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ABSTRACT: Safe extraction of methane gas from hydrate-bearing sediments (HBS) relies on comprehensive understanding of its 

geomechanical behavior. Various researchers have proposed constitutive models to predict the geomechanical behavior of HBS. These 

models exhibit several advantages and limitations in predicting different aspects of the material response, including contraction, 

dilation, stiffness, failure strength, and pore pressure of HBS, across different strain levels. Therefore, it is essential to evaluate the 

efficacy of these models before adopting them in any coupled numerical solvers for solving boundary value problems pertaining to gas 

extraction. In this study, three constitutive models: Modified methane hydrate Mohr-Coulomb (MHMC) model, methane hydrate 

critical state (MHCS) model, and hypoplastic model, are evaluated for their capabilities in predicting HBS response. The material 

parameters for these models are derived from triaxial experiments conducted on laboratory-synthesized hydrate-bearing specimens 

with two distinct hydrate pore morphologies: grain-cementing and non-cementing. The performance of the constitutive models is 

assessed by comparing their response with experimental results through absolute error metrics. Although all three models adequately 

captured peak deviatoric stress of cemented hydrate specimens, significant differences emerged in post-peak and volumetric responses. 

The hypoplastic model outperformed the others by accurately replicating post-peak strain softening and volumetric deformation across 

both hydrate pore morphologies. The MHCS model is able to reproduce softening and dilative behavior in cemented specimens but 

required recalibration to account for changes in hydrate pore morphology. The MHMC model failed to capture post-peak softening and 

the influence of hydrate pore morphology. Further, to understand the influence of hydrate pore morphology on geomechanical behavior 

of HBS, parametric analysis has been carried using hypoplastic model. Overall, the study underscores the importance of incorporating 

hydrate pore morphology and strain degradation mechanisms within the constitutive frameworks and highlights that the hypoplastic 

model is a promising tool for realistic geomechanical modeling of HBS. 
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1 INTRODUCTION 

Gas hydrates are crystalline compounds composed of gas 

molecules encapsulated within a lattice of water molecules, 

formed under high-pressure and low-temperature conditions 

(Sloan & Koh 2007). Hydrates occur naturally in deep marine 

sediments and permafrost regions which are considered as one 

of the major sources of unconventional energy (Wani et al. 

2023). However, gas extraction from hydrate-bearing 

sediments (HBS) by hydrate dissociation, induces alterations in 

the pore structure and leads to reduction in sediment strength 

and stiffness (Wu et al. 2020). This triggers geomechanical 

instabilities such as subsidence, slope failure, and other hazards. 

Hence, a comprehensive understanding of the geomechanical 

response of HBS is vital to ensure the stability and safety during 

production operations. 

The geomechanical response of these sediments is strongly 

influenced by the amount of hydrate present and their pattern of 

accumulation within the pore structure. Depending on the 

formation conditions, hydrates can exhibit various 

morphological forms; acting as cement between grains, 

occupying pore spaces without bonding, or forming bridges 

across particles (Lijith et al. 2019). These morphologies, 

together with the volume of hydrate present, play a key role in 

governing the strength, stiffness, and deformation 

characteristics of the sediment (Priest et al. 2009). Therefore, 

accurately characterizing both hydrate pore morphology and 

their distribution is essential for evaluating the mechanical 

stability of HBS. 

Several experimental studies (Hyodo et al. 2013; Masui et 

al. 2006) have demonstrated that increasing hydrate saturation 

(the ratio of hydrate volume to pore volume) enhances the shear 

strength of the sediment. Higher hydrate saturation is associated 

with a linear rise in failure shear strength and a proportional 

increase in the secant modulus (Zhang et al. 2015; Zhao et al. 

2022). Cohesion has been observed to increase exponentially 

with hydrate saturation (Liu et al. 2013). However, findings 

regarding the angle of internal friction are less consistent. While 

some studies report a slight reduction in friction angle with 

increasing hydrate saturation (Liu et al. 2013), others suggest 

negligible or even opposite trends (Santamarina et al. 2015), 

indicating that the effect may depend on factors such as hydrate 

pore morphology, soil type, and testing conditions. Further, 

experimental studies (Rao et al. 2025) have shown that pore-

filling hydrates, which predominantly occupy void spaces, offer 

limited mechanical reinforcement to HBS. In such 

configurations, the soil skeleton bears the majority of the 

deviatoric stress, resulting in a minimal contribution from 

hydrates to the strength of the sediment. Conversely, when 

hydrates exist as cementing or load-bearing morphologies, they 

effectively bond or bridge soil particles, thereby participating 

in stress transfer and significantly enhancing the overall 

strength and stiffness of the HBS matrix (Rao et al. 2025; Zeng 

et al. 2023). 

