was adopted as the
base case, and two additional analyses were performed with x=2 and y=1. The
reduction of this factor is related to a decrease of the bearing contribution of the hydrate
and also with a reduction of the peak deviatoric strength (Fig. 4.14a). The volumetric
behavior of the HBS is also affected by this parameter (Fig. 4.14b), a reduction of yois

accompanied by an increase in the dilatancy. The adopted parameters are listed in Table
4.9
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Figure 4-13 Additional modeling information for the test in Fig 4.13 at o/=1 MPa: a) stress-strain
behavior; b) hardening variables; c) yield surfaces at two initial stages of the experiment A&B; and c)

yield surfaces at two final stages of shearing C&D.

Table 4-9: Parameters adopted in Section 4.5. Effect of parameters™: yo

X0 o N
1 le® 2.9
2 le® 2.9
3 1le® 2.9

*The parameters of the test in Table 4.9 with o3=1 (MPa) was used as the

base case for the parameter sensitivity study.
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Figure 4-14 Effect of y, on HBS: a) stress-strain behavior, b) volumetric response.

Caseb. Effect of hydrate dissociation on HBS behavior under oedometric conditions. The
last set of experimental data studied in this work corresponds to two natural specimens
gathered by means of the Pressure Core Characterization Tools (PCCTs) (Santamarina et
al. 2012; 2015). The samples were loaded uniaxially with lateral confinement (i.e.
oedometric conditions). General information about this research was presented before.
The test presented in Fig. 4.3b plus another one with a lower hydrate saturation are
simulated in this section. The parameters reported (Santamarina et al. 2015) for the
dissociated sediment (i.e. a silty sand) were adopted in the simulations. The selected
parameters are listed in Table 4.10. Tests and models outputs related to the specimen
‘core-8P’ (i.e. initial Sh=18%) are presented in Fig. 4.15a.

Table 4-10: Parameters adopted in the modeling of HBS specimens in Section 4.6

Properties core 8P core 10P
M 1.07 1.07

A 0.605 0.12

K 0.065 0.04
pe (MPa) 2.32 3.5

a 3 3

n 1 1

¥ -1/9 -1/9
Ch (initial) 0.102 0.3605
o 6 125
Yij 1.0 1.0

r 2.5 2.9

ro le-6 2e-7

n 15 0.5

20 1 3

Kn (MPa) 9600 9600
Gh (MPa) 4300 4300
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Figure 4-15 Behavior during dissociation of natural HBS specimens under oedometric conditions:
a) core 8P; and b) core 10P. Experimental data adapted from (Santamarina et al. 2015)

The HBS specimen was subjected to a monotonic increase in the vertical stress up to
ov=6 MPa, followed by an unloading up to ov=3 MPa. Hydrate dissociation was
induced in this over-consolidated sample followed by cycles of loading (with a
maximum o=9 MPa) and unloading of the already dissociated sediment. The
experimental and numerical results associated with specimen ‘core-10P’ (i.e. initial
Sh=74%) are presented in Figure 4.15b. In this case the effective vertical stress was
increased until ’v=3 MPa and hydrate dissociation was induced at this constant effective
stress (under normally-consolidated conditions). Once the sample was fully dissociated,
the vertical stress was increased until a maximum ¢'v=9 MPa, followed by an unloading.
Settlements were recorded in the both tests during all the loading stages.

The proposed framework was able to represent very satisfactorily the main tendencies
observed in the experiments. The yield stress and unloading-reloading behavior are
properly reproduced in both specimens. The model slightly over-predicts the initial
stiffness of the core-10P. It is worth to highlight the model ability to reproduce the
differences in volumetric strains observed during dissociation at constant stress in these
two tests. The collapse compression behavior exhibited by core-8P was much less
noticeable than the one observed in core-10P. This large volumetric strains can be
associated with significant rearrangements of the HBS structure during hydrate
dissociation. Some factors that can be considered to explain the differences between
core-8p and core-10p in terms of the amount of the volumetric strain observed during
dissociation are as follows: i) difference in hydrate saturation between the two samples
(i.e. core-8P Sh=18% << core-10P Sh=74%); ii) difference in the effective vertical stress
at which hydrates dissociation was induced (i.e. core-8P ¢'v=3 MPa << core-10P ¢'\=8
MPa), therefore the effect of confinement on the re-accommodation of the sediments
particles is less significant for core-8p; iii) dissociation in core-8P took place under over-
consolidated conditions while in core-10p dissociation happened under normally-
consolidated conditions; and iv) core-8p was previously loaded up to a very high
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effective vertical stress (i.e. o'v=6MPa) that degraded the bonding effects of the hydrate
and induced important changes in the sediment structure previous to dissociation.

Figure 4.16a presents the evolution of o’y calculated by the model in the soil skeleton
and hydrate, together with the external one for the case of core-8P. A significant portion
of the stress increase is taken by the hydrate at the beginning of the experiment, i.e. path
‘A-B’. Note that the hydrate saturation is very high in this case (i.e., Sn=74%) and
therefore an important bearing contribution from the hydrate can be anticipated. Upon
dissociation at constant effective stress, the load is gradually transferred from the hydrate
to the sediment skeleton and significant plastic volumetric strains are computed by the
model, i.e. path ‘B-C’. After full dissociation, the stresses are supported by the soil
skeleton only, and the subsequent loading (‘C-D’) and unloading (‘D-E’) steps are
controlled by the properties of the already dissociated sediment. Figure 4.16b shows the
progressive reduction of the hardening enhancement effect (controlled by pd) during
loading and it disappears during dissociation. The effective hardening parameter H
increases during loading and remained unchanged upon unloading.
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Figure 4-16 Additional modeling information for the test related to core 10P: a) vertical stresses
computed by the model during loading; b) hardening variables.
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S. ANALYTICAL SOLUTIONS AND CODE VERIFICATION

Gas production from hydrate bearing sediments (HBS) is based on releasing the
molecules of gas from lattice components of hydrate (which results in hydrate
dissociation) with the aid of depressurization, heat and/or chemical stimulation. This is a
complex phenomenon since hydrate dissociation comes with interrelated thermal,
hydraulic, chemical and mechanical (THCM) processes. For example permeability
coefficient will change as a result of the variation of temperature and hydrate saturation
as well as volume variation. In addition mechanical strength of sediments depends on
hydrate saturation while the effective stresses are affected by depressurization. Thus,
coupled THCM analyses are inevitable for providing realistic simulation of gas
production.

Estimates of the global accumulation vary between 3x10® m® and 101 m?® while the
technically recoverable volume is on the order of 3x10** m?® (Sloan and Koh 2007;
Boswell and Collett, 2011; Figure 5.1).

10000

7] nE First observations of gas
% Bo 1000 - L ¢ o hydrate in marine environment
39 o
¢ 100 - o ® .
5 S U

9 L X
_5 2 10 | [ X ] ..
® £
Eo % o
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> M Aconventional gas reserve|

01 T T T T
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Year

Figure 5-1 Estimation of global gas on the state of hydrate gas. From Sloan and Koh (2007);
Boswell and Collett (2011). Notice conventional gas reserves are still orders of magnitude less
than the worst of hydrate gas estimations.

