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a b s t r a c t

Gas hydrate bearing sediments (HBS) are natural soils formed in permafrost and sub-marine settings
where the temperature and pressure conditions are such that gas hydrates are stable. If these conditions
shift from the hydrate stability zone, hydrates dissociate and move from the solid to the gas phase.
Hydrate dissociation is accompanied by significant changes in sediment structure and strongly affects
its mechanical behavior (e.g., sediment stiffenss, strength and dilatancy). The mechanical behavior of
HBS is very complex and its modeling poses great challenges. This paper presents a new geomechanical
model for hydrate bearing sediments. The model incorporates the concept of partition stress, plus a num-
ber of inelastic mechanisms proposed to capture the complex behavior of this type of soil. This constitu-
tive model is especially well suited to simulate the behavior of HBS upon dissociation. The model was
applied and validated against experimental data from triaxial and oedometric tests conducted on man-
ufactured and natural specimens involving different hydrate saturation, hydrate morphology, and con-
finement conditions. Particular attention was paid to model the HBS behavior during hydrate
dissociation under loading. The model performance was highly satisfactory in all the cases studied. It
managed to properly capture the main features of HBS mechanical behavior and it also assisted to inter-
pret the behavior of this type of sediment under different loading and hydrate conditions.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction However, HBS are also associated with a number of issues and
Gas hydrate bearing sediments (HBS) are naturally occurring
soils characterized by the presence of ice like gas (e.g., CH4 or CO2)
hydrates in its pore space. Water molecules clustered around
methanemolecules form a solid compound calledmethane hydrate
that are naturally found in marine sediments and permafrost
regions, where the (high) pressure and (low) temperature condi-
tions guarantee the hydrates stability [1–3]. Perturbations in pres-
sure, temperature or water-chemistry may move the methane
hydrates from its stability zone triggering hydrate dissociation.
Hydrate dissociation is accompanied by gas and water production,
as well as, by significant changes in the sediment structure and
mechanical properties. The amount of hydrate in soils is commonly
evaluated by means of the hydrate saturation (Sh), calculated as the
ratio between the volume occupied by the hydrates and the volume
of voids.

HBS represents an attractive source of energy, it is estimated
that significant methane reserves are in the form of hydrates.
drawbacks. For example, massive submarine landslides are in occa-
sions related to hydrate dissociation from subsea sediments. This
type of phenomenon generally involves large areas and may affect
pipelines and other submarine infrastructure. A number of engi-
neering problems (e.g., blowouts; platform foundation failures;
and borehole instability) are sometimes triggered by hydrate dis-
sociation. Furthermore, the venting of methane to the atmosphere
during uncontrolled hydrate dissociation can negatively contribute
to greenhouse effects [4].

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 pro-
posed in the last few years [5–23]. Only a few of them are discussed
below. For example, Miyazaki et al. [5] suggested a nonlinear elastic
model for hydrate bearing sands based on the Duncan-Changmodel
(e.g., [24]). The Mohr–Coulomb (MC) model has been adopted by
several researchers to describe the behavior of HBS. For instance,
Rutqvist andMoridis [8] simulated the geomechanical changes dur-
ing gas production from HBS undergoing depressurization-induced
dissociation using a modified MC model. Klar et al. [7] proposed a
single-phase elastic–perfectly plastic MC model for hydrate soils
based on the concept of effective stress that incorporates an
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enhanced dilationmechanism. Pinkert and Grozic [9,10] proposed a
model based on a non-linear elastic model (dependent on Sh) and
the onMC failure criterion. This model was able to fit well Miyazaki
et al. [25] experimental data. This model was used to simulate well-
bore stability problems and accounted for the effect of Sh on
mechanical strength and stiffness. The extension ofMC typemodels
to deal with hydrates is generally carried out by incorporating a
dependency of the cohesion with the hydrate concentration (i.e.,
[7–9]). However, Pinkert [26] showed that by using the Rowe’s
stress-dilatancy theory [27], 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 pos-
itive (compressive) plastic deformations.

The model based on the Modified Cam-Clay (MCC) framework
proposed by Sultan and Garziglia [13] was validated against the
experimental data reported by Masui et al. [28,29]. This model
was calibrated against experimental data gathered from triaxial
tests on synthetic hydrate sediments [29]. 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. [14,15] is based on
the MCC model and its validation was performed using published
experiments conducted at constant hydrate saturation. Lin et al.
[11] developed a critical state model based on the ‘spatial mobi-
lized plane’ framework and sub-loading concepts. The performance
of this model was satisfactory when compared against triaxial test
data from laboratory-synthesized samples and also from field
specimens extracted from Nankai Trough, Japan [28,29]. Kimoto
et al. [6] proposed an elasto–viscoplastic model to analyze ground
deformations induced by hydrate dissociation. The discrete ele-
ment method has also been used to simulate the mechanical
behavior of HBS (e.g., [17–19,21–23]). All the mechanical models
discussed above have been used to simulate tests performed at
constant hydrate saturation.

In this study a new elasto-plastic model based on the stress par-
tition concept [30–33] and the HIerarchical Single Surface (HISS)
framework (e.g., [34–36]) was selected to provide a general and
adaptable geomechanical model for hydrate bearing sediments.
Recently published experimental data based on synthetic and nat-
ural specimens involving different Sh and hydrates morphology
was adopted to validate the proposed approach. The model appli-
cation and validation do not limit to cases in which Sh is main-
tained constant during the tests (as in previous works), but also
include experiments in which dissociation is induced under con-
stant 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 disso-
ciation, aspect that was not studied before with an elastoplastic
model for HBS.