In addition to experimental studies, several efforts have 

been made over the years to model the geomechanical behavior 

of HBS using different constitutive frameworks. These include 

nonlinear elastic models (Miyazaki et al. 2012; Wani et al. 

2024), elastic perfectly plastic models (Klar et al. 2010; Pinkert 

& Grozic 2014), critical state-based models (Uchida et al. 2012; 

Gai & Sánchez 2017; De La Fuente et al. 2020; Wani & 

Kandasami 2025), and hypoplastic models (Zhang et al. 2018; 

Wani et al. 2025a). Klar et al. (2010) and Pinkert & Grozic 

(2014) considered the effect of hydrate saturation on cohesion, 

dilation angle, and stiffness while proposing a Mohr–Coulomb 

based model for hydrates. Further, Uchida et al. (2012), Gai & 

Sánchez (2017) and De La Fuente et al. (2020) considered 

critical state concepts to model the response of HBS 

incorporating the effect of hydrate saturation and the bond 

degradation. Recently, Wani & Kandasami (2025) incorporated 

the effect of pore pressure and temperature into the HISS MH 

model (Gai & Sánchez 2017). Some of the more recent 

developments also consider the role of hydrate pore-scale 

morphology by including a cementation coefficient to better 

represent the hydrate-soil interaction (Wani et al. 2025a). 

However, before implementing any of these constitutive 

models in the coupled numerical solvers to critically analyze 

boundary value problems, it is important to evaluate their 

performance particularly in predicting the strength, stiffness, 

and volume change behavior under different loading 

conditions.  
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In the present study, a series of experiments are conducted 

on both the host sand and hydrate-bearing specimens exhibiting 

cemented and non-cemented hydrate pore morphologies. Based 

on the experimental results, three constitutive models, namely 

the modified methane hydrate Mohr–Coulomb model (Pinkert 

& Grozic, 2014), the methane hydrate critical state model 

(Uchida et al., 2012), and the hypoplastic model for methane 

hydrate-bearing sediments (Wani et al., 2025a) are calibrated. 

These models are selected as they represent distinct theoretical 

frameworks such as elastic-perfectly plastic, elastoplastic based 

on critical state framework, and hypoplastic respectively. This 

selection enables a comprehensive evaluation of framework 

dependent capabilities in reproducing geomechanical 

characteristics of HBS. The predictive capabilities of these 

models are evaluated by comparing their predictions with 

experimental results. 

2 MATERIALS AND METHODOLOGY 

2.1 Experimental testing 

A series of consolidated drained triaxial compression 

experiments are carried out using an advanced high-pressure, 

temperature, and gas-controlled triaxial testing equipment (Rao 

et al. 2024). The host sand used for hydrate formation is a 

poorly graded sand with a mean particle diameter of 0.28 mm, 

a coefficient of uniformity of 2.53, and a coefficient of 

curvature of 1.30. The minimum and maximum void ratios are 

0.59 and 0.84, respectively. Cylindrical specimens with a 

diameter of 5 cm and height of 10 cm are prepared by tamping 

in eight layers to achieve a target porosity of 40%. Methane 

hydrates are synthesized using high-purity methane gas 

(99.99%) under pore pressure and temperature conditions of 

5.25 MPa and 2 °C. To achieve cementing and non-cementing 

hydrate pore morphologies, the excess gas and excess water 

method of forming hydrates are adopted, following the 

procedure described in Rao et al. (2025). A hydrate saturation 

(𝑆ℎ) of 40% is targeted. Triaxial experiments are performed on 

the host sand (HS) at three different effective confining 

pressures (𝜎3′ = 0.5, 1, and 2 MPa) while the methane hydrate-

bearing specimens (MHBS) are sheared under an effective 

confining pressure of 1 MPa, at a constant axial strain rate of 

0.1 mm/min.  

