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Dynamic evolution of hydrate filling and cementation effects significantly affects
the mechanical behavior of gas hydrate-bearing sediments (GHBS). To analyze
the strength and deformation characteristics of GHBS under varying effective
confining pressures and hydrate saturations, we use the unified hardening model
for clays and sands (CSUH model) as a framework. A compressive hardening
parameter is introduced to describe the isotropic compression behavior.
Additionally, cementation strength is incorporated to adjust the yield function,
while state parameters are used to modify the potential strength. An elastoplastic
constitutive model is developed to capture the strength, stiffness, dilatancy, and
softening of GHBS. Based on the user-defined subroutine interface provided
by ABAQUS and the modified Euler integral algorithm with error control, the
user-defined subroutine (UMAT) is embedded in ABAQUS to implement the
finite element model. Numerical solutions are obtained, and the accuracy of
the model is verified by comparing theoretical solutions with experimental data,
showing good agreement. The results demonstrate that the model accurately
represents the stress-strain relations and shear dilatancy characteristics of GHBS
under various conditions. Furthermore, the model effectively evaluates the
mechanical responses of GHBS with different hydrate formation behaviors under
various environmental loads. These findings provide a foundation for further
engineering applications.

gas hydrate-bearing sediments, elastoplastic constitutive model, state parameter,
modified euler integration algorithm, numerical integration

1 Introduction

Natural gas hydrates are extensively distributed in terrestrial permafrost regions,
oceanic bottoms near continental margins, and deep-sea plains (Borowski et al., 1999).
These hydrates are an important source of clean, efficient, and low-carbon fossil energy
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with vast reserves and high calorific value (Davidson et al., 1987).
Marine gas hydrates that account for more than 95% of total
hydrate resources (Ruppel and Kessler, 2017) have enormous
development potential and economic value. Trial production of
hydrates has been carried out in countries such as the United States,
Canada, Japan, and China, achieving several milestones in the
industrialization process (Ye et al., 2020). The monitoring results
show that short-term trial production does not cause significant
deformation of seabed strata (Yamamoto et al., 2017; Chen et al,,
2018), but long-term production requires further examination
of the potential destructiveness of reservoir deformation
(Handwerger et al, 2017; Yan et al, 2020). Therefore, fully
clarifying the mechanism of soil deformation induced by hydrate
decomposition and elucidating the deformation characteristics of
gas hydrate-bearing sediments (GHBS) are of significant importance
for the long-term safe and efficient exploitation of natural
gas hydrates.

GHBS occurs in unsaturated, underconsolidated marine soils,
exhibiting characteristics similar to loose soils or loose sand.
It shares certain mechanical properties with conventional soils,
such as high sensitivity (Hong et al., 2013), high compressibility
(Zeng et al,, 2015), and high liquid and plastic limits (Bian et al.,
2021). However, the distinct phase transition properties of hydrates
result in physical and mechanical characteristics of GHBS that differ
from those of conventional soils, remolded soils, and conventional
oil and gas reservoirs. Extensive research on the physical and
mechanical properties of GHBS has been conducted through
microscopic and macroscopic tests. It is indicated that hydrates
tend to form in coarser sediment fractures (Winters et al., 2000)
and gradually surround soil particles with increasing hydrate
saturation (S,) (Hyodo et al, 2013). During depressurization,
hydrates first decompose in sandy large pores, and the generated
water moves to clay small pores and is converted to clay-bound
water, causing changes in pore structure due to clay hydration
expansion (Ren et al, 2022). Hydrates affect the macroscopic
mechanical properties of sediments primarily through filling and
cementation effects. Depending on the geological environment,
hydrates occur in various modes, such as pore-filling, grain-coating,
and cementation (Uchida et al., 2012). The influence mechanisms of
different hydrate occurrence modes on the macroscopic mechanical
properties of sediments are not entirely identical (Zhao et al., 2023a).
However, the fundamental mechanism lies in the fact that the
impact of hydrates on the macroscopic mechanical properties of
sediments is primarily based on the individual effects of filling
and cementation. The filling effect alters the compactness and
interparticle friction properties of sediments (Fang et al., 2022;
Xu et al, 2023), affecting compressive hardening (Zhao et al,
2023a) and dilatancy (Yang et al., 2024), while the cementation
effect directly influences the strength and stiffness of sediments
(Wu et al,, 2020). The classical constitutive models incorporate
parameters like progressive damage (Zhang et al, 2022) and
strength degradation (Zhao et al., 2024) to describe these features,
leading to the development of various constitutive models for
hydrate sediments, including non-linear elastic models (Dong et al.,
2024), critical state models (Zhao et al, 2024), and damage
statistical models (Li et al., 2016; Wang et al., 2021). Additionally,
due to the influence of hydrate formation and decomposition
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on the sediment pore connectivity and fluid distribution, multi-
field coupling models such as the temperature-seepage-stress-
saturation model (Zhao et al,, 2023b), the temperature-seepage-
stress-saturation multi-field coupling model (Yan et al, 2023),
and the temperature-seepage-stress-chemical model (Samala and
Chaudhuri, 2022; Qiu et al., 2023) have been established. These
models provide a vital theoretical foundation for comprehensively
understanding the complex characteristics of GHBS.