In the following section themechanical behavior of HBS is briefly
discussed to provide some background information about the key
features of this material. The main components of the adopted
elasto-plastic framework are presented afterwards. Then, the
application and validation cases selected to study the behavior of
HBS are discussed. Finally, the main conclusions of the work are
summarized.
2. Mechanical behavior of HBS - experimental evidences

In the following sections experimental evidences related to the
mechanical behavior of HBS are briefly discussed.
2.1. Loading tests at constant hydrate saturation

Triaxial tests at constant hydrate saturation have provided very
useful information to understand the influence of hydrate satura-
tion and morphology on the mechanical behavior of HBS. The pres-
ence of hydrates strongly affects key mechanical properties of soils.
Gas hydrate increases the shear strength of the sediment [25,28].
Hydrates specimens exhibit a softening behavior (after the peak
stress) and more dilation than free hydrate samples [25,28]. The
sediment stiffness and strength generally increase with the
increase in hydrate saturation [25,28]. It has also been observed
that the stiffness of HBS degrades during shearing [29,37–43].

Hydrates are generally present in sediments in three main mor-
phology types [44,45]: (a) cementation (Fig. 1a); (b) pore-filling
(Fig. 1b); and (c) load-bearing (Fig. 1c).

Hydrates formed in the cementation mode are typically found
at the contact between particles. A recent microstructural investi-
gation [57] (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
[11,14,15,17–23,26,29,45–47,49,64]. For this morphology type,
even a small hydrate saturation can significantly contribute to
increase the sediment stiffness and strength [49]. In hydrate mor-
phology 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) [50–52]. Sediment permeability and water storage capacity
are significantly affected by the presence of hydrates in the load-
bearing form [53]. This mode is generally found in fine-grained
soils and a typical example is the Mallik 5L-38 sediment [54].

Fig. 2a presents some typical results showing the effect of Sh on
stress-strain behavior and strain-volumetric response of natural
methane hydrate samples under triaxial conditions [28]. The type
of hydrate pore-habit (i.e., morphology) also affects sediment
behavior. For example, the tests conducted by Masui et al. [29] to
study the influence of hydrate morphology on the geomechanical
response of hydrate bearing sediments are shown in Fig. 2b. Of
the three samples investigated in that research, the sample with-
out hydrates (i.e., pure sediment) exhibited lower stiffenss,
strength, and dilatancy. The presence of hydrates increases the
material stiffenss, strength and dilatancy, corresponding the max-
imum values to the cementing mode (i.e., type ‘a’, above).

2.2. Hydrate dissociation tests under load

Hydrate dissociation experiments under stress have allowed
gaining a better understanding on the mechanical response of sed-
iments when the presence of hydrates vanish or partially disap-
pear. Two types of tests involving hydrate dissociation conducted
under triaxial and oedemetric loading conditions are briefly dis-
cussed in this section.

Hyodo et al. [37] adopted a temperature-controlled high pres-
sure 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 to prepare samples 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 [37].
The sample was placed in a freezer to keep it stand and then in a
triaxial cell, at the target pressure and room temperature [37].
Once the specimen was thawed, methane was injected into the
specimen, while keeping the cell pressure and temperature condi-



Fig. 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 [28,29].

a) cementation b) pore filling c) supporting matrix

Fig. 1. Main types of hydrate morphology: (a) cementation; (b) pore-filling; and (c) load-bearing.
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tion inside the hydrate stability zone [37]. Three experiments were
selected in this work for the numerical simulations (see Sec-
tion 4.4), namely: two triaxial tests at which hydrate dissociation
was induced at two different initial axial strains (i.e., ea = 1% and
ea = 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 r0

c = 5 MPa under drained conditions.
Fig. 3a presents the main experimental results in terms of axial
strains against both deviatoric stress and volumetric strains. In
one of the hydrate dissociation tests, the specimen was firstly
sheared up to q � 8.4 MPa (i.e., at ea = 1%), then hydrate dissocia-
tion was induced at constant stress conditions and, once hydrate
dissociation was completed, but the shearing continued up to
ea = 20%. A similar procedure was followed for the other test, but
the maximum deviatoric load in this cases was q � 12 MPa (i.e.,
at ea = 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 ea = 5%) the deviatoric stress
was higher than the strength of the dissociated sample. In conse-
quence, 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 in Section 4.4.

The other set of experiments modeled in this paper corresponds
to the tests reported by Santamarina et al. [55]. Two natural core
samples were extracted from the Nankai Trough, offshore Japan,
using the Pressure Core Characterization Tools (PCCT [56]). 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 condi-
tions. After retrieval, the cores were loaded under oedometric con-
ditions 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.
Fig. 3b shows the results of a typical test in the ‘effective stress
chamber’ (i.e., the sample coded as ‘core-10P’, with an initial
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Fig. 3. (a) Experimental results for drained triaxial tests involving hydrate dissociation [37] and (b) behavior of a natural HBS subjected to loading and dissociation under
stress at oedemetric conditions [55].
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Sh � 74% [55]). Prior to hydrate dissociation, the specimen was
loaded up to an applied effective vertical stress r0

v = 3 MPa, then
hydrate dissociationwas induced via depressurization, maintaining
the effective stress constant. Once the hydrates were fully
dissociated, the specimen was loaded up to r0

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 in Section 4.6.

2.3. Discussion

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 Section 4.4. It has also been suggested that hydrate
bonding effects can be damaged during shearing [11,14,15]. The
progressive stiffness degradation in tests involving HBS is generally
very evident. Fig. 4a illustrates the phenomenon of hydrate dam-
age during shearing. Hydrate dissociation is also accompanied by
profound changes in the sediment structure. Fig. 4b shows
schematically the expected changes in the soil structure that lead
to the collapse compression deformations observed during dissoci-
ation under normally consolidated conditions (e.g., Fig. 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 fol-
lowing section, an advanced elastoplastic model for HBS is pre-
sented in detail.