2.2 Constitutive modelling 

The present study employs three constitutive models for gas 

hydrate-bearing sediments: (i) a non-linear, elastic-perfectly 

plastic, modified methane hydrate Mohr–Coulomb (MHMC) 

model (Pinkert & Grozic 2014), (ii) an elastoplastic model 

based on critical state framework (Uchida et al. 2012), and (iii) 

a hypoplastic model (Wani et al. 2025a). 

In the model proposed by Pinkert & Grozic (2014), the 

classical Mohr–Coulomb failure criterion with non-associated 

flow rule is extended by modifying the internal friction angle 

(∅) and cohesion (c) to introduce nonlinearity into the stress–

strain response. The effects of gas hydrate inclusion are 

captured by adjusting the cohesion, dilation angle (𝜓), and 

elastic modulus (E). The governing equations of the model are 

presented in Equation (1) to (6). In this formulation, f and g are 

yield and plastic potential function respectively. 𝜎1
′  and 𝜎3

′ are 

the major and minor effective principal stresses.  𝛼 is a scaling 

constant ranging from 0 to 1, and 𝛾𝑝
𝑓

 denotes a portion of the 

plastic shear strain 𝛾𝑝. ∅𝑚𝑎𝑥 represents the maximum internal 

friction angle, while 𝜎𝑡
′ is a constant with unit of pressure. 𝛾 is 

the total shear strain. 𝑎1, 𝑎2, 𝑎3, 𝛿1, 𝛿2, 𝛿3, 𝛿4, 𝑒1, 𝑒2 and 𝑒3 

are model-specific constants. The specific parameter values 

used to calibrate this model using the experimental results 

obtained in the current study are provided in Table 1. 

𝑓 =  𝜎1
′ − 𝜎3

′
1 + 𝑠𝑖𝑛∅

1 − 𝑠𝑖𝑛∅
− 2𝑐√

1 + 𝑠𝑖𝑛∅

1 − 𝑠𝑖𝑛∅
 (1) 

𝑔 = 𝜎1
′ − 𝜎3

′
1 + 𝑠𝑖𝑛𝜓

1 − 𝑠𝑖𝑛𝜓
 (2) 

𝑠𝑖𝑛∅ =

[
 
 
 

𝛼 + (1 − 𝛼)

(

 
2√𝛾𝑝𝛾𝑝

𝑓

𝛾𝑝
𝑓

+ 𝛾𝑝
)

 

]
 
 
 

𝑠𝑖𝑛∅𝑚𝑎𝑥  (3) 

𝑐 =  𝑎1(1 − 𝑒−𝜎3
′/𝜎𝑡

′
) + 𝑎2𝑠ℎ

𝑎3 (4) 

sin𝜓 =  sin (𝛿1 − 𝛿2ln (
𝜎3

′

1 MPa
)) + 𝛿3𝑠ℎ(1 − 𝑒−𝛾/𝛿4)  (5) 

𝐸 = 𝑒1(
𝜎3

′

1 MPa
)𝑒2 + 𝑒3𝑠ℎ (6) 

Table 1. Model parameters used for the calibration of MHMC model. 