The established constitutive models enable the prediction
of GHBS response characteristics under various conditions.
Scholars have employed software such as TOUGH-+Hydrate
(Li et al., 2024), COMSOL (Sun et al., 2018; Huang et al., 2021),
TOUGH+MIXHYD (Liao et al., 2024), and ABAQUS (Jiang et al.,
2018) to simulate processes such as depressurization mining,
wellbore shear deformation, and hydraulic fracturing, which
offers new theoretical insights into the optimization of hydrate
extraction techniques and risk management. However, current
studies often oversimplify the description of hydrate filling and
cementation effects, face challenges in parameter determination,
and involve complex computations with limited application in major
commercial software.

In this paper, an elastoplastic constitutive model for GHBS is
established to provide a more accurate theoretical foundation and
computational results for the safe extraction of natural gas hydrates.
First, the cementation strength is introduced into the unified
hardening model for clay and sand (CSUH model) framework to
describe its evolution law. State parameters are used to reflect the
hydrate filling effect, adjusting the hardening behavior of GHBS,
while cohesion strength is incorporated to describe the cementation
effect, forming the basis of the elastoplastic constitutive model.
Subsequently, the numerical integration algorithm of the model is
developed, and a user-defined subroutine (UMAT) is implemented
to integrate the model into the commercial finite element software
ABAQUS. The accuracy and applicability of the model are
validated by comparing theoretical solutions with experimental
data. Finally, the comparison with experimental data confirms that
the model effectively captures the hardening, softening, dilatancy,
and contraction behaviors of GHBS, demonstrating its advantages
in providing a more accurate theoretical basis for the safe extraction
of natural gas hydrates.

2 Establishment of the constitutive
model

2.1 Hardening of GHBS

The compressive hardening is the property of soil modulus to
change with pressure during compression, which is essentially due
to friction, sliding, and subsequent structural collapse between solid
particles (Onitsuka et al., 1995). For soils containing exogenous
components, significant changes in specific surface area and pore
structure lead to variations in compressibility (Bian et al., 2024).
These microstructural changes further influence the compressibility
of the soil, resulting in more complex mechanical responses. In the
case of GHBS, during compression, the crushing and rearrangement
of GHBS particles (Bai et al., 2023; Bai et al., 2025) induce changes
in the pore structure of the soil skeleton and specific surface area
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(Bian et al., 2024). These microstructural alterations modify the
compressibility of GHBS, causing its compression line in e-Inp space
to deviate from an ideal linear form and exhibit a more complex
curved characteristic, resembling the behavior of sand under specific
conditions. The unified hardening model for clays and sands (CSUH
model) introduced by Yao et al. (2019) incorporates a compressive
hardening parameter, which is denoted as p,, to accurately depict
the isotropic compression behavior of sands, clays, and structured
soils. This model can also be used to characterize the compressive
properties of GHBS (Lin et al., 2020).