3. Model description

The stress-partition concept proposed by Pinyol Puigmartí et al.
[32] for clayed cementing materials is adapted in this work for
describing the behavior of HBS. The main reason behind the selec-
tion of this model is that it is extremely well suited to deal with
materials that have two main constituents (i.e., ‘hydrates’ and ‘sed-
iments’ in this case), feature that is not considered in previous
models for HBS. The model allows to explicitly define specific con-
stitutive models and evolutions laws for each one of those two
compounds with the corresponding variables. The modeling of
the hydrates can be well represented 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 behav-
ior of the soils. The particular constitutive equations adopted here-
after are based on a modification of the HISS elasto-plastic model
[34–36]. 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 sedi-
ments (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.
3.1. Basic relationships

The stress-partition concept [32] was adopted to develop the
basic relationships. The total volume of the sample (V) can be com-
puted as:
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Fig. 4. (a) Schematic representation of the hydrate damaged during shearing and (b) rearrangement of the HBS structure upon dissociation.
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V ¼ Vs þ Vh þ Vf ð1Þ
where Vs is the volume of sediment skeleton, Vh is the volume of
hydrate, Vf is the volume occupied by the fluid in the pore space
(Fig. 5).

Assuming that the soil grains are incompressible, the total vol-
umetric strain can be defined as:

ev ¼ �DVf

V
� DVh

V
ð2Þ

where the superscript v indicates volumetric strains. The volumet-
ric strain of methane hydrate is computed as:

evh ¼ �DVh

Vh
ð3Þ

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

�DVh

V
¼ �DVh

Vh

Vh

V
¼ evhCh ð4Þ
Vs 

Vh 

Vf

Fig. 5. Schematic representation of a HBS.
where Ch is the volumetric concentration of methane hydrate;
which in turns is equal to the porosity (/) times the hydrate satu-
ration (i.e., Ch = / Sh). From Eqs. (2) and (4), the total volumetric
strain accounting for both the sediment skeleton (i.e., subscript ss)
and the hydrates deformations can be calculated as:

ev ¼ evss þ Chevh ð5Þ
In a similar fashion, the deviatoric strains can be computed as:

eq ¼ eqss þ Cheqh ð6Þ
The relationships that link hydrates and soil skeleton strains are

proposed following an approach similar to [32]:

evh ¼ vevss ð7Þ
eqh ¼ veqss ð8Þ
where v is the strain partition variable that evolves during loading.
The evolution law for this variable is presented in Section 3.2. From
these equations, it can be anticipated that when the sediment skele-
ton deforms, the local hydrate strain reduces if v decreases. Com-
bining Eqs. (5)–(8) leads to:

evh ¼ v
1þ Chv

ev ð9Þ

eqh ¼
v

1þ Chv
eq ð10Þ

Eqs. (9) and (10) can also be written as a vector:

eh ¼ v
1þ Chv

e ð11Þ

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

3.2. Constitutive model for the methane hydrate

The damage theory is an appropriate framework to describe the
degradation process of geomaterials subjected to loading [58]. Iso-
tropic scalar damage models track the degradation behavior of



Table 1
Parameters that control the shape of the yield surface in the HISS model.

Parameter Modified Cam-Clay model (MCC) Cap models

a 3 3
n 1 3, 5, 7, 9
c �1/9 1/9

pss’ 

qss 

Fig. 6. Examples of yield surfaces shapes that can be adopted with the HIIS model.
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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 [11,14,15]. 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:

rh ¼ Dh0eh ð12Þ
where rh corresponds to the stresses taken by the hydrate and Dh0

is the methane hydrate elastic constitutive matrix of the intact
material, as follows:

Dh0 ¼

Kh0 þ 4
3Gh0 Kh0 � 2

3Gh0 Kh0 � 2
3Gh0 0 0 0

Kh0 þ 4
3Gh0 Kh0 � 2

3Gh0 0 0 0
Kh0 þ 4

3Gh0 0 0 0
Symetric Gh0 0 0

Gh0 0
Gh0

2
666666664

3
777777775
ð13Þ

where Kh0 and Gh0 are the bulk and shear moduli, of the intact
hydrate, respectively. A logarithmic isotropic damage variable (L:
þ1 > L P 0) is introduced to account for the damage induce by
loading [31]. The following expressions can be adopted for damaged
states:

rh ¼ e�LDh0eh ¼ Dheh ð14Þ
where Dh 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 [30]. This energy can be defined
as the elastic secant energy that would be recovered upon unload-
ing; which, e.g., for triaxial conditions, can be written as [30]:

uh ¼ 1
2

phevh þ qhe
q
h

� � ð15Þ

The hydrate damage locus is defined by a threshold value ‘r0’ of
the secant elastic energy that can be represented by an ellipse in
the ‘ph-qh’ 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 r0. During damage, the associated variable L
increases, inducing a reduction of the material stiffness. The dam-
age evolution is determined by means of the function below [32]:

rðLÞ ¼ r0er1L ¼ uh ð16Þ
The damage rate is controlled by r1. The consistency condition is

adopted for defining the evolution law for L [32]. The following
evolution law for the partition variable is adopted:

v ¼ v0e
�L

2 ð17Þ
where v0 is an initial reference value assumed for the partition
variable.

3.3. Constitutive model for the sediment skeleton

The constitutive model for the soil skeleton is based on a mod-
ified 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 sedi-
ments. The modified HISS model involves a single and continuous
yield surface that can adopt different shapes depending on the
selected parameters [34–36]. The HISS yield surface (F) is given by:
F ¼ a

M2 q
2
ss � 9c p0

ss

� �2 � p0
ss

� �np2�n
c

h i
ð18Þ

where a and c are model constants; n is the parameter related to the
transition from compressive to dilative behavior; p0

ss and qss are the
mean effective and deviatoric stresses, respectively, both associated
with the sediment skeleton; M is the slope of critical line in the
qss-p0

ss space; and pc is the effective pre-consolidation pressure.
Fig. 6 presents some examples of yield surface shapes that can be
adopted with this models, and Table 1 lists the corresponding
parameters. The ellipse associated with the Modified Cam-Clay
(MCC) yield surface is a particular case of this model.