Paramet

er 
Value Unit Parameter Value Unit 

𝛼 0.2 - 𝛿1 0.005 - 

𝛾𝑝
𝑓
 9 % 𝛿2 0.131 - 

∅𝑚𝑎𝑥 30.77 deg 𝛿3 0.07 - 

𝑎1 0.010 MPa 𝛿4 0.043 - 

𝑎2 2.060 MPa 𝑒1 500 MPa 

𝑎3 1.096 - 𝑒2 2.69 - 

𝜎𝑡
′ 0.490 MPa 𝑒3 932 MPa 

The methane hydrate critical state (MHCS) model, 

proposed by Uchida et al. (2012), is based on the Modified 

Cam-Clay framework considering associated flow rule. The 

influence of gas hydrates on sediment behavior particularly 

cementation and dilatation are incorporated through two 

additional terms in the yield function (𝑓): 𝑝𝑐𝑐
′  and 𝑝𝑐𝑑

′ , as shown 

in Equation (7). These terms account for the progressive 

degradation of hydrate-induced cementation with increasing 

plastic strain. To ensure a smooth transition from elastic to 

plastic behavior, the model introduces a sub-loading surface 

concept governed by a sub-loading ratio 𝑅. The complete set of 

equations defining the MHCS model is provided in Equations 

(7) to (14). 𝑞 is the deviatoric stress, 𝑝′ is the mean effective 

stress, and 𝑝𝑐𝑠
′  is the pre-consolidation stress. 𝑀 is the slope of 

the critical state line in 𝑝′- 𝑞 space, representing the critical state 

stress ratio. 𝑆ℎ
𝑚𝑒𝑐  is the mechanical hydrate saturation and 𝜒 is 

the degradation factor. 𝑑𝜖𝑑
𝑝

 is the plastic deviatoric strain 

increment. 𝑑𝜖𝑝 is the plastic strain increment. 𝜈, 𝜅, and 𝜂 are 

the specific volume, slope of swelling line, and Poisson’s ratio 

respectively. 𝜆 and N are slope and intercept of normal 

compression line. 𝐾′ and 𝐺ℎ𝑠 are bulk and shear modulus of 

hydrate-bearing soils respectively. 𝜁1, 𝜁2, 𝜁3, 𝜁4, 𝑚, 𝑢 and 

𝑚2 are material constants. The values of the parameters used to 

calibrate the MHCS model using the triaxial compression 

experiments are listed in Table 2. 

𝑓 = 𝑞2 + 𝑀2(𝑝′ + 𝑝𝑐𝑐
′ )[𝑝′ − 𝑅(𝑝𝑐𝑠

′ + 𝑝𝑐𝑑
′ + 𝑝𝑐𝑐

′ )] (7) 

𝑝𝑐𝑑
′ = 𝜁1(𝑆ℎ

𝑚𝑒𝑐)𝜁2 (8) 

𝑝𝑐𝑐
′ = 𝜁3(𝑆ℎ

𝑚𝑒𝑐)𝜁4 (9) 

𝑆ℎ
𝑚𝑒𝑐 = 𝜒𝑠ℎ (10) 

𝑑𝜒 = −𝑚𝜒𝑑𝜖𝑑
𝑝
(0 ≤ 𝜒 ≤ 1) (11) 
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𝑑𝑅 = −𝑢(
1 + (𝑝𝑐𝑑

′ + 𝑝𝑐𝑐
′ )

𝑝𝑐𝑠
′ )ln 𝑅|𝑑𝜖𝑝| (12) 

𝐾′ =
𝜈

𝜅
𝑝′ (13) 

𝐺ℎ𝑠 = 3𝐾′
1 − 2𝜂

2(1 + 𝜂)
+ 𝑚2𝑆ℎ

𝑚𝑒𝑐  (14) 

Table 2. Model parameters used for calibration of the MHCS model. 

Parameter Value Unit Parameter Value Unit 

𝑀 0.96 - 𝜁
1
 42 MPa 

𝜆 0.16 - 𝜁
2
 1.6 - 

𝜅 0.012 - 𝜁
3
 0.1 MPa 

𝑁 1.6536 - 𝜁
4
 1 - 

𝜈 1.67 - 𝑚 1 - 

𝑝𝑐𝑠
′  5 MPa 𝑚2 1000 MPa 

𝜂 0.3 - 𝑢 15 - 

 

The hypoplastic model (Wani et al. 2025a) employed in this 

study is modified form of the extended MS-IS hypoplastic 

framework (Wani et al. 2025b). The model incorporates both 

the intergranular strain (IS) mechanism and a memory surface 

(MS), along with a stiffness degradation factor, to simulate the 

evolving behavior of HBS. The model formulations are 

provided in Equations (15) to (22). The Jaumann stress rate (𝝈
∘

) 

is formulated as a function of both soil and hydrate related 

components. The parameters 𝑐1, 𝑐2, 𝑐3, and 𝑐4  represent the 

primary hypoplastic material constants, while  𝜺̇ denotes the 

strain rate and 𝝈∗ is the deviatoric stress. 𝐼𝑠 is stiffness function 

defined in Equation (16), that depends on the current void ratio 

𝑒 and hydrate saturation 𝑆ℎ. 𝑓𝑏 is 1 for triaxial condition, and 

𝛽𝐼𝑠 is a model parameter. The scalar quantity r is derived from 

the deviatoric stress and trace of the stress tensor. The critical 

void ratio 𝑒𝑐𝑟 determined using Equation (17), is based on 

parameters 𝑒𝑐0 (intercept of critical state line), atmospheric 

pressure 𝑝𝑎, and Cauchy stress 𝝈, with  
Γ and 𝜔 governing the slope of the critical state line. Hydrate-

related effects such as densification and bonding are captured 

through functions ℎ(𝑆ℎ) and 𝑗(𝑆ℎ), expressed in Equations (18) 

and (19), and defined by material constants 𝜓1, 𝜓2, 𝜓3 and 𝑘ℎ. 