Gas reservoirs in hydrate bearing sediments can be classified as (Moridis and Collett
2003; Moridis et al. 2011 and Moridis and Sloan 2007):

e Class 1: high hydrate saturation layer on top of a layer with free gas and water
(i.e. Bottom Simulating Reflector BSR).

e Class 2: similar to class 1 but there is no free gas beneath (only mobile water).

e Class 3: absence of free fluids underneath (semi confined aquifer).

e Class 4: low hydrate saturation (< 10%), and lack of confining stratum.
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Class 1 reservoirs are most desirable because they are next to the phase boundary and a
low energy input is required for dissociation. Class 4 is least desirable because they lack
confinement and can lead to very low recovery efficiency.

Sandy deposits are currently preferred because of their high permeability and low
compressibility. Reservoirs that are considered to be commercially feasible given today’s
state of the art are listed in Table 5.1.

Table 5-1: Selected reservoirs gas volume estimation.

Location Gas estimation [m?] Reference
Mallik (Canada) 310°to 4 10° Moridis et al. 2002
Gulf of Mexico 6 101 BOEM report 2012
Mount Elbert (Alaska) 410° BOEM report 2012
Atlantic coast USA 6 101 BOEM report 2012
Pacific coast USA 2.3 104 BOEM report 2012
Ulleung Basin (Korea) 10'°to 1018 Moridis etal. 2013
Nankai Trough(Japan) 5.6 10% Fujii et al 2013
ShenhuArea (China) 1.6 10° Wu et al. 2010

Krishna-Godavari
basin (India)

Note: the amount of gas in place, technically and economically recoverable is still under
discussion, and its values change with respect to authors and computation methods (Figure 1).

9.8 108 t0 5.6 10° Shankar and Riedel 2011

Methane gas can be produced from hydrate bearing sediments by (Moridis et al. 2008;
Santamarina and Jang, 2009; Jang and Santamarina, 2011): (a) depressurization; (b)
thermal stimulation; (c) inhibitor’s injection, and (d) CO2-CHa replacement. Several
field tests have taken place as summarized in Table 5.2.
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Table 5-2: Well tests summary in chronological order

s Meas. k Gas Affected
Name Loc. Year Dur. Type Form. 9 ™ produced  radius Observ. Reference
[%]  [mD] ] (]
60 Formation Hancock et al.
Mallik Canada 2002 1ﬁ§é7 Tr;zrr;]nal Sand to ?0'0001 468 3 solids were (2005); Moridis
' 85 ' produced etal. (2011)
Several
tests up 50
Mt. 0.12 _4 0.05to Anderson et al
Elbert Alaska 2007 to13 Depress. Sand to 0017 710 0.15 (2008)
hrs 70
each
Sand
inflow Dallimore et al
2007  15hrs Depress. 60 0.1to1l 830 ND causes (2008) '
Mallik  Canada Sand to operational
problems
85
6 days Yamamoto and
2008 (hlris)) Depress. ND 13000 ND Dallimore (2008)
First
Nankai 5o 2013 6days Depress. Layd. ND  ND 120000  ND offshore — www.jogmec.go.
Trough production jp
mD =102 m?

ND = No data provided
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Table 5-3: Summary of selected parameters used in humerical simulations

Well Dom. Hyd. Initial Well Initial Intrinsic Perm Porosit

rad. radius thick. press. press. temp. ' y Reference

[m] [m] [m] [MPa] [MPa] [K] [m? or mD] [-]

0.1 10000 1 5.7 2.7 278.85 110 to110%?m? Oé’,ggo Moridis and Sloan (2007)
ND 567.5 15 10 ND 286.65 11012 m? 0.3 ('\ggg'g)'s and  Kowalsky
0.1 45 23 13 2.93 274.2 1105 m? 0.3 Li et al (2012)

ND ND Zoig 6, 125 ’89’ ND 285 210 m? 0.28 Moridis et al (2002)

0.1 4155?050 200 (\Varies) 2.7 ND 1000 mD 0.3t0 0.64 | Myshakin et al (2012)
0.1 100 10 11.5 3,4and 5 287.15 110 m? 0.38 Su et al (2012)

0.1 400 11.3 6.4 3 275.5 1102 m? 0.4 Moridis et al (2011)

0.1 250 20 23 3 289 5101 m? (**) 0'5125;[0 Moridis et al (2013)

0.3t00.4 .

ND 120 70,100 | 13,8.7,13 3 287 1000 to 0.1 mD (+5%) Kurihara et al (2009)

0.1 45 22 13.8 0.2 Po 287 7510 m? 0.41 Li et al (2010)

0.1 250 50 ?gltg 4 282 to 287 10 to 500 mD 0.4 Konno et al (2010)

(*) computed from model proposed by Stone (1970) ra = (S*a)"; S*a = (Sa - Sira)/(1-Sira); ki = (S*6)"; S*c = (Sc - Sirc)/(1-Sirc)

(**) estimated value

(***) varies for clay, silt and sand
(****) For the case of Class 3: 14° C and ko = 500mD

ND = no data provided
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Table 5.3: Summary of selected parameters used in numerical simulations (cont.)

Relative permeability

Hydrate )
saturation Water  Gas Observations Reference
[--] n Sira Sirc
- - | | |
00210 0.1 4 0.2 0.02 Parametric study —Dissoc. pressure is computed by the Moridis and Sloan (2007)
software
0.7 3 0.25 0.02 | Class 1 and 2 hydrate deposit studied ?gggg's and  Kowalsky
0.4 3.57 0.25 0.05 | Simulating Qilian Mountain Permafrost - China Lietal (2012)
0.8,05, 0.8 49 0.2 0.05 Slm_ulatlng d|ff§rent zones @ Mallik reservoir - Canada - Moridis et al (2002)
vertical and horizontal wells
0.05 to 0.80 316 0.18 0.02 Sl_mulatlng I_ayered sediments in Gulf of Mexico Walker Myshakin et al (2012)
Ridge 313 site
0.1,0.2and 0.3 5 0.3 0.03 | Parametric study of Shenhu Area China Su et al (2012)

0.65 4.2 0.2 0.02 | Parametric study of Mount Albert, Alaska Moridis et al (2011)
0.3t00.7 35 0.2 0.01 | Simulating layered sediments Ulleung Basin, Korea Moridis et al (2013)
0.1100.96 ND ND ND IJ_aaS/aer:ed system of sand, silt and clay of Nankai Trough, Kurihara et al (2009)

0.44 3.57 0.3 0.05 | Sea of south of China, Shenhu Li et al (2010)

0.6 k = ko (1-Sh)? Class 1, 2 and 3 reservoirs Konno et al (2010)

(*) computed from model proposed by Stone (1970) 1a = (S*a)"; S*a = (Sa - Sira)/(1-Sira); kic = (S*6)"; S*c = (Sc - Sirc)/(1-Sirc)

(**) estimated value

(***) varies for clay, silt and sand
(****) For the case of Class 3: 14° C and ko = 500mD
ND = no data provided
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The analysis of gas production requires complex coupled thermo-hydro-mechanical
codes such as (Moridis et al. 2014; Hong and Pooladi-Darvish 2005; Moridis et al. 2008;
Walsh et al. 2009; Konno et al. 2010): TOUGH + HYDRATE (Lawrence National Lab),
MH21-HYDRES (Japan Oil Engineering Company), CMG-STARS (Computer
Modelling Group, Canada), STOMP-HYD (Pacific Northwest National Laboratory).
These codes involve a large number of equations, constitutive relations and parameters.
Table 5.3 shows some of the key parameters involved in these simulations.