The mean effective stress (p0
ss) and the elastic volumetric strains

are related through the stress-dependent elastic sediment bulk
modulus K0

ss:

K 0
ss ¼

v
j
p0
ss ð19Þ

where v is the specific volume; and j is the slope of the unloading/
reloading curve in the void ratio (e) versus log(p0

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 (evp) is adopted:

dpc

pc
¼ v

k� j
devp ð20Þ

where k is the slope of the normal compression line in the e-log(p0
ss)

plane. It has assumed that the yield surface F and the plastic poten-
tial G coincide (i.e., associated plasticity). A non-associated flow rule
can be easily incorporated if necessary.

dep ¼ K
@G
@r0

ss
¼ K

@F
@r0

ss
ð21Þ

where K is the plastic multiplier and r0
ss is the effective Cauchy’s

stress tensor.
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The isotropic expansion of the yield surface is controlled by the
hardening parameter ‘pd’. Based on [14], the influence of hydrates
in this law is considered as:

pd ¼ aðvChÞb ð22Þ
where a and b are constants that describe the degree of hydrate con-
tribution to the hardening law. In all the analyses conducted in this
work, a good agreement with the experimental data was obtained
when b = 1, therefore this parameter could be excluded from the for-
mulation, however it was kept to provide more flexibility to model
in case is necessary. Also, previous works adopted a similar expres-
sion for pd (e.g., [14]). 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. Eq. (22) considers
that once the hydrates fully dissociate, the behavior of the pure soil
skeleton is recovered. The partition parameter v (Eq. (17)) accounts
for the effect of hydrate degradation on the preconsolidation pres-
sure 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:

Fb ¼ a

M2 q
2
ss � 9c p0

ss

� �2 � p0
ss

� �nðpc þ pdÞ2�n
h i

ð23Þ

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 dis-
sociation 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 [11,14,15]. 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., [59,60]). The modified sub-
loading yield surface (Fs) incorporating pd can be written as:

Fs ¼ a

M2 q
2
ss � 9c p0

ss

� �2 � p0
ss

� �n½Rðpc þ pdÞ�2�n
n o

ð24Þ

where R is the sub-loading surface ratio. As suggested by Hashigu-
chi [59,60], it is assumed that 0 < R 6 1. The changes in R are
defined through the following evolution law [14,15]:

dR ¼ �g lnRjdepj ð25Þ
where |dep| is the norm of the incremental plastic strain vector and
g is a sub-loading parameter that controls the plastic deformations
inside Fb. The term between brackets in Eq. (24) is called effective
hardening parameter (i.e., H = R(pc + pd)). The three yield surfaces
considered in this model are presented schematically in Fig. 7.

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

dFs ¼ @Fs

@r0
ss
dr0

ss þ
@Fs

@pc
dpc þ

@Fs

@pd
dpd þ

@Fs

@R
dR ð26Þ

After substituting the flow rule (21) into the consistency condi-
tion (26), the plastic multiplier can be obtained as:

K ¼
@Fs
@r0

ss

� �T
dr0

ss þ @Fs
@pd

abvðChÞb�1dCh

@Fs
@pc

v
k�k

� �
pc
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The constitutive relationship for the sediment skeleton is
obtained following the procedure suggested in [32]:

dr0
ss ¼ Dssdeþ dCh

dCh ð28Þ
where
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where De
ss is the sediment skeleton elastic constitutive matrix, with

a structure similar to Eq. (13) but K0
ss (i.e., Eq. (19)) and Gss are used

instead of Kh0 and Gh0, respectively. Eq. (28) 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.

3.4. Final stress-strain relationships

To obtain the expressions relating the external effective stress
r0 with the two stress components, the principle of virtual work
is advocated, which for triaxial conditions can be written as [32]:

p0dev þ qdeq ¼ p0
ssde

v þ qssdeq þ phChdevh þ qhChdeqh ð31Þ
The following equation is obtained after replacing Eqs. (9) and

(10) into Eq. (31):

p0dev þ qdeq ¼ p0
ssde

v þ qssdeq þ phCh
v

1þ Chv
dev þ qhCh

� v
1þ Chv

deq ð32Þ

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

p0 ¼ p0
ss þ

Chv
1þ Chv

ph ð33Þ

q ¼ qss þ
Chv

1þ Chv
qh ð34Þ

For a given Ch the redistribution of external stress between
hydrates and soil skeleton is given by v. When v 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 disso-
ciation, and once the hydrates fully dissociate, the external stresses
are equal to the soil skeleton ones (i.e., as expected, there is no con-
tribution from the hydrates).

Considering Eqs. (33) and (34), the external (global) effective
stress can be expressed as follows.

dr0 ¼ dr0
ss þ

Chv
1þ Chv

drh ð35Þ

Finally, dr0 becomes:

dr0 ¼ Dss þ v
1þ Chv

� �2

Dh

" #
de

þ dCh
þ rh

v
1þ Chv

� Ch
v

1þ Chv

� �2
 !" #

dCh ð36Þ

The constitutive equations presented above provide the rela-
tionships between the external stresses in terms of hydrate and
soil matrix stresses. Eq. (36) in particular expresses the changes
in external effective stresses, when changes in total strains and
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Fig. 7. Yield surfaces considered in the proposed model.
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hydrate concentration take place. Note that Ch is acting as a
‘pseudo-strain’ (i.e., Eq. (36)), in the sense that changes in hydrate
concentration also induce changes in effective stress.
Table 2
4. Model application

The performance of the model presented in Section 3 was com-
pared against available experimental data (most of them published
recently) involving a variety of conditions, from tests at constant
Sh, to experiments involving hydrate dissociation at constant
stresses.