The identity tensor is denoted as 𝑰, and 𝑙 refers to the phase 

length parameter. The term 𝒈(𝑆ℎ) , given in Equation (20), 

accounts for pseudo-cohesion due to hydrates and is defined 

using parameters 𝑎, 𝑏, and the cementation coefficient 𝛼ℎ 

which is governed by hydrate pore morphology. 𝛼ℎ degrades 

with strain as shown in Equation (21) controlled by a 

degradation rate parameter 𝑛. The density function 

𝐼𝑒 , introduced in Equation (22), modifies the stress response in 

relation to 𝑒𝑐𝑟, with 𝛼𝐼𝑒 controlling the degree of strain 

softening. The list of model parameters used for calibrating the 

hypoplastic model is given in Table 3. 𝛼ℎvalues are considered 

to be 0.5 and 0.9 for non-cementing and cementing hydrate 

specimens respectively as mentioned in Wani et al. (2025a). 

𝝈
∘

= 𝐼𝑠 (

𝑐1𝑡𝑟(𝝈)𝜺̇ + 𝑐2
𝑡𝑟(𝝈𝜺̇)𝝈

𝑡𝑟(𝝈)
+

+(𝑐3
𝝈2

𝑡𝑟(𝝈)
+ 𝑐4

𝝈∗2

𝑡𝑟(𝝈)
) ∥ 𝜺̇ ∥ 𝐼𝑒

 

) − 𝒈(𝑆ℎ)  (15) 

𝐼𝑠 = 𝑓𝑏exp 
𝛽𝐼𝑠

(𝑒𝑐𝑟 − 𝑒)

(1 + 𝑟)2  (16) 

𝑒𝑐𝑟 = (𝑒𝑐0 + ℎ(𝑆ℎ))exp (−Γ(
tr(𝝈)

𝑝𝑎
)

𝜔

) + 𝑗(𝑆ℎ) (17) 

ℎ(𝑆ℎ) = (𝜓1 × 𝑙𝜓3)𝑆ℎ
𝜓2 (18) 

𝑗(𝑆ℎ) = 𝑘ℎ√
−tr (𝒈(𝑆ℎ))

−tr (𝒈(𝑆ℎ)) + tr (𝝈)
 (19) 

𝒈(𝑆ℎ) = (𝑎(𝛼ℎ𝑆ℎ)𝑏 × 𝑙)𝑰 (20) 

𝛼ℎ

.
= −𝑛𝛼ℎ‖𝜺

.
‖ (21) 

𝐼𝑒 = (
𝑒

𝑒𝑐𝑟
)
𝛼𝐼𝑒

 (22) 

Table 3. Model parameters used for calibration of the hypoplastic 
model. 

Parameter Value Unit Parameter Value Unit 

𝑐1 -50.5 - 𝛽𝐼𝑠 3.5 - 

𝑐2 -567.95 - 𝜓1 0.874 - 

𝑐3 -404.88 - 𝜓2 3 - 

𝑐4 51.98 - 𝜓3 0.281 - 

𝑒𝑐0 0.84 - 𝑘ℎ 1.2 - 

Γ 0.11 - 𝑛 8 - 

𝜔 0.4 - a 165.63 MPa 

𝛼𝐼𝑒 0.25 - b 1.8 - 

3 RESULTS AND DISCUSSIONS 

The results obtained from the consolidated drained triaxial 

compression experiments are utilized for the comparison of 

responses of constitutive models considered in this study. 

Figure 1 presents the deviatoric stress (𝑞) and volumetric strain 

(𝜀𝑣) responses with axial strain (𝜀𝑎) for the host sand specimens 

subjected to effective confining pressures of 0.5, 1, and 2 MPa. 