Analytical solutions have been proposed to analyze local conditions (Kwon et al. 2008)
thermal stimulation (Ullerich et al. 1987; Esmaeilzadeh et al. 2011; Klar et al., 2013),
and depressurization (Goel et al, 2001; Ji et al., 2001; Hong et al. 2003; Tsypkin 2000).
However these analyses remain complex, require iterative solution and hide explicit
relations between governing parameters.

When solving engineering problems both, transient and steady state analyses are very
relevant. Transient solutions are typically used, amongst others, to learn about gas
production rate, to investigate optimal production strategies, and to perform sensitivity
studies aimed at understanding the impact of material parameters (and other factors) on
gas production. Steady state analyses are equally relevant because they inform about the
limit (or final condition) of the problem under study. This section studies the analytical
solution for the steady state condition involving fluid flow in a cylindrical geometry and
accounting for the presence of two zones of different permeability coefficients. This
solution can be very useful in problems encompassing HBS as it provides the physical
limit to the zone around a well that can experience dissociation triggered by
depressurization. From this solution it is possible to learn about the maximum amount of
gas that can be produced from a given reservoir under this assumptions. A similar
solution was presented before (S&nchez and Santamarina, 2015) but for the case of a
spherical domain.

It was found that the analytical solution for radial flow is a function of four main factors,
as follows: the radius of the wellbore area and imposed pressure at wellbore; pressure at
the dissociation front (which depends on reservoir temperature through the methane-
hydrate phase boundary); pressure at a distant boundary (equal to reservoir initial
pressure); and the ratio between the permeability coefficients of the already dissociated
hydrate sediment ‘kseq” and the hydrate bearing sediments ‘kuss’.

The same radial flow problem was solved using the coupled THCM numerical code
developed in this project to analyze problems involving gas HBS. The finite element
(FE) computer program takes into consideration thermal and hydraulic processes in
deformable sediments, and it also account for the changes in sediment properties in the
presence of hydrate dissociation. It is based on a fully coupled formulation that
incorporates the different phases and species existing in HBS (including hydrate and ice)
and it has been implemented in CODE_BRIGHT (Olivella et al., 1996), an existing
coupled multiphysics program for geological media.

To verify the FE program, the results of the analytical solution discussed above, were
compared against the outputs of a numerical model replicating the same conditions. The
effects of critical factors were also analyzed. The comparisons between the analytical
solution and the finite element model were very satisfactory.
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5.1. Axisymmetric Cylindrical Flow between Two Impermeable Layers

At steady-state 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 pressure-driven dissociation.
A simple yet robust set of equations to estimate limits for gas production from hydrate
bearing sediments using depressurization has been proposed.

Considering radial flow conditions governed by Darcy’s law in a thin and confined
reservoir with impermeable layers, the following equations are derived:

dh

v=k—
dr (5.1)

v=_J
27rH (5.2)

where v [m/Sec] is the flow velocity at any specified points, k [m/Sec] is the hydraulic
conductivity of medium, h [m] is the head pressure at any specified point of reservoir
(since it is a thick reservoir, the variation of head pressure due to elevation is negligible),
r [m] is the radius of any specified point from the center of wellbore area, q [m®/Sec]
defines the flow at specific any point and H [m] is the thickness of sediments. By
combining these two equations and solving them in cylindrical coordinates, the flow
equation could be written as:

j:q—‘:r=—jh'f (27kH)dh

(5.3)
The flow between two given points can be calculated as:
27kH (h, —h,)
q=- = (5.4)
In(-2)
fl

Two zones can be identified under steady state conditions when the pressure drop is kept
constant and hydrates stop dissociating: the inner zone where hydrate has been depleted
and the outer zone where hydrate remains stable (Figure 5.7). Let’s define the size of the
produced zone as r* [m], and the total head pressure at a distant boundary as hrar [M].
The inner zone is characterized by the permeability of the sediment without hydrates
‘ksed” and the outer zone by the permeability of the hydrate bearing sediment ‘kmss’.
Clearly, gas was produced from the inner zone ‘r < r*’. Therefore at steady state
conditions the following equations are valid:

Osed = Quis (5.5)
27ksegH (W=, ) 27k gsH (D, —h")

r r
In| — In|
r, r

(5.6)
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In the above equations, h*[m] and hw[m] are the head pressure at dissociation front and
at wellbore area respectively, and rw [m] is the radius of well. Based on the
aforementioned equation, at steady state conditions, the ultimate radius 7"’ of the
dissociated area is:

-1
o
(kSed ] h -h, kHBS hfar_h
* I(HBS hfar_h*

r= rerar (5.7)

As shown above, according to this simple yet robust analytical solution, the ultimate
radius of pressure induced dissociation front in a thick and confined hydrate deposit is a
function of (Figure 5.2): 1) the radius of the wellbore area 7w’ and wellbore head
pressure ‘hw’; 2) head pressure at the dissociation front ‘4*’ (which in turns depends on
reservoir temperature through the methane hydrate phase boundary); 3) head pressure at
a distant boundary ‘hifar’ (equal to reservoir initial pressure); and 4) the ratio between the
hydraulic conductivity of the already dissociated hydrate sediment ‘ksed” and the hydrate
bearing sediments ‘knss .

i . -
, Axisymmetric

Ocean / Permafrost

QO . . .
o) Sediment : Hydrate bearing sediment
1 g k. . permeability coeff. | k, . permeability coefficient of
é sed'of free hydrate sed. : HBS- hydrate bearing sediment
| ' "
A (Steady state condition)
har| -~ =

hrar: Head pressure at faraway boundary
| h* : Head pressure at dissociation front
I hy : Head pressure at wellbore area

| r :Distance from wellbore center line

|
:Free hydrate sedimentI Hydrate bearing sediment
rw(Radius of wellbore) re I'tar

Figure 5-2 Two zones can be identified under steady state conditions when the pressure drop is kept
constant and hydrate stops dissociating: an inner zone where hydrate has been depleted and an outer zone
where hydrate remains stable.
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Based on the law of refraction of streamlines (Bear, 1979) at boundary of two
homogeneous layers with different permeability coefficients, the refraction of flow lines
is described as follow:

kl k2

=—=— (5.8)
tano, tano,

where ki and k2 stand for hydraulic conductivity of each layers while 6, and o, are the

angles which streamlines in corresponding layer make with the normal vector of
boundary surface. It follows that when ki>>k2 then 6, > ¢, and the refracted streamline

approaches the normal to the boundary surface on passing from one porous medium to
another, less permeable than the first. Similarly, the refracted streamlines tend to become
almost parallel to the common boundary on passing from less to higher permeable layer.
Therefore if the reservoir is coffined between two very low permeable layers then
horizontal flow lines in reservoir and vertical flow lines in low permeable confining
layers can be assumed. Hence, an approximate solution can be derived by following
additional assumptions: the flow in the less permeable layers ascend or descend
vertically based on the direction of the hydraulic gradient within this layer; head of
pressure above/bellow the less permeable overburden/underburden layer is constant;
reservoir and confining layers are homogeneous therefore corresponding coefficients of
permeability are constant within each layers; the variation of head pressure due to the
elevation is negligible by considering the thickness of layers; and the length of very low
permeable layer is theoretically infinite, then at the steady state condition flow in the
reservoir is sustained almost entirely by the leakage.