The hydrates parameters Kh and Gh can be considered material
constants, therefore they were not changed in the analysis consid-
ered. They were fromMiranda and Matsuoka [48]. 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
based on the MCCM yield surface was not satisfactory, its shape
was slightly modified to improve the model performance. This
happened in the analyses corresponding to Cases 4.2 and 4.3
below, in all the other analyses the MCCM yield surface was
adopted. 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 in Section 3 can be integrated numer-
ically as suggested in Pinyol Puigmartí et al. [32]. The stress inte-
gration method proposed by Sloan [61] was adapted for the
specific characteristics of this model [62]. All the analyses pre-
sented in this paper correspond to the ‘point integration level’ type.
For the modeling of the tests loaded at constant hydrate concentra-
tion (i.e., cases below in Sections 4.1–4.3 and 4.5), dCh was kept
constant, changes in de were introduced by steps and dr0 was
updated correspondingly (see Eq. (36)). While for those cases in
which hydrate dissociation was induced at constant effective stress
(i.e., cases below in Sections 4.4 and 4.6), dr0 was hold constant,
dCh was changed by steps and Eq. (36) was solved in terms of de.
All the experiments analyzed in this paper were conducted under
drained conditions, this assumption was considered in the corre-
sponding modeling.
Test conditions for triaxial compression tests studied in Section 4.1.

Effective confining pressure (MPa) Porosity (%) Sh (%)

5 39.4 0
39.6 24.2
39.2 35.1
40.1 53.1
4.1. Effect of hydrate saturation on HBS behavior

Hyodo et al. [39] reported triaxial compression tests on syn-
thetic 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 consoli-
dated first and then subjected to shearing. The main test conditions
related to this experimental study are listed in Table 2.

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 param-
eters adopted before) was used to predict the behavior of the sam-
ples with Sh � 24.2% and Sh � 35.1%. Table 3 lists the parameters
adopted in the numerical simulations. Fig. 8a and b shows the
comparisons between experimental and model results for the dif-
ferent hydrate saturations in terms of deviatoric stress and volu-
metric 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., r0

c = 5 MPa) could be one reason for the predomi-
nant 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 satis-
factorily 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 agreements between tests and models results
in terms of volumetric behavior were also excellent (Fig. 8b).
4.2. Effect of hydrate morphology on HBS behavior

Triaxial compression tests based on synthetic methane hydrate
samples were performed by Masui et al. [29]. Some specimens
were prepared using the ice-seed method that generally produces
gas hydrates with dominant pore-filling pore-habit [29]. For other
samples, the partial water saturation method was adopted, which
generally leads to HBS where the cementing morphology type is
dominant [29]. 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 m under



Table 4
Soil parameters adopted in the modeling of Cases in Section 4.2.

Properties Pure sand Pore-filling Cementing

M 1.17 1.17 1.17
k 0.18 0.18 0.18
j 0.006 0.006 0.006
pc (MPa) 12 12 12
a 3 3 3
n 1.02 1.02 1.02
c �1/9 �1/9 �1/9
Ch (initial) 0 0.16 0.16
a – 35 70
b – 1.0 1.0
r1 – 1.1 1.05
r0 – 7e�5 1e�4
g 15 15 15
v0 0 1.0 1.5
Kh (MPa) – 9600 9600
Gh (MPa) – 4300 4300

Fig. 8. Comparisons between model and experimental results for synthetic samples of HBS prepared at different hydrate saturations: (a) stress-strain behavior and (b)
volumetric response. Experimental data adapted from [39].

Table 3
Soil parameters adopted in the modeling of HBS in Section 4.1.

Properties Test Sh = 0 Test Sh = 24.2% Test Sh = 35.1% Test Sh = 53.1%

M 1.30 1.30 1.30 1.30
k 0.16 0.16 0.16 0.16
j 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
c �1/9 �1/9 �1/9 �1/9
Ch (initial) 0 0.096 0.138 0.213
a – 32 32 32
b – 1.0 1.0 1.0
r1 – 4.1 4.1 4.1
r0 – 1e�5 1e�5 1e�5
g 42 42 42 42
v0 – 1 1 1
Kh (MPa) – 9600 9600 9600
Gh (MPa) – 4300 4300 4300
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sea level. The tests were conducted at a r0
c = 1.0 MPa. No hydrate

dissociation was induced during the experiments.
The three experiments presented in Fig. 2b carried out by Masui

et al. [29] 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. Masui et al. [29] reported porosity
values between 37.7% and 42.4%. The hydrate saturation was very
similar in both tests (i.e., Sh � 0.41).

Fig. 9 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 fea-
tures of HBS behavior (i.e., increase of stiffness, strength and dila-
tion 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 mechan-
ical effect that the cementing form has on HBS behavior when
compared against the pore-filling morphology type. One issue to



Fig. 9. Comparisons between model and experimental results for synthetic Toyoura sand samples with different hydrates pore habits: (a) stress strain behavior and (b)
volumetric response. Experimental data adapted from [29].
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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
v0 (i.e., Eq. (17)) depends on hydrate morphology. The value of
the cementing sample was adopted higher (i.e., v0 = 1.5) than the
pore-filling one (i.e., v0 = 1.0).