An increase in effective confinement pressure led to a 

corresponding rise in the peak deviatoric stress. Furthermore, 

the post-peak behavior exhibited a transition from marginal 

strain-softening at lower confinement pressure to strain-

hardening at higher confinement pressure. A similar trend is 

observed in volumetric response, which shifted from dilation to 

contraction with increasing effective confining pressure. 

Figure 1 also includes model predictions from the three 

constitutive frameworks. Overall, the models are able to 

reasonably capture both the stress–strain and volumetric strain 

behavior across the range of confining pressures. Notably, the 

models replicated the observed volumetric transition from 

dilation to contraction. However, some discrepancies are 

identified, particularly in the prediction of value of the 

volumetric strains and initial stiffness. For instance, the MHMC 

model underpredicts the initial tangent stiffness by 

approximately 28.9% at 𝜎3′ = 0.5 MPa, while significantly 

overpredicting it by a factor of 4.5 at 𝜎3′ = 2 MPa. In terms of 

peak deviatoric stress, the same model shows an 

underprediction of 8.7% at 𝜎3′ = 0.5 MPa and an overprediction 

of 14% at 𝜎3′ = 2 MPa. Similarly, the MHCS model 

overestimates the peak deviatoric stress by 31.5% under a 

confinement of 𝜎3′ = 0.5 MPa. 
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Figure 1. Plot of deviatoric stress and volumetric deformation with 

axial strain for HS. 

To further assess and compare the predictive capabilities 

of the three constitutive models, box plots are plotted for the 

absolute error |𝑒| in predicted deviatoric stress and volumetric 

strain across different effective confining pressures (0.5, 1, and 

2 MPa), as illustrated in Figure 2. The analysis of the box plots 

indicates that the MHMC model and MHCS model exhibit 

greater sensitivity to changes in effective confinement pressure. 

This is evident from the larger interquartile ranges (IQRs) and 

the shifting of medians away from zero, particularly at 𝜎3′ = 0.5 

and 2 MPa, whereas the deviations are narrower and centered 

around zero at 𝜎3′ = 1 MPa. In contrast, the hypoplastic model 

demonstrates consistently narrow IQRs with medians close to 

zero across all effective confinement stresses, indicating better 

performance. 

 
Figure 2. Comparison of absolute error in predicted 𝑞 and 𝜀𝑣 by 1. 

MHMC model, 2. MHCS model and 3. Hypoplastic model for HS at 

different 𝜎3′. 

The stress–strain and volumetric strain responses of MHBS 

with 40% hydrate saturation and cemented morphology, tested 

under an effective confining pressure of 1 MPa is presented in 

Figure 3(a) and (b). Experimental results reveal a pronounced 

increase in initial tangent stiffness (4.1 times), and peak 

deviatoric stress (2.2 times) compared to the host sand at 1 MPa 

effective confinement pressure. Additionally, it exhibited 

predominant post-peak strain-softening, and volumetric 

dilation compared to HS. The distinct strain softening observed 

in the cemented hydrate specimens is indicative of progressive 

degradation of hydrate induced cementation bonds. 

To evaluate the capability of the constitutive models in 

capturing the complex mechanical behavior of hydrate-bearing 

specimen with cemented morphology, the predicted stress–

strain and volumetric deformation responses from all three 

models are compared against experimental results as shown in 

Figure 3. Both the MHCS model and the hypoplastic model 

incorporate degradation mechanisms through the degradation 

parameter 𝜒 and cementation coefficient degradation (𝛼ℎ

.
)  

respectively, which allow model to effectively replicate the 

pronounced post-peak strain-softening observed in the 

experimental data. This feature is critical in representing the 

progressive breakdown of hydrate cementation bonds under 

continued shearing. In contrast, the MHMC model, which lacks 

such degradation mechanisms, fails to reproduce the post-peak 

softening behavior. Nonetheless, the models show reasonable 

accuracy in predicting the peak deviatoric stress, with absolute 

errors of 0.75%, 3.5%, and 1.05% for the MHMC, MHCS, and 

hypoplastic models, respectively. With respect to volumetric 

deformation, distinct differences are observed among the 

models. The MHCS model tends to overpredict the extent of 

dilation. Meanwhile, both the hypoplastic and MHMC models 

underpredict dilation. 

 
Figure 3. Plot of (a) deviatoric stress and (b) volumetric deformation 

with axial strain for cemented MHBS. 