Considering radial flow conditions governed by Darcy’s law in a thin reservoir, the
following equations are derived:

dh
v=k— 5.9
i (5.9)
q
_ 5.10
27rH ( )

where v [m/Sec] is the flow velocity at any specified point, k [m/Sec] is the hydraulic
conductivity of medium, h [m] is the head pressure at any specified point of reservoir
(since it is a thick reservoir, the variation of head pressure due to the elevation is
negligible), r [m] is the radius of any specified point from the center of wellbore area, g
[m3/Sec] defines the flow at any specific point and H [m] is the thickness of sediments.
By combining these two equations and solving them in cylindrical coordinates, the flow
at any specific radius of reservoir ‘#’ could be written as:

q, = 2zrHk oh (5.11)
or
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; a) Plan View b) Cross Section
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Figure 5-3 General description for a half depth of reservoir confined by less permeable layers. If
k'<k then horizontal streamlines within reservoir and vertical ascended/ descended flow lines
into reservoir from less permeable confining layers can be assumed.

As illustrated in Fig.5.3 by considering the equilibrium at steady state condition for a
tiny section of reservoir, following the equation yield:

h,—h

=0 (5.12)

2nerZ—:—27z(r+dr)Hkg—?—7z[(r+dr)2—rz]k

in which, as shown in Fig.5.4, H [m] and A’ [m] are the half depth of symmetric
reservoir and depth of each confining layers, k [m/Sec] and k£’ [m/Sec] stand for
hydraulic conductivity of reservoir and confining layers respectively. As it is illustrated
in Fig.5.5, if the reservoir is confined by both impermeable layer form one side and less
permeable layer on the other side then H should be considered as a full depth of
reservoir. ho[m] represents the initial reservoir head pressure which is equal to the head
pressure at far distance “hrar”. Modified Bessel Functions of order zero provides the
general solution for Eq. (5.12) (De Glee 1951):

hy—hy :allo(%)"'azKo(%) (5.13)

in which lo and Ko are the first and the second kind of Modified Bessel Function
respectively and £ stands for leakage factor which is defined as:

f= «/ka—H (5.14)
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|
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| r :Distance from wellbore center line |
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Figure 5-4 Axisymmetric HBS reservoir confined between less permeable layers. At steady state
condition, reservoir is divided in two zones of free hydrate sediments and HBS by an interface
radius know as dissociation front (r*). The homogenous porous medium through the reservoir
is assumed; therefore kses=knss=k and consequently n=1.

Two boundary conditions can be considered: no drawdown at far distance and constant
discharge at wellbore area. Therefore, o, and o, are derived as:

(r=w)—>h —h =0->a =0 (5.15)

q, = anWHkZ—rr] Sa,= G (5.16)

in which Kz is the second kind of Modified Bessel Function of first order and q, is
calculated by knowing the drawdown at wellbore area:

27HK [, _hw](rwJ Kl[mj
- Pl _\F (5.17)

IW
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Figure 5-5 Axisymmetric HBS reservoir confined between impermeable layer from one side and
less permeable layer from another side. The homogenous porous medium through the reservoir is
assumed; therefore kseaq=knss=k and consequently n=1.

At steady state conditions when the pressure drop is kept constant and hydrates stop
dissociating, from wellbore area up to dissociation front 7*’ hydrates have been depleted
and also remain stable beyond that radius. As a result, if h*[m] is the head of pressure at
dissociation front #*’ based on corresponding temperature on hydrate phase stability
boundary diagram then S* is the drawdown at this radius. Therefore at steady state
conditions, the ultimate radius 7*’ of the dissociated area is calculated as:

ner)
S*=h, —hr= n.f (5.18)
27Hk (rwj [rw
R |
B B
s*ank[er Kl(rWJ
= K qﬂ P (p) (5.19)

As shown in Eq. (5.18) and Eg. (5.19), the ultimate radius of pressure induced
dissociation front in a thick hydrate deposit confined by infinite low permeable layers is
a function of (: 1) the radius of the wellbore area ‘»w’ and wellbore head pressure ‘4w ’; 2)
head pressure at the dissociation front ‘2*’ (which in turns depends on reservoir
temperature through the methane hydrate phase boundary); 3) initial reservoir head
pressure ‘ho’; 4) and also the leakage factor which depends on the square root of ratio
between permeability coefficient of reservoir sediments and that of confining layers as
well as a function of their corresponding thicknesses.
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5.2. Numerical analysis for code verification

Numerical models were developed based on the formulation introduced in Section 2 to
conduct the code verification. Several models were prepared based on various reservoir
initial conditions and also different production strategies by imposing a variety of
possible pressures at the wellbore to verify the code performance when compared against
the results from the analytical solution. These analyses also allowed studying the effect
of crucial parameters and factors related to the problem of hydrate dissociation induced
by depressurization. Table 5.4, presents the initial reservoir conditions and also the
imposed pressure at the wellbore for the cases studied in this report.

Table 5-4: Cases considered in the analysis

Case hfar hw T h*_hw

(m) (m) (°C) N =1
A 1020 306 12 7.14
B 1224 306 12 2.14
C 1224 510 12 1.44
D 1224 306 10 0.91
E 1224 306 8 0.47

An intrinsic permeability coefficient for hydrate bearing sediments knss=1x10"? m? was
considered in all the models (2.18). A hydrate saturation Sh=0.5 was adopted. The
different ratios between already dissociated hydrate sediment permeability coefficient
(ksed) and knss were obtained by adopting different values of the hydrate morphology
coefficients N.

A long (L=1.20km) and thin (4#=0.40m) domain was adopted in the analyses. A 2D
axisymmetric geometry was modeled based on a single vertical well producing from a
cylindrical section, confined by impermeable layers, with a very fine grid. Mesh
discretization along the radial direction was not uniform, increasing logarithmically from
0.12m at rw to 0.80m at rmax. The final discretization consists of 5008 nodes and 2503
elements. This high degree of refinement provided the level of detail required to capture
crucial processes near the wellbore and the entire HBS layer.

Table 5-5: Model parameters used in numerical simulation

Parameter Value

Initial saturation Sh=0.50, Si=0.50, S¢g=0.00
Intrinsic permeability in HBS kres=1x10712 m? (Isotropic)
Porosity of HBS $=0.40

Capillary pressure model Po=100 kPa; A=0.5

Liquid relative permeability model a=1

Gas relative permeability model b=1
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A long term depressurization was considered in the numerical analyses to reach the
steady state condition. In some occasions, the steady state condition were not fully
achieved (even for the very long time duration performed analyses). In these cases, the
final conditions were not very far from the steady state ones. In fact, in practically all the
cases analyzed, the analytical solution predicted a little bit further dissociation front than
the FE solution. Therefore, it appears that if the models would run for longer times, both
results could match even better. In all the cases, the radii of wellbore area was rw=0.1m,
and a very long length of the reservoir is modelled to have a realistic distant (fix)
boundary condition. It is also assumed that the rate of heat conductivity is high enough
to compensate the temperature reduction due to the endothermic behavior of hydrate
dissociation by reaching the steady state condition. Therefore the head of pressure at
dissociation front ‘2*’ is derived from methane hydrate phase boundary diagram for a
given reservoir initial temperature.