4.3. Modeling the behavior of natural HBS samples

Synthetic methane hydrate specimens were modeled in the two
previous Sections, in this one, experiments involving natural
hydrate samples conducted by Yoneda et al. [63] are studied. Core
samples were retrieved from the Eastern Nankai Trough by means
of the pressure core analysis and transfer system. The natural sed-
iments were maintained very close to the in-situ condition [56].
Table 5 lists the main soil properties and other information associ-
ated with these experiments. Specimens identified as core#7 and
core#9, with Sh � 38% and Sh � 79%, respectively, were tested
under triaxial drained conditions. As explained in Yoneda et al.
[63], the manipulation of core#9 and core#7 induced changes in
the material. Core#7 was treated using liquid nitrogen (LN2) core
method, 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 dissocia-
tion. Yoneda et al. [63] 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
Table 5
In situ conditions, soil index properties, and testing conditions for tests presented in Sect

Test name Host type Overburden (m) r0
3

#7 Silty sand 279.3 1.5
#9 Silty sand 294.2 1.6
�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 speci-
men which implies that when core#9 was tested at conditions sim-
ilar 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 6 lists the adopted parameters.

Fig. 10 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 dila-
tancy, which can be associated with the higher hydrate saturation
of this sample respect to core#7. As shown in Fig. 10, the model
provides enough flexibility to satisfactorily reproduce the mechan-
ical behavior of two natural samples from Nankai Trough. The per-
formance of the model is very satisfactory but for some slight
deviations in terms of volumetric strain.

4.4. Effect of hydrate dissociation on HBS behavior under triaxial
conditions

The tests conducted by Hyodo et al. [37] were selected to study
the effect of hydrate dissociation under triaxial conditions. The
ion 4.3.

(MPa) Water content (%) / (%) Sh (%)

26.4 44.1 38
22.7 39.4 79
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main information about the samples and tests details were intro-
duced in Section 2.2. Table 7 lists the main tests conditions related
to these experiments.

These tests provide very useful information about the effect of
hydrate dissociation at two stages of shearing. When the dissocia-
tion was induced at ea = 1%, the stress conditions were quite far
from the failure of the dissociated sediment (i.e., the deviatoric
stress of this sample at ea = 1% was 8.4 MPa, while the strength at
failure of the already dissociated sample was around 10 MPa,
Fig. 3a). However, when the hydrate dissociation started at
ea = 5% the deviatoric stress (i.e., q � 12 MPa) was higher than the
strength of the dissociated sediment and it was difficult to main-
tain the constant stress condition during dissociation. The sample
Table 6
Soil parameters adopted in the modeling of HBS specimens presented in Section 4.3.

Properties Core 7 Core 9

M 1.26 1.26
k 0.16 0.16
j 0.014 0.014
pc (MPa) 12 12
a 3 3
n 0.98 0.98
c �0.14 �0.14
Ch (initial) 0.1675 0.311
a 6 21
b 1 1
r1 1.1 1.3
r0 1e�5 1.25e�4
g 3 48
v0 1 1
Kh (MPa) 9600 9600
Gh (MPa) 4300 4300

Table 7
Test conditions of methane hydrate dissociation tests. Section 4.4.

Consolidation condition r0
c (MPa) Sh (%) Po

Isotropic 5 48.7 40
Isotropic 5 47.4 39
Isotropic 5 47.9 39

Fig. 10. Comparisons between model and experimental results for triaxial tests on natura
adapted from [63].
failed and the deviatoric stress reduced tending to the strength
of the dissociated sample (i.e., q � 10 MPa). These were quite com-
plex experiments that have been simulated following, as close as
possible, the reported test protocols [37].

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 mate-
rial, i.e., sand); then, (ii) the test related to the dissociation at
ea = 1% was studied (and used to adjust the model parameters for
the HBS case); and finally, (iii) the test involving hydrate dissocia-
tion at an initial ea = 5% was simulated to validate the proposed
model under these particular conditions. Table 8 lists the main
parameters selected for the modeling.
rosity (%) Test No Remarks

.4 1 Dissociation? Shear

.9 2 Shear 1%? Dissociation? Shear

.8 3 Shear 5%? Dissociation? Shear

Table 8
Parameters adopted in the modeling of HBS specimens. Section 4.4.

Properties Shear after
dissociation

Dissociation induced
at ea = 1%

Dissociation induced
at ea = 5%

M 1.17 1.17 1.17
k 0.12 0.12 0.12
j 0.002 0.002 0.002
pc (MPa) 11.5 11.5 11.5
a 3 3 3
n 1 1 1
c �1/9 �1/9 �1/9
Ch (initial) 0 0.195 0.195
a – 16 16
b – 1.0 1.0
r1 – 2.9 2.9
r0 – 1e�5 1e�5
g – 35 35
v0 – 3 3
Kh (MPa) 9600 9600 9600
Gh (MPa) 4300 4300 4300

l samples: (a) stress strain behavior and (b) volumetric response. Experimental data
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Fig. 11 presents the comparisons between experiment and
model results for the three cases discussed above. As for the
already dissociated sample (Fig. 11a), 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.
Fig. 11b presents the experimental and numerical results related to
the sample at which dissociation was induced at ea = 1%. In
addition to the external deviatoric stresses (i.e., the one to be
compared against the experimental observations), the mechanical
Fig. 11. Experimental and modeling results for drained triaxial tests: (a) already dissoc
ea = 5%. Experimental data adapted from [37].
contributions of the hydrate and sediment skeleton are computed
by the model and included in this figure as well.