A comparative evaluation of model performance is 

conducted using box plots of absolute error in deviatoric stress 

and volumetric strain prediction, as depicted in Figure 4(a)  and 

(b) respectively. The MHMC model exhibited the least accurate 

predictions, with medians for both deviatoric stress and 

volumetric strain errors significantly deviating from zero, along 

with noticeably wider IQRs, indicating high variability. In 

contrast, both the MHCS and hypoplastic models showed 

medians closer to zero with relatively narrow IQRs for 

deviatoric stress, reflecting better accuracy. However, the 

MHCS model demonstrated a wider IQR in volumetric strain 

compared to the hypoplastic model. This suggests that, among 

the three models, the hypoplastic model provides the most 

consistent and reliable prediction of both stress and volumetric 

deformation behavior.     

 
Figure 4. Comparison of absolute error in predicted (a) 𝑞 and (b) 𝜀𝑣 

by 1. MHMC model, 2. MHCS model and 3. Hypoplastic model for 

MHBS with cemented morphology. 
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The stress–strain and volumetric deformation behavior of 

MHBS with non-cementing hydrate pore morphology at a 

hydrate saturation of 40% is illustrated in Figure 5(a) and (b). 

Compared to specimens with cemented hydrate pore 

morphology, the non-cementing hydrate specimen exhibited a 

1.8 fold less initial stiffness and a 1.6 fold lower peak deviatoric 

stress, clearly reflecting the reduced contribution of hydrates to 

the mechanical strength of the soil sediments when they occupy 

the pore space rather than forming cementation bonds at particle 

contacts. Additionally, the post-peak strain-softening behavior 

and volumetric dilation are notably less pronounced in the non-

cemented specimens compared to the cemented MHBS. 

Among the constitutive models examined, the 

hypoplastic model demonstrated strong agreement with the 

experimental data, capturing the stiffness and strength 

associated with the non-cemented morphology. This is 

achieved by adjusting the cementation coefficient 𝛼ℎ, allowing 

the model to flexibly transition between different hydrate pore 

morphologies without the need for extensive recalibration. In 

contrast, the MHCS model showed limitations in replicating the 

mechanical behavior of non-cemented hydrates. Although the 

MHCS model incorporates morphology-dependent effects 

through cementation and dilation functions (𝑝𝑐𝑐
′  and 𝑝𝑐𝑑

′ ), a 

recalibration of these, along with the shear modulus, is essential 

to represent changes in hydrate pore morphology accurately. 

This additional calibration requirement makes the model less 

adaptable when applied across varying hydrate formations. The 

MHMC model lacks explicit consideration of hydrate pore 

morphology. Its inability to distinguish between cemented and 

non-cemented morphologies results in reduced predictive 

accuracy. Therefore, its application in numerical modeling 

frameworks should be based on the thorough understanding of 

the expected hydrate formation. 

 
Figure 5. Plot of (a) deviatoric stress and (b) volumetric deformation 

with axial strain for non-cemented MHBS. 

To further understand the effect of hydrate pore morphology on 

the stress–strain behavior and volumetric deformation of 

MHBS, a parametric analysis is conducted using the 

hypoplastic model by varying the cementation coefficient 𝛼ℎ 

from 0 to 1. A value of 𝛼ℎ = 0 represents a purely pore-filled 

hydrate pore morphology. As the value of 𝛼ℎ increases, the 

morphology transitions from pore-filling to load-bearing and 

eventually purely cementing at 𝛼ℎ = 1. The Figure 6(a) and (b) 

presents the stress-strain and volumetric strain for 

varying 𝛼ℎ for a hydrate saturation of 40%. As seen in the 

Figure 6, when  𝛼ℎ = 0, regardless of 40%  𝑆ℎ the MHBS 

specimens exhibited mechanical behavior similar to that of the 

host sand (as shown in Figure 1(c) and (d)). This suggests that 

in a purely pore-filling hydrate pore morphology, hydrates do 

not significantly influence the strength or stiffness of the host 

material. However, as 𝛼ℎ increases from 0 to 1, both the peak 

deviatoric stress and the initial tangent stiffness rise, and the 

peak stress occurs at a lower axial strain (Figure 6(a)) typical to 

any cemented soil response (Kandasami et al. 2021). 