Figure 5.6 presents the results of the discussed analytical solution (dash lines) for the
different cases listed in Table 5.5, showing the interplay between the relative sediment
permeability coefficients ‘“4sed/kHss’ and the relative pressure dissociation ‘(h"— hw)/(htar
—h")’. As shown, the numerical results (solid line) are very satisfactory when compared
against the analytic ones for the variety range of conditions analyzed.
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Figure 5-6 Results obtained with the analytical solution for the case of reservoir confined
between two impermeable layers and numerical models for the different cases listed in Table 5.5.

Moreover, the effect of some relevant parameters related to methane production from
gas-hydrate induced by depressurization is illustrated in Fig.5.6. As expected, it is
predicted that the dissociation front will be farthest from the well in those cases in which
the permeability coefficient increases more with hydrate dissociation. This implies that
the degree of permeability enhancement by dissociation (which depends on hydrate
morphology) plays an essential role in the depressurization propagation in HBS.
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When comparing Cases A, B and C for the same initial and wellbore pressure, it shows
that the more gas hydrate is released from warmer reservoir. It is also observed that
Cases A and C have the same hydraulic gradient between wellbore area and distant
boundary, as well as, the same initial temperature but with different initial pressure. The
lower initial pressure of reservoir, the higher amount of produced gas.

5.3. Recoverable Gas: Energy

The energy density of gas methane is E4 = 46 MJ/kg STP, while the density for hydrate
is just Eq = 4.8 MJ/kg of hydrate mass (Hermann, 2005). The recoverable energy RE [J]
from a hydrate bearing sediment with hydrate saturation Shya [--] when V [m®] is:

RE=VnS, 4E; ppya © (5.20)

where n is the porosity, and e the gas recovery efficiency. The recovery efficiency e
depends on the interaction of gas with other fluids (such as water) in the reservoir as a
function of pore size distribution and connectivity (Jang and Santamarina 2011). For the
case when gas is the only fluid displaced and water remains in the reservoir (represents
the case with maximum gas recovery).

-1

e=_———
B—0.79

(5.21)

where B is the fluid expansion factor as the ratio of the combined gas and water volumes
to the initial volume of hydrate. Typical values are = 1.3 (u = 30 MPa) and e = 0.6; and
B =6 (u=3 MPa) and e = 0.96. Figure 5.7 shows the profit per hydrate thickness vs.
radius of dissociation r* estimated for selected reservoirs. The most profitable extraction
reservoirs are the Ulleung Basin and Nankai Trough where the cost of gas is almost 4
times the price in USA (FERC: Federal Energy Regulatory Commission -
www.ferc.gov). The low costs of gas extraction in USA hinder the possibility of gas
extraction in the near future. Table 5.6 summarizes values used for these computations.
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Figure 5-7 Economical analysis. Profit per hydrate thickness with respect to dissociation front for
selected potential locations.
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Table 5-6: Profit analysis

Reservoir

Walker Mt
Parameter Unit Mallik | Ridge Elbert Korea Japan

(GoM)
Hhyd [m] 10 200 11 20 100
Ksed [m/s] 107 107 10 10 107
Knbs [m/s] 10° 108 10° 10° 108
n [--] 0.28 0.5 0.4 0.5 0.35
Shyd [--] 0.5 0.7 0.65 0.5 0.5
Ed [MJ/kg] 46
Phyd [kg/m3] 920
B [--] 2.5 1.35 2.7 1.4 1.2
e [--] 0.88 0.63 0.89 0.66 0.49
RE [MJm3]* | 1703.7 3034.8  3210.5 2274.3 1184.3
Price (**) [USD/MJ] 4220 16563.5 16510.75

(*) MJ per volume of dissociated gas
(**) Data from www.ferc.gov, 2013

Comparison with literature. Numerical simulations show the time evolution of gas
production typically for several years. However, the analysis conducted here is for
steady state conditions at the end of gas production. Table 5.6 shows input values and
numerical simulations results. Figure 5.8 compares numerical and analytical results. The
close-form analytical solutions presented here predicts ultimate radius of dissociation to
be within 1 and 1.15 the numerically computed value. The difference may be due to the
fact that none of the numerical simulations are run to the ultimate radius, but a radius
close to the final value.
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Figure 5-8 Dissociation front computed tends to be larger than the values from the literature but
contained in a 15% error area. Note that Mt. Elbert simulations were stopped after 10800 days of
production (i.e. no ultimate radius of dissociation was reached)
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Table 5-7: Data input for equations for selected cases

Solution
H rW b (*) ksed khbs k, Shyd hW hfar h* (**) r* VOI gaS
Case Data based on:
[m] [m] [m] [m/s] [m/s] [m/s] [--] [MPa] [MPa] [MPa] [m] [m3]
Hypothetical1 | 1 01 1  6510° 3810° 1010 010 270 5.70 4.70 (I\;Ig(r;?d)ls et al 23.1 1.210*
Hypothetical 2 | 15 0.1 1 6.510% 1.910° 1.010%  0.70 3.00 12.00 11.20 (I\glg(r)léj)ls et al 3750.0 2.510%°
Hypothetical 3 | 50 0.1 1 3.210% 5.1107 3.010°  0.60 4.00 12.00 11.80 é%q%()) et al 11.5 9.110°
Mallik, Canada | 20 01 1 13107 2110° 10107 050 300  11.00  9.40 (I\;Ig(r)f)ls et all 55 1056404
Mt Elbert, . o ;. Moridis et al 6
Alaska 113 0.1 1 6.510° 5.710 1.010 0.65 3.00 6.40 3.20 (2011) 54.4 5.010
Shenhu, China | 10 01 1 6.510° 3.910°  1.0107 030  3.00 12.00 11.84  Suetal (2012) 3.2 6.910°
Ulleung Basin, | o o1 1 35006 22109 10102 o070 300 2300 1160 Moridis et al| .00 o 280w
Korea (2013)
Nankai Trough, | ,, o, | 5107 1310° 1010% o050 300 1300 1160 urihara et al| o000 5510
Japan (2009)

(*) Assumed values

(**) Computed from temperature following Kwon et al (2008)

(***) Obtained from hydrate saturation front figures

H = hydrate bearing sediment layer thickness; r* = radius of dissociation; rw = radius of the well; b = aquitard thickness; ksea = sediment
hydraulic conductivity; knbs = hydrate bearing sediment hydraulic conductivity; k> = aquitard hydraulic conductivity; Snya = hydrate
saturation; hw = well pressure; hrr = far field pressure, h* = dissociation pressure

ND = no data provided
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Table 5.7: Data input for equations for selected cases.