Based on these foundational studies, to comprehensively
reflect the manifestation of micro-mechanisms in macroscopic
compressibility, this study elucidates the normal consolidation line
(NCL) expression for GHBS as expressed in Equations 1:

Prps

ezZ—)Lln( )
1+p,

where Z is the void ratio at an average normal stress of 1 kPa on the

(1)

NCL, determining the NCLs position in the e-Inp space; A is the slope
of the NCLs asymptote; p; is the introduced compressive hardening
parameter, indicating the curvature. When p, = 0, Equation 1 reverts
to the conventional NCL expression for normally consolidated clay.

Hydrates alter the cementation degree and pore structure of
sediments, thereby affecting the hardening property of GHBS
(Hou et al, 2022). The extent to which hydrates influence
the hardening property of GHBS is closely related to the §j,.
Depending on the storage form of hydrates (such as pore-filling,
particle-coating, and cementing), p; can be expressed as a linear
function of S, (Yang et al., 2023) and an exponential relationship
(Uchidaetal., 2012; Lijith et al., 2019), etc. To uniformly describe the
compressibility of GHBS, this study assumes that p; and S}, satisfy a
functional relationship:

PS :Pso +ASS§S (2)

where pg, is the compressibility parameter of sediments without
hydrates; A; and B reflect the degree of hydrate contribution to
compressibility, which depend on hydrate morphology and are
determined based on experimental data.

As the hydrostatic pressure increases from p,, to p,, and by
combining Equation 2 with the rebound properties of geotechnical
materials, the expression for p, is derived as:

&
C_ —Ds
P

where € is the plastic volume strain; Cp= (A-x)/ (1 + ey), with « being

px:(px0+ps)exp( (3)

the slope of the overconsolidation compression line (OCL) in e-Inp
space, and ¢, is the initial void ratio.

2.2 Cementation characteristics of GHBS

Sandy soil exhibits a distinct critical state line (CSL). Given
that the distance between the NCL and CSL is affected by the yield
equation, the CSUH model employs the same yield surface equation
as the modified Cambridge model, albeit with a modified expression
for p,. The yield equation is formulated as:

f=q+Mp(p-p,) (4)
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Laboratory experiments on GHBS indicate that its cementation
strength should not be neglected (Bai et al., 2025; Yao et al., 2019).
Thus, this paper extends Equation 4 as:

f=a+M(p+p)(p-p,)

where p, represents the cementation strength of GHBS.

()

The cementation strength of GHBS is gradually decaying during
the deformation process, accompanied by the rotation and slippage
of skeleton particles and destruction of soil skeleton structure. With
reference to the review of experimental test results of GHBS by
Lijith et al. (2019), the initial cementation strength p,, is formulated
as an exponential relationship in Equations 6:

Py = AtSE‘ (6)
where A, and B, are material constants characterizing cementation
strength, describing the contribution of hydrates to the
cementation strength of sediments, and are determined based on
experimental data.

Referring to the research of Lijith et al. (2019), Fang et al.
(2020), and Iwai et al. (2022), it is assumed that the cementation
strength p, decreases with increasing plastic shear strain, the p, and
its increment dp, during shearing are given by:

p=Py exp(-asy)

@)
dp, = —ap,det

where a denotes the decay rate of cementation strength.
Substituting Equations 3, 7 into Equation 5 and employing &} as
the compressive hardening parameter for yield surface. Within the
CSUH model framework, the compressive hardening parameter is
substituted with the unified hardening parameter H to characterize
various soil properties. Consequently, the yield surface equation for
the GHBS model is formulated in Equations 8:
> _1
%

o

2.3 Constitutive model of GHBS

p+p
pr +ps

P+p, T ) (
+—— |+l
P+Pt MZ(P+Pt)2

H

f=1 (8)

The stress ratio # considering the dynamic cementation strength
of GHBS is expressed in Equations 9:

q

n= ©)
P+p
The wunified hardening parameter H is defined in
Equations 10 based on Yao et al. (2019):
Myt
H= J —L 4 (10)
M-yt

where M; denotes the potential strength, indicating the strength
variation of GHBS,
M; = Mexp(mé) (11)

where m represents the strength parameter; and £ is the densification
state parameter.
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NCL (7=0)
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1kPa P Inp
FIGURE 1

State parameter &.