Additionally, the post-peak response transitions from strain 

hardening to softening. Moreover, as shown in Figure 6(b) 

volumetric deformation shifts from contraction to dilation as 𝛼ℎ 

approaches to 1. These changes can be attributed to the apparent 

cohesion induced by hydrate bonding as  𝛼ℎ increases, forming 

cementation. Upon shearing, these cementation bonds break, 

resulting in pronounced strain softening and dilation. 

 
Figure 6. Plot of (a) deviatoric stress and (b) volumetric deformation 

with axial strain for different 𝛼ℎ values. 

Based on the parametric analysis carried out using the 

hypoplastic model, peak deviatoric stress ( 𝑞𝑝𝑒𝑎𝑘) obtained for 

varying hydrate pore morphology (𝛼ℎ) considering hydrate 

saturation ranging from 0 to 60% are shown in  Figure 7(a). It 

can be observed that when 𝛼ℎ = 0 (pore-filling morphology), 

there is minimal improvement in peak strength compared to the 

host sand, regardless of the hydrate saturation. However, as the 

cementation coefficient increases beyond 0.4, a noticeable 

nonlinear rise in 𝑞𝑝𝑒𝑎𝑘 is observed, with the increase being 

more significant at higher 𝑆ℎ values. For 𝑆ℎ > 30%, the trend 

appears exponential, indicating that a small increase in 𝛼ℎ result 

in a large gain in strength. Similarly, Figure 7(b) shows the 

variation of peak dilation ( 𝜓𝑝𝑒𝑎𝑘 = (
𝑑𝜀𝑣

𝑑𝜀𝑞
)
𝑝𝑒𝑎𝑘

) with hydrate 

pore morphology across different hydrate saturations 

(−𝜓𝑝𝑒𝑎𝑘  in the Y-axis follows the sign convention adopted in 

this study, where dilation is negative and contraction is 

positive). For a given 𝑆ℎ, pore-filled hydrates exhibit minimal 

dilation. However, as 𝛼ℎ approaches 1, even at lower hydrate 

saturations like 20%, pronounced dilation is observed. These 

findings clearly demonstrate that hydrate pore morphology has 

a profound influence on the mechanical behavior of MHBS. 

Therefore, incorporating pore-scale hydrate distribution into 

geomechanical analysis is essential for accurately assessing the 

strength and deformation characteristics of HBS. 

 
Figure 7. Plot of (a) peak deviatoric stress and (b) peak dilation with  

𝛼ℎ values for different hydrate saturation. 

4 CONCLUSIONS 

The study presented a comprehensive experimental analysis 

and constitutive model prediction of the mechanical behavior 

of methane hydrate-bearing specimens under drained triaxial 

compression. The host and hydrate-bearing specimens are 

tested to evaluate the influence of hydrate saturation and 

morphology on stiffness, strength, and volumetric response. 

Experimental results demonstrated that hydrate presence 
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particularly in cemented morphology significantly enhances 

stiffness, peak deviatoric stress, and dilative response, while 

non-cemented morphology offers comparatively lower 

mechanical reinforcement. Three constitutive models are 

calibrated and evaluated against the experimental data: an 

elastic-perfectly plastic Mohr–Coulomb based model, the 

MHCS model, and a modified hypoplastic model. While all 

models captured peak strength and initial stiffness with 

reasonable accuracy for cemented morphology, notable 

differences emerged in their ability to represent post-peak and 

volumetric responses. The MHMC model lacked the ability to 

simulate strain softening and morphology-dependent behavior 

due to its simplified formulation. The MHCS model, although 

capable of capturing degradation and dilation trends, required 

recalibration for different hydrate pore morphologies. In 

contrast, the hypoplastic model demonstrated consistent 

accuracy across varying confinement pressures and 

morphologies, highlighting its robustness and adaptability. 

Furthermore, the parametric analysis conducted using the 

hypoplastic model indicates that hydrate pore morphology 

plays a dominant role in governing the geomechanical behavior 

of hydrate-bearing sediments. These results underscore the 

importance of incorporating morphology-sensitive mechanisms 

and degradation effects into constitutive formulations for 

realistic simulation of hydrate-bearing sediments. The insights 

gained here are valuable for selecting appropriate constitutive 

models for geomechanical analysis of hydrate-bearing 

sediments. 
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