Solutions from numerical simulations

r* (***) Vol gas

Case Observations Reference
[m] [m3]
Hypothetical 1 20.0 510° Confined aquifer Moridis et al (2007)
Hypothetical 2 ND 1108 Class 1 reservoir: free gas zone - Confined aquifer Moridis et al (2006)
Hypothetical 3 10.0 1108 Class 3 reservoir - non confined aquifer Konno et al (2010)
Mallik, Canada 2.0 ND Moridis et al (2004)

Simulation stopped after 10800 production days (not ultimate

Mt Elbert, Alaska 10.0 5.5 106 radious) Moridis et al (2011)
Shenhu, China 4.0 910° Su et al (2012)
Ulleung Basin, Korea | 250.0 910’ r* reaches the boundary of the simulations - Confined aquifer Moridis et al (2013)
Nankai Trough, 120.0 3107 r* reaches the boundary of the simulations - Confined aquifer Kurihara et al (2009)

Japan

(*) Assumed values

(**) Computed from temperature following Kwon et al (2008)
(***) Obtained from hydrate saturation front figures

ND = no data provided
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Discussion: real case scenario. The decrease in pore water pressure causes an increase in
effective stress, volume compaction and the decreased sediment permeability Ksed. This is
demonstrated next for the case of radial flow. Water pressure distribution is (Muskat 1946):

u(r) = Miﬂg (:_) +h,
log (Tf “’"z’rw) N (5.22)

Effective stress is a function of the initial total stress oo at the depth of the reservoir. The change
in void ratio for large stress is estimated as (eira IS the void ratio at o’=1 kPa and B a soil
parameter):

!

. -B
e(a') = eyypa (m) (5.23)

Where eikpa is an arbitrary reference value of void ratio; B a soil parameter.

Permeability can be found from (Ren and Santamarina; Kikra is the reference permeability at o =
1 kPa and b is a soil parameter which depends on specific surface — for the case of coarse grained
soils b = 3.5):

k() = kyurpe (—) (5.24)

With this new change in permeabilities, the pore water pressure distribution will be modified
again. Note that the new pore water pressure distribution will lead a change in effective stress,
void ratio and permeability. Figure 5.16 shows an example for the data from Nankai Trough
(summarized in Table 5.8). Figure 5.16-a represents the initial pore pressure and effective stress
distribution on the well and its impact on the void ratio, hydraulic conductivity and flow rate for
a steady state condition (Figure 5.9-b, —c and —d). The permeability and flow rate fall several
orders of magnitude.

Table 5-8: Summary of parameters for the example in Figure 5.9

Parameter Symbol  Units  Value
Total stress in the reservoir o [kPa] 16000
Initial water pressure Nfar [kPa] 13000
Well water pressure hw [kPa] 3000
Radius of influence Ifar [m] 100
Radius of the well fw [m] 0.1
Reservoir thickness H [m] 1
Permeability exponent b [--] 3.5
Void ratio exponent B [--] 0.5
Reference void ratio €1MPa [--] 1

Reference permeability Kimpa [cm/s] 1072
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Figure 5-9 Example of gas hydrate production from a marine environment under depressurization strategy
(Summary of parameters used can be found in Table 5.8).



6. NUMERICAL ANALYSIS - CODE VALIDATION

In this section the validation of the code against experimental data gathered in the lab from a
ventilation test and also two benchmarks prepared in the context of “The National Methane
Hydrates R&D Program: Methane hydrate Reservoir Simulator Code Comparison Study”
(http://www.netl.doe.gov/technologies/oil-
gas/FutureSupply/MethaneHydrates/MH_CodeCompare/MH_CodeCompare.html) is presented.

6.1. Code validation against experimental data

A pressure core recovered from hydrate bearing sediments in the Krishna-Godavari Basin was
depressurized while measuring the internal temperature in the sediment at the center of the core
(Yun et al., 2010). The main goal of this exercise is to check if the mathematical formulation
(presented in Section 2) is able to capture the main features observed in the depressurization test.

The samples used in the experiment were part of the first Indian National Gas Hydrate Program
expedition (NGHP expedition 01) which took place in the spring and summer of 2006 across the
Indian Ocean shoreline. The samples were recovered in water depths ranging between 907 and
2674 m. It included 6 geophysical studies, drilling at 21 sites, logging while drilling of 12
boreholes, and the recovery of both standard and pressure cores. Five pressure cores were
recovered at site NGHP-01-21, transferred into storage chambers under hydrostatic pressure, and
kept at 4 °C and 13 MPa fluid pressure for subsequent characterization and analysis.

The test program included the measurement of elastic wave velocity, shear strength, and
electrical conductivity, followed by fast depressurization of the sub-sampled core round. A
specially designed “instrumented pressure testing chamber” (IPTC) was used to characterize the
cores. The IPTC chamber was filled with chilled water (~4 °C) and 13 MPa of fluid pressure was
maintained. After conducting initial X-ray imaging, controlled depressurization tests were
conducted on the samples. The instrumentation of the sample during the test was conducted at
intervals along the length of the samples based on the points of interest ascertained through the
X-ray images. The location of the instrumentation for one such sample is shown in Figure 6.1.
The total length of the sample used in the depressurization was 380 mm. The fluid pressure of
the IPTC chamber was slowly reduced until the fluid pressure dropped to 0. Figure 6.2 shows the
path in the P-T plane followed during the depressurization experiment.
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Figure 6-1 Test instrumentation, sample 21C-02E (modified after Yun et al., 2010)
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Figure 6-2 Path in the P-T plane followed during of a pressure core gathered from the Krishna-Godavari
Basin (reported by Yun et al., 2009).

It can be observed that the decrease of pressure in the stability zone was almost vertical. Once
the P-T path reached the phase boundary dissociation started. Because of the endothermic
character of the hydrate dissociation, the sample cooled down during depressurization (as
recorded by thermocouples, Fig. 6.2). This induced that the P-T path moved towards the water-
to-ice transformation line, reaching freezing temperatures and leading to ice formation.

The change in the temperature, p-wave velocity, electrical conductivity and the amount of gas
generated was recorded during the experiment. The relevant results of these tests are shown in
Figures 6.3a) and 6.3b).As expected, no gas was produced during the depressurization in the
stability zone. However, as soon as the P-T path reached the phase boundary (i.e. for a fluid
pressure around 4 MPa), the production of gas started, and it continued until all the hydrate
dissociated.
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Figure 6-3 Evolution of the main variables recorded during the experiment: a) time evolution of pressure
and gas production; and b) gas production versus fluid pressure (data gathered from the Krishna-Godavari
Basin, Yun et al., 2009).
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6.2. Benchmark Test 1

The code was also validated using the benchmarks prepared in the context of “The National
Methane Hydrates R&D Program: Methane Hydrate Reservoir Simulator Code Comparison
Study”. The benchmark Test#1 is related to the analysis of “Non-isothermal Multifluid
Transition to Equilibrium”. The main components of this case are briefly mentioned below.

Processes of interest to the simulation of CH4 production from gas hydrates in porous media
include multifluid flow and heat transport along with complex phase transitions, including
hydrate dissociation and formation. A base case problem was designed to examine the numerical
simulation of multifluid flow and heat transport processes with a single phase transition from
aqueous saturated to unsaturated conditions for a water-CHas system outside the stability region
for gas hydrate formation. The problem involves a horizontal one-dimensional closed domain
(no flow boundary conditions), initialized with gradients in aqueous pressure, gas pressure, and
temperature that yield aqueous saturated conditions on half of the domain and aqueous



unsaturated conditions on the other half of the domain. The simulation then proceeds to an
equilibrium condition in pressure and temperature. The results of numerical simulations of CHa
hydrate formations in geologic media largely depend on the computation of thermodynamic and
transport properties. Therefore, a portion of this problem involves reporting property data for
selected temperatures and pressures.