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 sup-
ported by the soil skeleton at the end of the dissociation process.
Shearing continued after full dissociation and the deviatoric stress
iated sediment, (b) dissociation induced at ea = 1%; and (c) dissociation induced at



40 M. Sánchez et al. / Computers and Geotechnics 84 (2017) 28–46
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 dur-
ing the initial loading stage, the (average) deviatoric stress during
dissociation, and the maximum final deviatoric stress after dissoci-
ation. However, the experimental deviatoric stress at ea = 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 volumetric deformations during
dissociation are well reproduced by the model. The model slightly
under-predicts the ev at advanced stages of the experiment (i.e.,
ea > 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., devp = 0)
and evp remains fairly constant. In this way the model simulates
the material failure (i.e., continuous deformations at constant devi-
atoric stress). More details about how the different mechanisms
adopted in this model work are presented in the following case.

Once the model parameters were calibrated using the two pre-
vious cases, the ability of the constitutive equation to predict the
HBS behavior under dissociation was checked against the third
test. Fig. 11c presents the comparisons between the experimental
results and the model predictions for the case in which the hydrate
was dissociated at ea = 5%. The model results are also very satisfac-
tory 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 exper-
imental data in terms of volumetric behavior. Surprisingly, it was
observed that there was not volume change at the end of this test,
Fig. 12. Additional modeling information for the test in which dissociation was induce
surfaces at the beginning of the experiment; and (d) yield surfaces at an intermediate s
because an apparent dilation during dissociation compensate the
initial positive volumetric strains. This final dilation in the experi-
mental 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 ev predicted by the model dur-
ing dissociation are related to the volumetric compression plastic
strains induced by the collapse of the sediment structure during
hydrate dissociation (as shown in Fig. 3b, and illustrated in Fig. 4b).
This structure-collapse behavior is explained in more detail in
Section 4.6.

Hyodo et al. [37] 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 ea = 5%) [37]. The mechani-
cal contribution from the hydrate (dash line) was gradually trans-
ferred to the sediment skeleton during dissociation, and the global
deviatoric stress decreased progressively until reaching the maxi-
mum 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., ea = 20%).

Fig. 12 shows additional information about this modeling.
Fig. 12a presents the q-ea plot extended until full dissociation. As
discussed before, during dissociation the bearing capacity of the
hydrates decreased and the stress were gradually transferred to
the sediment. The model predicts that at advanced stages of shear-
ing and hydrate dissociation all the external stresses are supported
by the sediment skeleton only. The effective hardening parameter
(H = R(pc + pd)) always increased (Fig. 12b). This implies that Fs kept
d at ea = 5%: (a) extended stress-strain behavior; (b) hardening variables, (c) yield
tage of shearing (ea = 15.3%) and at the end of test.
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expanding during the whole test. The variable R always increased
during the simulation as well (Fig. 12b). 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 pd during hydrate dissociation. Fig. 12c presents the
three initial yield surfaces (i.e., F, Fs, and Fb) considered in this
model at the start of the test. Fig. 12d presents again these three
yield surfaces at two different stages: (i) at ea = 15.3%, i.e., when
the sub-loading yield surface reached the boundary one (F is still
inside Fb = Fs, because pd did not vanish totally at this stage); and
(ii) at the end of the test, when the three yield surfaces coincided
in one.

The proposed model has not only reproduced and predicted sat-
isfactorily 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 disso-
ciation was induced by heating [37]. 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 cer-
tainly be done in the future incorporating thermal effects. The
inclusion of temperature could also help to reproduce these exper-
iments more closely.

4.5. Effect of coffining pressure and v0 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 mecha-
nisms 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 confine-
ment on HBS behavior. The study is based on the HBS specimen
presented in Section 4.4. Tests at two additional cell pressures
were simulated (i.e., r0

c = 1 MPa and r0
c = 3 MPa) and dissociation

was not induced in this modeling (i.e., shearing at constant
Sh = 48%). Table 9 lists the adopted model parameters.
Fig. 13a and b shows that the confinement plays a critical role in
the behavior HBS, as r0

c decreases the peak strength decreases,
the dilatancy increases and also the softening is more marked.
Table 9
Parameters adopted in the modeling of HBS specimens in Section 4.5. Effect of
confining pressure.

Properties r0
3 = 1 (MPa) r0

3 = 3 (MPa) r0
3 = 5 (MPa)

M 1.17 1.17 1.17
k 0.12 0.12 0.12
j 0.002 0.002 0.002
pc (MPa) 11.5 11.5 11.5
a 3 3 3
n 1 1 1
c �1/9 �1/9 �1/9
Ch (initial) 0.195 0.195 0.195
a 16 16 16
b 1.0 1.0 1.0
r1 2.9 2.9 2.9
r0 1e�5 1e�5 1e�5
g 35 35 35
v0 3 3 3
Kh (MPa) 9600 9600 9600
Gh (MPa) 4300 4300 4300
The plots in Fig. 14 show more details about how the main vari-
ables of the model evolve for the test at r0

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., [11,14,15]). Under this
assumption, the model predicts plastic positive volumetric strains
at the start of the test (i.e., between ‘A’ and ‘B’, Fig. 14a and b),
because the stress state lies on the ‘wet side’ of Fs (Fig. 14c), there-
fore pc increases. 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 of the HBS. Fig. 14c and d
presents the yield surfaces associated with this model at different
stages of the test.

Finally, a study related to the effect of the partition parameter
v0 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 r0

c = 1 MPa and v0 = 3 was
adopted as the base case, and two additional analyses were per-
formed with v0 = 2 and v0 = 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. 15a).
The volumetric behavior of the HBS is also affected by this param-
eter (Fig. 15b), a reduction of v0 is accompanied by an increase in
the dilatancy. The adopted parameters are listed in Table 10.

4.6. Effect of hydrate dissociation on HBS behavior under oedometric
conditions

The last set of experimental data studied in this work corre-
sponds to two natural specimens gathered by means of the Pres-
sure Core Characterization Tools (PCCTs) [55,56]. The samples
were loaded uniaxially with lateral confinement (i.e., oedometric
conditions). General information about this research was pre-
sented in Section 2.2. The test presented in Fig. 3b) plus another
one with a lower hydrate saturation are simulated in this section.
The parameters reported [55] for the dissociated sediment (i.e., a
silty sand) were adopted in the simulations. The selected parame-
ters are listed in Table 11.