As illustrated in Figure 1, & represents the distance between the
anisotropic compression line (ACL) and the critical state line (CSL),
q

M—Z(p+pt)2 ) —-e (12)

The associated flow rule is adopted, and the dilation equation is

which is described in Equations 12:

2

Prps

+
£=Z_MH<I+PS)_(A_K)IH<ITA

expressed as:
M2 _ ’12
21

d=

(13)

2.4 Elastoplastic matrix

Based on elastoplastic theory, the elastoplastic matrix for GHBS
is deduced in Equations 14:

{dp} [P Dy {dev} »
dq Dy, Dyq | | de
Where the components are expressed as Equations 15:
2
_x KdS
PP N ap
_3KGd of
Pq
] N oq (15)
_ _3KGof
P N op
9G* of
D, =3G-—=—
949 N aq
with N in Equations 15 defined by Equations 16:
) )
N=k +kaL +36Y (16)
R

where d corresponds to the dilation equation depicted in Equation 13;
K and G are the bulk modulus and shear modulus, respectively, with

Frontiers in Earth Science

04

Input initial values:
0o, €9, P> s T, AT

[F=

Calculate the sub-step strain increment:
{Ae}=AT{Ac}

]

Estimate the first stress increment:
{Aa }=[Der({a},H)]{Ae}

]

Calculate {AeP} and {Al7}, update the
stiffness matrix[De*({o+Ao, } H+AH)]

I

Estimate the second stress increment:
(Mg} =[D({o+A0,} H+AID] {As}

l

Calculate the average stress increment:
Ao=({Aa\}+{Aa,})/2

l

Calculate the error:
R=|\({Ac,}+{Aay}Y2|l/|{o+Ad}]]

No

AT, o=
0.8[sstol/R]2AT

/

Update p, , p,, {¢r} and {H},
update stress{o}={o}+{Aa}

[

]

AT, =0.8[sstol/R]\2AT ,
T=T+AT

FIGURE 2
Flowchart of the modified Euler integration algorithm.

K =E/[3 (1-2u)] and G = E/[2 (1+)]; 4 denotes poisson’s ratio; and
K, is the hardening modulus, which is expressed as:

_ M-

¢ M — 1t

o of

K + apt$
t

P

17)

3 Development and validation of the
constitutive model

3.1 Modified euler integration algorithm
process

The numerical integration algorithm for constitutive model
primarily consists of explicit and implicit integration methods.
The explicit method is straightforward but lacks accuracy and
computational efficiency. The implicit method performs better in
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TABLE 1 Model parameters.

10.3389/feart.2025.1501962

Parameter Value Definition
Miyazaki et al. Hyodo et al.

A 0.08 0.146 Slope of NCL line

K 0.01 0.0016 Slope of OCL line

z 1.06 115 Void ratio at p = 1 kPa

U 0.3 0.3 Poisson’s ratio

M 1.1 1.2 Critical state stress ratio

ey 0.6077 0.67 Initial void ratio

m 2.43 3.71 Dilatancy parameter

a 209 0.6 Decay rate of cementation strength
Pso 329 1.76 Compressive hardening parameter of sediments without hydrate
A 93.67 38.72

Contribution degree of hydrate to compressibility

B, 047 0.95

A, 82.1 0.146

Contribution degree of hydrate to cementation

B, 0.95 0.0016

—Deviator stress ¢ (MPa)—&

~

. ® experimental data |
1 analytical solution
2 O numerical solution
1
G 1 1
-15 -10 -5 0 5 10 15