Base Case Problem Description. Gradients in aqueous pressure, gas pressure, and temperature
are imposed across a 20-m one-dimensional horizontal domain, discretized using uniformly
spaced 1-m grid cells. A horizontal domain is used to eliminate gravitational body forces from
the problem, as an additional simplification. The pressure and temperature gradients are
specified to yield aqueous saturation conditions in the first 10 grid cells and aqueous
unsaturated conditions in the remaining 10 grid cells. The simulation then proceeds to
equilibrium conditions in pressure, phase saturations, and temperature. Variable time stepping
should be used to capture the flow and transport processes at early and late times during
simulation. Figure 6.5 shows the problems schematic.

PI=5.0 MPa P: =4.8 MPa PI=4.6 MPa
Pg =5.0 MPa Pg =4.8 MPa Pg =5.0 MPa
T=20°C T=30°C T=40°C

« > |
10 m 10 m

Figure 6-5 Problems Schematic

The list of processes simulated in this problem include: i) Aqueous-gas multifluid flow subject to
relative permeability, capillary effects, and phase transition from aqueous saturated to
unsaturated; ii) heat transport across multifluid porous media with phase advection and
component diffusion; iii) change in CH4 solubility in water with pressure and temperature; and
iv) change in thermodynamic and transport properties with pressure and temperature.

Simulation Results Comparison. The results using THCM-hydrate code (i.e. the program
developed in this project) are compared against the outputs from the other seven codes (i.e.
HydrateResSim, MH-21, stars-Mehran, STARS, STOMP-HYD, TOUGH-FX, Univ-Houston).
The main comparisons are presented below in Figure 6.6 to 6.7 for the following time of
analyses: day 1, day 10, day 100, day 1000, and day 10000. The comparisons are very
satisfactory. Just some slight differences in terms of gas pressure are observed at the earliest
stages of the analyses.
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Figure 6-8 Water saturation comparisons
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6.3. Benchmark Test 2

This case is related to the analysis of “Closed-Domain Hydrate Dissociation (Base Case w/
Hydrate)”. Below a short description of this case is introduced.

One half is initialized with agueous-hydrate conditions; whereas, the other half of the domain is
initialized with gas-aqueous conditions. As with the ‘Base Case problem’, a closed horizontal
domain is used to eliminate gravitational body forces and boundary condition effects. To
initialize the aqueous-hydrate half of the domain, temperature, pressure, and hydrate saturation
are specified. To initialize the gas aqueous half of the domain temperature, aqueous pressure
and gas pressure are specified. All active phases are assumed to comprise water and CHa, and
capillarity is assumed between the active phases. Hydrate dissociation is assumed to occur using
equilibrium kinetics (i.e., infinitely fast dissociation rates). From the specified initial conditions,
the simulations proceeds to equilibrium conditions in temperature and pressure, dissociating the
hydrate during the transition process and leaving gas-aqueous conditions. A schematic of the
initial conditions for the problem are shown in Figure 6.9.The list of processes simulated in this
problem include:i) multifluid flow for an aqueous-gas-hydrate system in geological media,
subject to relative permeability and capillarity effects and phase transitions; ii) dissociation of
CH4 hydrate in response to thermal stimulation and depressurization; iii) heat transport across
multifluid geological media with phase advection and component diffusion; iv) change in CH4
solubility in water with pressure and temperature; and v) change in thermodynamic and
transport properties with pressure and temperature.

Pf = 3.8 MPa Px =2.7 MPa
T=130C Pg = 2.8 MPa
§, =04 T =60.0C
Pr,f‘? = 32.420 MPa 5; = 0.460526
NP =6.176 p, =983.889 kg /m®
yi”’* = 0.9650 1, = 4.6642 x10 % Pas

yC”fl ~ 0.8302 P, = 16.7376 kg / m3
sC '

“ = " _5‘
P, = 911.04 kg / m® H, 1.2198x10 ° Pa s

< P |- »
10 m 10 m

Figure 6-9 Schematic representation as reported in Benchmark #2

Figure 6.10, 6.11 and 6.12 present the comparisons between the simulators that took part of the
benchmark (i.e. HydrateResSim, MH-21, stars-Mehran, STARS, STOMP-HYD, TOUGH-FX,
Univ-Houston) and ‘THCM-hydrate’ in terms of temperature, gas pressure and hydrate saturation,
respectively. The results with symbols correspond to THCM-hydrate. The performance of
THCM-hydrate’ can be considered very satisfactory, there are some slight differences, but the
main patterns of the system behavior are well captured by the model. More details about this
case can be found in the webpage with the benchmarks  results
(http://www.netl.doe.gov/research/oil-and-gas/methane-hydrates/mh-codecompare).



http://www.netl.doe.gov/research/oil-and-gas/methane-hydrates/mh-codecompare

Temperature (C)

Temperature (C)

bk b tr—tr—d day THOW Hsle)
—h—k 1t THCW-hydrate)
—_— ::: :\TOUBM:HVDPRih — :: :::x,\i\&hﬂmﬂ
B — L 0 st b
;av“ss;:rsl wa) o day IETARS)
—— aisrom Ry s
iy _ oy 10 {Uie-Heusion)
80 — || —— dayi{Uni st ’* ettt 60
¥
r )
40 — [ 2
| =]
| [
— | i}
f £
1 f @
20 i
S LI L B B
0 4 8 12 16 20
Distance (m) Distance (m)
80 80 —
_ ] e day 1000(THEA hyeioe)
————— day 1000{ TOUGH+HYDRAT}
e ey ::‘ :lﬂ*ﬁ;ﬂdm- . 50 —— day 1000 (MH21)
—_— day s la WYDRATY — day 1000 {slars-beiva)
B0 — | eyroommen B 7da:mnn\mr\su
oy 408t M) = — syimEToN
———————— day 100 (STARS) = e day 1 MH2y
| | sermcosTour Pt — ——————— day 1000(Univ-Haustan}
oy 100 i Houston) .~
—_
S 40 —
)
=t
=
2
©
ol
@
a
E
]
l_
0 4 8 12 186 20
Distance (m) Distance (m)

60 % cay 10000 (THCM-hydrate)
day 10000 (TOUGH+HYORAT)
Sy 10000 (MH21)

day 10000 (staes Maetes).

day 10000 (STARS)

day 10000 (STOMP)

40 day 10000 (Linv-Houston)

B L B o o

Temperature (C)

0 4 8 12 16 20

Distance (m)

Figure 6-10 Simulators results comparisons in terms of temperature



PRV

16

12

Gas pressure (Mpa)
(o]

20

16

12

Gas pressure (Mpa)
=]

Gas pressure (Mpa)

A cay 1{ THCM-hydrate)
Gy 1(TOUGHHHYDRAT)
day 1 MH21)
day Hstars-Mehes}
day 1(STARS)
day 1 (STOUR)
day Uriv-Hauslon)

Distance (m)

Fe—e—r day 100 THCM-hydrate)
day 100 (TOUGH+HYDRAT)
day 100 (M#21)
day 100{stars- Meheah
day 100 (STARS)
day 100 (STOMP)
108 (Univ Houston

B e L B

R
0 4 8 12 16 20
Distance (m)
20 —
— Fe—de— day 10000 (T1IEMhydrate)
day 10000 (TOUGH+/HYDRATY
day 10000 (WH21)
16 — day 10000 {stars-Mehra)

clay 10000 (STARS)
day 10000 (STOMP)
— ——————— dday 10000 (Univ-Heuston)

0 4 8 12 16

Distance (m)