Tests and models outputs related to the specimen ‘core-8P’ (i.e.,
initial Sh = 18%) are presented in Fig. 16a. The HBS specimen was
subjected to a monotonic increase in the vertical stress up to
r0

v = 6 MPa, followed by an unloading up to r0
v = 3 MPa. Hydrate

dissociation was induced in this over-consolidated sample fol-
lowed by cycles of loading (with a maximum r0

v = 9 MPa) and
unloading of the already dissociated sediment. The experimental
and numerical results associated with specimen ‘core-10P’ (i.e., ini-
tial Sh = 74%) are presented in Fig. 16b. In this case the effective
vertical stress was increased until r0

v = 3 MPa and hydrate dissoci-
ation was induced at this constant effective stress (under
normally-consolidated conditions). Once the sample was fully dis-
sociated, the vertical stress was increased until a maximum
r0

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 satisfacto-
rily 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



Fig. 14. Additional modeling information for the test in Fig. 13 at r0
c = 1 MPa: (a) stress-strain behavior; (b) hardening variables; (c) yield surfaces at two initial stages of the

experiment A&B; and (d) yield surfaces at two final stages of shearing C&D.

Fig. 13. Effect of confinement on HBS response: (a) stress strain behavior and (b) volumetric response.
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Fig. 15. Effect of v0 on HBS response: (a) stress-strain behavior and (b) volumetric response.

Table 11
Parameters adopted in the modeling of HBS specimens in Section 4.6.

Properties Core 8P Core 10P

M 1.07 1.07
k 0.605 0.12
j 0.065 0.04
pc (MPa) 2.32 3.5
a 3 3
n 1 1
c �1/9 �1/9
Ch (initial) 0.102 0.3605
a 6 12.5
b 1.0 1.0
r1 2.5 2.9
r0 1e�6 2e�7
g 15 0.5
v0 1 3
Kh (MPa) 9600 9600
Gh (MPa) 4300 4300

Table 10
Parameters adopted in the modeling of HBS specimens
in Section 4.5. Effect of parametersa: v0.

v0 r0 r1

1 1e�5 2.9
2 1e�5 2.9
3 1e�5 2.9

a The parameters of the test in Table 9 with r0
3 = 1

(MPa) was used as the base case for the parameter
sensitivity study.
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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 notice-
able 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 satura-
tion 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 r0

v = 3 -
MPa� core-10P r0

v = 8 MPa), therefore the effect of confinement
on the re-accommodation of the sediments particles is less signif-
icant for core-8p; (iii) dissociation in core-8P took place under
over-consolidated conditions while in core-10p dissociation hap-
pened under normally-consolidated conditions; and (iv) core-8p
was previously loaded up to a very high effective vertical stress
(i.e., r0

v = 6 MPa) that degraded the bonding effects of the hydrate
and induced important changes in the sediment structure previous
to dissociation.

Fig. 17a presents the evolution of r0
v calculated by the model in

the soil skeleton and hydrate, together with the global (or 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 experi-
ment, i.e., path ‘A-B’. Note that the hydrate saturation is very high
in this case (i.e., Sh = 74%) and therefore an important bearing con-
tribution 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 disso-
ciation, the stresses are supported by the soil skeleton only, and
the subsequent loading (‘C-D’) and unloading (‘D-E’) steps are con-
trolled by the properties of the already dissociated sediment.
Fig. 17b shows that the hardening enhancement effect (controlled
by pd) reduces progressively during loading and it disappears dur-
ing dissociation. The effective hardening parameter H increases
during loading and remained unchanged upon unloading.



Fig. 16. Behavior during dissociation of natural HBS specimens under oedometric conditions: (a) core 8P and (b) core 10P. Experimental data adapted from [55].

Fig. 17. Additional modeling information for the test related to core 10P: (a) vertical stresses computed by the model during loading and (b) hardening variables.
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5. Conclusions

A constitutive model for hydrate bearing sediments is presented
in this paper. Experimental observations have shown that the pres-
ence of hydrates impacts on different aspects of sediment behavior,
amongst others: stiffenss, peak stress, softening behavior and dila-
tion. 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 work 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 skele-
ton at different stages of loading and hydrate dissociation. A dam-
age 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 con-
stitutive law based on critical state soil mechanics. The proposed
framework also incorporates sub-loading and hydrate enhance-
ment mechanisms.

Information from several mechanical tests recently published is
selected to study the model capabilities. The experiments were
chosen to cover the most relevant conditions related to HBS behav-
ior. Hydrate soil specimens covering a wide range of hydrate satu-
rations were considered in the analyses. The effect of hydrate
morphology and confinement on the mechanical behavior of HBS
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is also investigated in this work. Particularly attention was paid to
the study of the mechanical behavior of HBS during hydrate disso-
ciation 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.
The model performance during all of these conditions was very sat-
isfactory. The proposed geomechanical model was capable of cap-
turing not only the main trends and features of sediment observed
in the different tests, but also to reproduce very closely the exper-
imental observations in most of the analyzed cases. The enhance-
ment of sediment strength, stiffenss and dilation were well
reproduced by the model. The ability of the proposed approach
to simulate the volumetric soil collapse compression observed dur-
ing hydrate dissociation at constant stresses is particularly remark-
able. A contribution of this work is the modeling of HBS during
dissociation. This model has also assisted to interpret how sedi-
ment and hydrates contribute to the mechanical behavior of HBS
and how these contributions evolve during loading and hydration
dissociation.
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