Lateral strain &, (%) Axial strain ¢, (%)

FIGURE 3
Comparison with Miyazaki et al. (S, = 0, 05 = 2 MPa).

terms of numerical stability, but requires the solution of implicit
equations and has only first-order accuracy. To address these
limitations, Sloan et al. (2001) introduced an enhanced Euler
integration algorithm. This approach initially calculates an estimated
value using the explicit Euler method, then calculates a corrected
value using the implicit Euler method, and finally takes the
average of two values as the final approximation. The difference
between the estimated and corrected values is used to evaluate
the error. If the error exceeds a predefined threshold, the step
size is reduced; otherwise, it is increased. This strategy combines

Frontiers in Earth Science

—Deviator stress g (MPa)—9

ﬁ o
Il
® experimental data
3 analytical solution
O numerical solution
o L L
-15 -10 -5 0 5 10 15

Lateral strain &; (%) Axial strain &) (%)

FIGURE 4
Comparison with Miyazaki et al. (S, = 30.5%, o5 = 2 MPa).

the simplicity of the explicit method with the stability of the
implicit method. The UMAT subroutine for the constitutive model
of GHBS is developed using modified Euler integration algorithm
with error control. The computational procedure is as follows
(see Figure 2):

(1) Assume time T = 0 and time increment AT = 1, and determine
the initial elastic stiffness matrix [D°] based on the current
stress under elastic loading.

(2) Determine the sub-step strain increment {Ae} = AT{Ae},
perform the first stress increment estimation {Ac, } = [D®? ({0},

frontiersin.org
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—Deviator stress ¢

MPa)+6

® experimental data
analytical solution
O numerical solution

1 " N i
-15 -10 -5 0 5 10 15
Lateral strain &5 (%) Axial strain &, (%)

FIGURE 5
Comparison with Miyazaki et al. (S, = 43%, g5 = 2 MPa).

r—Deviator stress ¢ (MPa)—+2

® experimental data

44 analytical solution
© numerical solution
2
1 {) O L 1
-15 -10 -5 0 5 10 15

Lateral strain & (%) Axial strain &, (%)

FIGURE 8
Data comparison with Miyazaki et al. (S, = 43%, 05 = 3 MPa).

—Deviator stress ¢ (MPa)-5-

® experimental data ®
analytical solution
© numerical solution

1 | O 1 1 1
-15 -10 -5 0 5 10 15
Lateral strain ¢; (%) Axial strain &, (%)

FIGURE 6
Data comparison with Miyazaki et al. (S, = 43%, o5 = 0.5 MPa).

Deviator stress ¢ (MPa)-6

P

® cxperimental data

2 analytical solution —
O numerical solution
1
1 1 C O 1 1 1
-15 -10 -5 0 5 10 15

Lateral strain &, (%) Axial strain &, (%)

FIGURE 7
Data comparison with Miyazaki et al. (S,, = 43%, 03 = 1 MPa).

6

cxperimental data
theoretical solution
0 numetical solution

Deviator stress g (MPa)

0
0 3 [ 9 12 15
Axial strain ¢, (%)

FIGURE 9
Comparisons of predicting stress-strain curves and experimental
results with Hyodo et al.

-3

2l ® experimental data XY
theoretical solution que®

K ©  numerical solution eo®®

Volumetric strain &, (%)

Axial strain £, (%)

FIGURE 10

Comparisons of predicting volumetric strain curves and experimental

results with Hyodo et al.
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H)]{A¢,}, and calculate the plastic strain increment {AeP} and
the hardening parameter increment {AH}.

Update the stiffness matrix [D® ({o+A0,}, H+AH)] based
on the first estimated stress {o+A0,}, and then calculate the

(©)

second stress increment estimation {Ac,} = [D¥ ({o+A0,},
H+AH){Ag}.