Gas pressure (Mpa)

Gas pressure (Mpa)

16

12

20

16

12

e day 0(THCM ydrate)
sy 161 TOGHHYDRAT)

— | dayiotmian

st 19 {sars Wrs)

iy W0(STARS)

— | mynsToNe)

day 10 (Univ-Houston)

I R

Distance (m)

Ye—e— day 1000(THCA-hydrata)

day 1800 TOUGH: MYDRAT)
day 1000 (NH21)

ay 1000 {stars-Mra)

day 1000 (STARS)

day 1000 (STOMP)

day 1 (MH2F)

ay 1900 Univ-Hausson)

B I B B B S Y

Distance (m)

Figure 6-11 Simulators results comparisons in terms of gas pressure

86



0.8 —

0.6 —

0.4

Hydrate Saturation

08 —

06 —

Hydrate Saturation

0.8

0.6

04

0.2

Hydrate Saturation

0.2 —

I S

e doy | THEM bydisi)
——— day 1(TOUGHHHYDRAT)
ey ] (RN
iy flsiars-Mebea)
————— day HIBTARS)
—————— ey 1 (STOMP)
T ey (Univ-Houston)

04 —

02 —

4 8 12 18

Distance (m)

sy 100

Fr—A— day 100 THCM-hydrefe)
sy 100 (TOUGH+HYDRAT)
sy 100(8r8-Meniz)
sy 100 (STARS)

sy 100 (STOMP)

ety 100 (Univ-Houslon)

Distance (m)

P day 10000 (THCM hydrate)
——————— day 10000 (TOUGH=/HYDRAT)
———————— day 10000 (MH21)

day 10000 (stars Mehrs}
———————— day 10000(STARS)
——————— day 10000 {STOMP)
——————— day 10000 {Univ-Houston)

4 8 12

Distance (m)

Hydrate Saturation

Hydrate Saturation

0.8

0.6

0.8

0.6

ey day 1OTHCM fpdrale)

iy 106 TCUGHS HYDRAT
o3y 10/MF21)

iy 10 {stars-Mehrs)

| day 0ISTARS)

| | ———— der 1 iaTomm

day 10 (- Howalon

8 12 16 20
Distance (m)

et sy 1000THOM-yrse)
——————— dey 1000 TOUGHHYDRAT)
sy 1000 (k21

oy 4000 fsises Mehea)
ey 1000 (STARS)
iy 1000 (5TEMAE)
ey TOONU-Houslor)

Distance (m)

Figure 6-12 Simulators results comparisons in terms of Sy

87



7. SUMMARY AND CONCLUSIONS

In this project a general mathematical formulation has been developed further to analyze coupled
THCM problems involving gas hydrate bearing sediments. It is a truly coupled formulation that
incorporates the different phases (including solid, liquid, gas, hydrate and ice) and species (i.e.,
water, methane, solutes and minerals) with the associated phases physical properties and
evolutions laws. It also takes into consideration thermal processes (i.e., conduction, phase
transformation), hydraulic processes (i.e., multiphase multicomponent flow), effective-stress
dependent sediment response, and presence of solutes (e.g. salts), as well as changes in sediment
properties in the presence of hydrates. The formulation has been implemented in
CODE_BRIGHT, an existing fully coupled multiphysics 3-D finite element program for
geological media. The constitutive models for hydrate bearing sediments are key components of
the proposed approach. Tailored constitutive laws for HBS associated with the hydraulic, thermal
and mechanical problems that consider the multicomponent structure of hydrate bearing soils
have been implemented in the upgraded numerical code THCM-hydrate.

Particular emphasis has been placed in the development of a new geomechanical model able to
simulate the complex behavior of HBS during loading and hydrate dissociation. Experimental
observations have shown that the presence of hydrates impacts on different aspects of sediment
behavior, amongst others: stiffenss, peak stress, softening behavior and dilation. It has been
observed that these features of soil behavior depend on hydrate saturation as well. Hydrates also
contribute to the mechanical stability of the sediment. Furthermore, during dissociation
important changes in the mechanical behavior of HBS and soil structure have been observed.
The model proposed in this research encompasses different inelastic mechanisms to describe
these complex features of HBS behavior. The concept of stress partition was incorporated into
the model to estimate the mechanical contribution associated with hydrates and soil skeleton at
different stages of loading and hydrate dissociation. A damage model was adopted to describe
the behavior of hydrate during loading, while the HISS elastoplastic model was selected for the
sediment skeleton. The HISS model is a versatile mechanical constitutive law based on critical
state soil mechanics. The proposed framework also incorporates sub-loading and hydrate
enhancement mechanisms. Information from several mechanical tests recently published was
selected to study the model capabilities. The experiments were chosen to cover the most relevant
conditions related to HBS behavior. The effect of hydrate morphology and confinement on the
mechanical behavior of HBS was also investigated in this project. Particularly attention was paid
to the study of the mechanical behavior of HBS during hydrate dissociation under loading. In the
cases in which there was enough experimental data, some tests were used for determining the
parameters and the other ones were left apart for model validation.

A database compiling the main published data related to hydrate bearing sediments was
developed in this project using the Math-cad software. This IT tool compiles the main
constitutive equations proposed for the thermo, hydraulic and mechanical problems; including
their dependences on temperature, fluids pressures, stresses and water chemistry. The database
also incorporates the phase laws and phase boundaries (including mixed gases) associated with
HBS. The main model parameters and their typical range of variation are key components of the
database as well.

Another significant component of this research was the proposal of analytical solutions
associated with steady state analyses involving gas production from HBS. The proposed
solutions considered different type of reservoirs and material properties, as well as different



initial and boundary conditions. These types of solutions are very relevant because they
correspond to limit conditions of the problems under consideration. For example, analytical
solutions related to gas production from HBS will inform about the extent of the dissociated
region in the reservoir and the associated maximum amount of gas that can be produce from it.
These types of solutions are also instrumental to validate numerical codes.

The proposed numerical framework was verified against both: already published analytical
solutions and also new ones developed in this project. The numerical code was also validated
against: i) published experimental data; ii) simple, yet rigorous, benchmarks in the pressure-
temperature (P-T) plane suggested in this research; and iii) some of the benchmarks cases
proposed in the DOE ‘Methane hydrate Reservoir Simulator Code Comparison Study’.

Some highlights from this research are listed as follows:

e THCM-hydrate: a robust fully coupled and efficient formulation for HBS incorporating
the fundamental physical and chemical phenomena that control de behavior of gas
hydrates bearing sediments has been developed and validated.

e 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 various P-T trajectories that may take place in field
situations.

e 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.

e The proposed new 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.

e The enhancement of sediment strength, stiffenss and dilation induced by the presence of
the hydrates were well reproduced by the model.

e The ability of the proposed mechanical model to simulate the volumetric soil collapse
compression observed during hydrate dissociation at constant stresses is particularly
remarkable. This is a key contribution of this research in relation to the geomechanical
modeling of HBS during dissociation.

e The mechanical model 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.

e The analytical solutions show the interplay between the variables: relative sediment
permeabilities ksed/knbs, the leakage in the aquifer k’/ksed, relative pressure dissociation
(h* — hw)/(hfar — h*) and a geometrical ratio H b/rw?.

e At steady-state 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 pressure-driven dissociation.

e 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-hydrate simulation 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, seafloor
instability
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