Calculate the average stress increment {Ac} = ({Ac, }+{A0,})/2.
Calculate the error R = [|({Adq}+{Ad,})/2]|/|[{o+Ad}]]. If
R > sstol, then reduce AT, according to AT, = 0.8
[sstol/R]"(1/2)AT and return to step (2). If R < sstol, proceed
to the next step.

)
©)

(6) Update the stress {0} = {o}+{Ac}, plastic strain increment {P},
and hardening parameter {H}.
(7) Set T = T+AT 'The time increment AT, takes 0.8

[sstol/R]"(1/2)AT. If T+AT,,, > 1, then take AT, = 1-T and
return to step (2).
(8) When T = 1, the computation is completed, and the stiffness

matrix, i.e., the Jacobian matrix, is updated.

3.2 Validation of the constitutive model

3.2.1 Parameter determination
The model constructed in this study includes 12 parameters,
which can be categorized into two types, as follows:

(1) The first category consists of fundamental physical parameters,
including A, x, Z, y, M, and e,. Among them, A and «
are fundamental parameters determined through isotropic
compression (NCL) and unloading (OCL) tests; y is the
Poisson’s ratio; M is the critical state stress ratio; and e,
is the initial void ratio. These parameters are determined
using the same method as the Modified Cam Clay
model (MCC model).

(2) The second category includes characteristic parameters, where

the hardening parameters pg,, A,, and B, are inverted based

on Equation 2. The cementation parameters A, and B, can
be calibrated by referring to the cohesion determination
method of the Mohr-Coulomb model. The strength parameter

m is determined according to Equation 11 by obtaining

the state parameter at peak strength and deriving the

mathematical relationship for m. For the cementation
degradation rate g, since the cohesion degradation rate of

GHBS under the same hydrate occurrence mode and shear

rate is identical, only a single experimental result that closely

matches the predicted results is required to determine the

parameter a.

3.2.2 Model prediction

To validate the applicability of the model established in this
paper, the analytical solution of the model and the numerical
solution of a single element are compared with the laboratory
experimental data of GHBS.

Miyazaki et al. (2012) prepared GHBS samples with different
Sp (Sp = 0, 27%-34%, 41%-45%) using Toyoura sand, with an
initial porosity of 37.8% (corresponding to an initial void ratio
of 0.6077). Triaxial shear tests were conducted at various effective
confining pressures (o3) of 0.5 MPa, 1 MPa, 2 MPa, and 3 MPa.
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The model developed in this paper is used for comparison,
and the values of the model validation parameters are presented
in Table 1.

Figure 3 presents a comparison of experimental data, analytical
solutions, and numerical solutions for sediments without hydrate
(Sh
good agreement with numerical solutions and agree well with the

0) under o5 = 2MPa. The analytical solutions are in

experimental data, indicating that the model accurately captures
the strain hardening and softening behavior of sediments. This
preliminary validation suggests that the model’s algorithm and
programming are correctly implemented.

In the experiments on GHBS conducted by Miyazaki etal.,
the S, of the samples ranged from 27% to 34% and from 41%
to 45%. For simplicity, this study uses the average values of S, =
30.5% and Sy, = 43% for prediction and comparison. Figure 4 shows
the comparison between experimental data (S, = 27%-34%) and
predicted data (S, = 30.5%) at the same o5 (2 MPa). The agreement
between the analytical and numerical solutions further confirms
the accuracy of UMAT subroutine. Compared with Figures 3, 4
exhibits more pronounced strain softening behavior, which is due
to the fact that the hydrate changes the internal pore structure of
sample and enhance the cementation strength of soil skeleton. This
cementation strength decreases during shearing, resulting in more
evident strain softening in GHBS.

As observed in Figure 5, when the o5 is fixed at 2 MPa, an
increase in S, further enhances the stiffness and strength of the
GHBS. Both the initial stiffness and peak strength experience
noticeable increases. Figure5 also presents the analytical and
numerical solutions, which are in high agreement but differ
from the experimental data. This discrepancy is due to the
fact that the actual experimental S, values are between 41%
and 45%, whereas the predictions use a fixed average value
of ), = 43%.

Figure 3-5 compare the experimental data, analytical solutions,
and numerical solutions for GHBS with different S}, values under
the same o; of 2 MPa. For sediments with the same S = 43%,
the comparison curves of the results with effective confining
pressures of 0.5 MPa, 1 MPa, and 3 MPa are illustrated in Figure 6-8,
respectively.
= 43%.
In the case of a lower o3 of 0.5MPa, the frictional strength

Figure 6 presents a comparison of the data at S

between the particles is relatively small, the sample reaches
the peak strength at smaller strains and experiences a rapid
decline in strength. As depicted in Figure 7, as the o5 increases
to 1 MPa, the particle contact becomes denser, leading to an
increase in the peak strength and its corresponding strain. As
shown in Figure 8, the stress-strain curve becomes smoother
as the o further increase to 2 MPa, indicating that the larger
the 03, the more obvious the filling and cementation effects of
hydrates. Figure 6-8 demonstrate that the analytical and numerical
solutions are in agreement, and they exhibit good consistency
with the experimental data, suggesting that the modified Euler
integration algorithm with error control provides accurate and stable
calculation results, validating the precision of the model and its
algorithm.

To further validate the model’s applicability, comparisons are
made with the laboratory experiments conducted by Hyodo et al.
(2013). They firstly prepared Toyoura sand samples with an initial
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void ratio of 0.67, and then produced samples with different
S, values. The shear test data for o; of 5MPa and S, values
of 0, 24.2%, 35.1%, and 53.1% are presented in Figures9, 10,
respectively. The values of A, x, and M are given in a study by
Hyodo et al. (2016). Table 1 lists the parameters required for the
model predictions in this study.

Observation of the experimental data, analytical solutions, and
numerical solutions presented in Figure 9 reveals that the model
accurately captures the stress-strain behaviors under varying Sj,.
As S, increases, the peak deviatoric stress gradually increases
while its corresponding strain decreases. The model accurately
captures the key features of the experimental data, demonstrating
its reliability and effectiveness in describing the mechanical behavior
of GHBS.

Figure 10 illustrates the prediction results of volume strain by
the model, which match well with the experimental data, indicating
a good match in the overall trend, despite some deviations.
model still
computational accuracy and effectively captures characterize the
deformation properties of GHBS at high S,,.

Furthermore, the demonstrates commendable

4 Conclusion

The application of the GHBS constitutive model in large
commercial software is limited. This paper develops and establishes
the GHBS constitutive model, investigating the mechanical
characteristics of GHBS under varying hydrate saturations
and confining pressures. The main work and conclusions are
as follows:

(1) Using the CSUH model as a framework, an elastoplastic
constitutive model for GHBS is developed. To account
for the hydrate filling effect, a hardening parameter is
introduced. Cementation strength is introduced to represent
the cementation effect of hydrates. Additionally, state
parameters are used to adjust potential strength, resulting
in an elastoplastic constitutive model that considers both the
hydrate filling and cementation effects.

(2) A modified Euler integration algorithm with error control is
employed to program the UMAT subroutine for elastoplastic
constitutive model. The subroutine is embedded in ABAQUS
to compute numerical solutions for shear tests under various
confining pressures and hydrate saturations.

(3) A comparative analysis of numerical simulations, experimental
data,
model more comprehensively captures the effects of

and theoretical solutions demonstrates that our

hydrate filling and cementation on sediment mechanical
behavior. It also better accounts for complex mechanical
properties, such as strength, stiffness, shear dilation, and
softening.

For future research, we suggest optimizing algorithms and
using hardware acceleration to reduce computational costs and
improve the model’s practicality. Additionally, multi-field coupling
effects (e.g., temperature-permeability-stress coupling) on GHBS
should be considered, with further validation through field-scale
experiments. These steps will enhance the application of the model
in more complex geological conditions. Based on our current
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findings, these directions will contribute to a deeper understanding
of GHBS.
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